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Abstract: The treatment of choice for obstructive sleep apnoea (OSA) is continuous positive airway

pressure therapy (CPAP). Since its introduction in clinical practice, CPAP has been used in various clinical

conditions with variable and heterogeneous outcomes. In addition to the well-known effects on the upper

airway CPAP impacts on intrathoracic pressures, haemodynamics and blood pressure (BP) control. However,

short- and long-term effects of CPAP therapy depend on multiple variables which include symptoms,

underlying condition, pressure used, treatment acceptance, compliance and usage. CPAP can alter long-

term cardiovascular risk in patients with cardiorespiratory conditions. Furthermore, the effect of CPAP on

the awake patient differs from the effect on the patients while asleep, and this might contribute to discomfort

and removal of the use interface. The purpose of this review is to highlight the physiological impact of CPAP

on the cardiorespiratory system, including short-term benefits and long-term outcomes.
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Introduction

The cardiovascular and the respiratory systems closely
interact, a change in ventilation impacts quickly on
cardiovascular parameters. This symbiotic interaction is
aimed at optimisation of ventilation by ensuring oxygen
delivery to vital organs and removal of carbon dioxide.
The cardiorespiratory system interacts at different levels,
involving humoral, mechanical and neurological mechanisms.
Humoral interactions might include epinephrine from the
adrenal glands and norepinephrine from the sympathetic nerves
in response to hypoxia and hypercapnia, but it can also include
nitric oxide, prostaglandins and other vasoregulatory peptides.
Mechanical interaction between the respiratory and the
cardiovascular system are essential to maintain homeostasis.
Pulmonary vascular resistance (PVR), for example, is heavily
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dependent on lung volume: when lung volume increases the
alveolar expansion causes compression of the alveolar vessels
and thus an increase of vascular resistance. Similarly, at low
lung volumes, a more positive pleural pressure leads to a
compression on the extra-alveolar vessels and, subsequently,
to an increase in PVR (1). Negative inspiratory pressures
during inspiration or high positive intrathoracic pressures
in expiration might also influence the venous return.

Lastly, neurological mechanisms include various reflexes
to coordinate respiratory muscle activity and autonomic
responses of the brainstem (2). Peripheral interaction is
mediated by the autonomous nervous system through the
parasympathetic and sympathetic branches.

Under physiological conditions leading to homeostasis
and eupnoea the cardiorespiratory interaction ensures an
optimal transport of oxygen and maintains haemodynamic
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equilibrium. However, pathophysiological conditions may
alter respiratory mechanics which can lead to impaired
cardiovascular function. In conditions like obstructive
lung disease, OSA or heart failure (HF), treatment with
continuous positive airway pressure (CPAP) or non-
invasive ventilation (NIV) might be required to maintain
upper airway patency, control acute or chronic hypercapnic
respiratory failure and ensure normal ventilation.

The effect of increased airway pressure on the
cardiorespiratory system

Since its invention, CPAP has been used as effective treatment
in cardiogenic pulmonary oedema, obstructive sleep apnoea
(OSA) and in adult respiratory distress syndrome (ARDS).
Positive airway pressure (PAP) causes an increased chest
inflation, diminishes the development of atelectasis, recruits
collapsed alveoli, decreases airway resistance, it reduces
inspiratory effort and decreases of work of breathing (3).

Ventilatory effects

CPAP improves airflow by maintaining upper airway
patency, it also helps chest inflation. PAP increases the
pharyngeal cross-sectional area, whereas in the intrathoracic
compartment it facilitates recruitment of collapsed alveoli (3).
Previous studies on genioglossus electromyographic activity
during CPAP use in asleep adults suggest that the acute effect
of extrathoracic airway stenting is passive (4,5). Successive
studies have indicate an additional and longer lasting effect
of long-term CPAP therapy on the pharyngeal anatomy
supporting the redistribution of extracellular water in the
pharyngeal soft tissue and reducing soft tissue oedema (6-8).

CPAP increases functional residual capacity (FRC)
(4,9) and reduces neural respiratory drive (NRD) (10), it
shifts the functional volume on the pressure-volume curve
to a more compliant part of the slope (11), resulting in a
reduction of the work of breathing in patients with sleep-
disordered breathing. CPAP also diminishes the work of
breathing in congestive HF (11,12) and, moreover, the
increased intrathoracic pressure forces fluid from the
alveoli and the interstitial space back into the pulmonary
circulation leading to an improved ventilation-perfusion
ratio and better gas exchange (13).

Haemodynamic effects

Haemodynamic changes induced by PAP therapy are complex

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

Pengo et al. Cardiorespiratory interaction with CPAP

and data on accurate cardiorespiratory physiological studies
are sparse. A direct measurement of many cardiovascular
functions is cumbersome and, frequently, many physiological
variables are measured using surrogate markers (e.g.,
transmural ventricular filling pressures).

Furthermore, the heart inside the chest represents
a pressure chamber within a pressurised environment
and accurate recordings of pressures in all associated
compartments are difficult. However, the haemodynamic
effects of positive-pressure ventilation can be described as
processes that, by changing lung volume and intrathoracic
pressure, affect cardiac preload, afterload or contractility.

Right and left ventricular function

The effects of positive pressure ventilation on the LV
preload depend on changes in systemic venous return, RV
output and LV filling.

Venous return is influenced by several factors such as
vascular volume, venous compliance, resistance and the
outflow pressure for the circuit, which is defined by the
right atrial pressure (RAP). Venous return is maximal
when the RAP equals zero, it is the main determinant of
circulation equal to the left ventricular output under steady
state conditions.

The right atrium is a highly compliant structure and the
RAP resembles any variations in the intrathoracic pressure.
An increase in the positive end-expiratory pressure (PEEP)
by increasing lung volume decreases venous return by a
diminished pressure gradient. This leads to decelerating
venous blood flow, decreased RV filling and, consequently,
diminished RV stroke volume (3).

The pump capacity of the right ventricle depends on
RV filling volume (preload), RV contractility and the
pressure, against which the right ventricle ejects, as well as
the impedance and compliance of the arterial inflow bed
(afterload).

An exact assessment of these parameters is difficult,
because of uncertainties when calculating transmural
pressures and the difficulties in obtaining adequate
measurements of RV volumes due to its complex geometry.
High pulmonary artery pressures increase the RV afterload
limiting RV ejection (14).

A PEEP can modify PVR and the RV afterload by
several mechanisms: firstly, it may impact on PVR by
reducing an elevated pulmonary vasomotor tone caused
by hypoxic pulmonary vasoconstriction. Recruitment
of alveoli increases regional alveolar pO, leading to
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diminished hypoxic pulmonary vasoconstriction, pulmonary
vasomotor tone will fall and RV ejection will improve (15).
Furthermore, a PEEP changes PVR by altering lung
volumes. PVR is related to lung volume in a bimodal
fashion, with resistance to flow being optimised near FRC.
With increasing lung volumes from residual volume to
FRC, PVR decreases and vascular capacitance increases.

In brief, the effects of PEEP on RV output depend on
how PEEP changes lung volumes relative to normal FRC,
the extent to which it can alleviate hypoxic pulmonary
vasoconstriction, and the overall change in pulmonary
arterial pressure (13).

A decrease in systemic venous return will result in
reduced RV inflow. It will cause a decreased pulmonary
venous return and inflow to the left ventricle as well,
because the two ventricles pump in series. In addition,
PEEP may have more direct mechanical effects on LV
filling and, thus, on LV preload. PEEP-induced changes
in lung volume and, in particular, regional lung volumes
constrain the heart in the cardiac fossa.

In summary, LV preload during PEEP is predominantly
affected by the decrease in systemic venous return and the
decrease in RV output (series effects), while direct parallel
interactions may have limited effects, unless in the presence
of an acute cor pulmonale (16).

Left ventricular output

The pump capacity of the left ventricle depends on LV
filling volume (preload), LV contractility and the pressure
against which the left ventricle ejects (afterload). While
PEEP decreases LV preload, its effect on LV contractility
remains to be controversially discussed.

Positive pressure ventilation affects preload, afterload
and ventricular compliance according to the Frank-Starling
mechanism representing the relationship between stroke
volume and end-diastolic volume. The stroke volume of the
heart increases in response to an increase in the volume of
blood in the ventricles prior to contraction (end-diastolic
volume) when all other factors remain constant.

In contrast to its effect on the right ventricle, PEEP has
been shown to decrease the LV afterload. It increases the
pressure around structures in the thorax and, to a lesser
extent, in the abdominal cavity, relative to atmospheric
pressure. The remaining circulation is at atmospheric
pressure and this effect results in a pressure differential,
with most of the systemic circulation being exposed to lower
pressure than the left ventricle and the thoracic aorta (17).
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Thus, an increased intra-thoracic pressure, at constant
arterial pressure, decreases the force necessary to eject
blood from the left ventricle in a manner exactly analogous
to decreased arterial pressure, at constant I'TP (18).

Patients with HF are characterised by hypervolaemia,
they are less sensitive to decreased preload. CPAP exerts its
beneficial effect by reducing the elevation of sympathetic
tone, thus affecting autonomic function in these patients.
However, increasing cardiac surface pressure could lead
to a decrease in coronary blood flow because of increased
epicardial surface pressure and/or increased RAP. Tucker and
Murray (19) reported decreases in myocardial blood flow out
of proportion to decreases in myocardial work, suggesting
that if PEEP led to a decreased coronary blood flow then it
could jeopardise cardiac function when coronary flow reserve
was limited, as in coronary artery disease; some caution
should be paid when treating patients with active ischaemic

heart disease with high levels of PEEP (16).

Acute effects of CPAP in awake patient

Although acute effects of CPAP in the awake patient have
been extensively studied, most of the research available has
focused on CPAP in pathological conditions rather than
understanding its physiological effect in the healthy subject.

In fact, some of the first studies about CPAP involved
infants with pulmonary oedema (20) and reports of adult
patients with HF (21).

Obesity

Obesity has many effects on pulmonary mechanics, it
increases intra-abdominal and intrathoracic pressures,
reduces the transpulmonary pressure gradient leading to a
hypo-inflated chest with low total lung capacity (TLC) and
FRC (22), and leaving morbidly obese subjects breathing
close to the residual volume. These effects lead to a high
work of breathing and increased levels of NRD (10), awake
and asleep.

In obese subjects, CPAP inflates the chest, increases FRC
and counterbalances the intrinsic PEEP, particularly in
supine posture (10), it reduces airway resistance and offloads
the respiratory muscles (3), lowering NRD in addition to
maintaining an open airway while asleep.

NRD, as measured by the electromyogram (EMG) of
the diaphragm or the parasternal EMG (23), reflects the
load on the respiratory system and is closely associated with
breathlessness (24,25). In obese patients with OSA, CPAP
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titration effectively offloads the respiratory system in obese
subjects, when awake, and reduces NRD by 30% during
optimal chest inflation (26). However, when higher CPAP
pressures are used, the chest hyperinflates, NRD increases
again and patients become breathless. When BP is measured
continuously with a beat-to-beat monitor, both BP and BPV
rise acutely at increasing levels of CPAP pressure suggesting
an up-regulation of the sympathetic nervous system (27).
NIV is used to treat patients with obesity hypoventilation
syndrome (OHS); it improves gas exchange, quality of life
and respiratory control. Studies in OHS have shown that
NIV offloads respiratory muscles and reduces NRD (28).
Held et al. retrospectively identified 18 patients with
hypoventilation and pulmonary hypertension (PH)
who were treated with NIV therapy. They assessed the
pulmonary arterial pressure and cardiac function using
right heart catheterization and echocardiography and found
significant improvements in mean and systolic pulmonary
artery pressure, PVR, right ventricular systolic function and
improvements in walking distance at three-months follow

up following treatment with NIV (29).

Acute decompensated HF

CPAP therapy is used in the treatment of decompensated
HF or acute cardiogenic pulmonary oedema (ACPE) to
improve lung volume recruitment, increase oxygenation,
reduce work of breathing and increase cardiac output.

Effects on oxygenation
In patients with acute HF and pulmonary congestion lung
compliance is impaired. Increased intrathoracic pressures
help recruitment of collapsed alveoli, reverse atelectasis,
and facilitate a fluid shift from the alveoli and the interstitial
space into the pulmonary circulation; this decreases
intrapulmonary shunting and improves gas exchange (30).
CPAP and NIV achieve similar benefits with regards to
oxygenation, work of breathing and cardiac output.

A recent trial showed that biPAP more rapidly improves
oxygenation and dyspnoea scores, and reduces the need for

ICU admission when compared to CPAP (31).

Effects on work of breathing

Work of breathing has only recently been recognised as a
therapeutic target in patients with decompensated heart
failure (DHF). DHF results in an increase in extravascular
lung water, reduction in lung volume, and the total
respiratory system compliance causes an increase in airway
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resistance. Work of breathing and oxygen requirements are
increased in these patients which results in an imbalance
between oxygen consumption and delivery.

In this context, PAP devices can decrease work of
breathing and improve oxygenation; however, the effects
on the haemodynamic system still remain largely undefined
and, most importantly, it is still uncertain whether the
beneficial effect of PAP results in improved cardiac function,
improved oxygenation or in the relief of respiratory effort,
or a combination of these.

Effects on cardiac output
Several studies have assessed the stroke volume in patients
with DHF; a study of 9 patients with respiratory failure
of cardiogenic origin found that although there was a
significant decrease in the work of breathing while on
CPAP, no relevant changes in stroke volume were noted (32).
However, a reduction in the mean transmural filling
pressures was observed, suggesting a better cardiac
performance. When positive pressure was applied an
increased pleural pressure limited the cardiac preload
and the LV afterload explaining a drop in the systemic
BP in such patients. However, pulmonary oedema can be
accompanied by hypotension and shock making it difficult
to use CPAP, and in such cases intubation may be required.
However, continuous PAP delivered by a non-invasive
interface reduced the need for intubation and mechanical
invasive ventilation in patients with acute CHF; this
conclusion was validated in a recent meta-analysis (33).
The effects of bilevel positive airway pressure (BiPAP) are
less well defined, a recent controlled comparison of BiPAP
versus CPAP had to be terminated because of increased
risks of myocardial infarction in the BiPAP group, despite
more rapid improvements in ventilation and vital signs (34).
Despite the evidence showing a beneficial effect of both
CPAP and BiPAP in patients with acute DHF current
guidelines remains ambiguous; although all major guidelines
suggest the use of PAP therapy the levels of evidence, when
presented, vary from Class Ia, Level A to Class Ila, level B
(Table 1).

Acute effects of CPAP in the asleep patient
OSA

OSA is a chronic condition characterised by repeated
interruption of ventilation during sleep due to upper-
airway collapse, leading to periodic apnoea and hypopneas,
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Table 1 Recommendations for non-invasive ventilation therapy for acute decompensated heart failure (35-39)

Guidelines Recommendation

Comment

Cardiac Society of N/A
Australia and New
Zealand 2011

CPAP is generally the first-line modality, but BiPAP is useful in patients with
coexistent hypercapnic respiratory failure as well as acute pulmonary oedema

positive pressure ventilation such as CPAP and bilevel PAP for patients in whom
oxygenation is inadequate despite oxygen administration

In patients with cardiogenic pulmonary oedema with severe dyspnoea and

acidaemia consider starting non-invasive ventilation at acute presentation or as
an adjunct to medical therapy if the person’s condition has failed to respond

JCS Joint Working Class la, level A

Group 2013

ACC/AHA 2013 N/A N/A
NICE 2014 update N/A

ESC 2016 Class lla, level B

NIV should be considered in patients with respiratory distress

(RR >25 breaths per minute, SaO, <90%)

CPAP, continuous positive airway pressure; BiPAP, bilevel positive airway pressure; JCS, Japanese Circulation Society; ACC, American
College of Cardiology; AHA, American Heart Association; NICE, National Institute for Health and Care Excellence; ESC, European Society

of cardiology; RR, respiratory rate; N/A, not available.

hypoxaemia, increased intrathoracic pressure swings,
arousal from sleep and sleep fragmentation. OSA syndrome
is diagnosed when the number of apnoeas and hypopneas
(Apnoea-Hypopnoea Index, AHI) are at least 5 per hour of
sleep (AHI >5) and the patient presents with symptoms of
excessive daytime sleepiness (40,41).

Besides symptomatic presentation, OSA impacts
on several extrapulmonary functions, like BP control,
sympathetic nervous system activity (SNA), endothelial
and vascular function (42-44). It is frequently associated
with hypertension, this is in part because of the common
underlying risk factors, but also because of a possible
causative link between intermittent hypoxia, chemoreceptor
and baroreflex stimulation, activation of sympathetic and
renin-angiotensin system as possible pathophysiological
mechanisms. Notably, chemoreflex and baroreflex
dysfunction and sympathetic activation is present not only
during sleep but also during wakefulness (45).

Whereas long-term use of CPAP might improve BP
control, any effects are moderate and probably more
notable in subjects with severe OSA and uncontrolled
hypertension (46,47); available studies on acute effects of
CPAP, although conducted on small populations, support
a decrease in sympathetic activity (48,49), while some
studies describe a protective effect on BP, in particular on
the systolic BP (50,51). Beyond the effect on BP control,
several studies suggest that the acute effect of CPAP may
reduce BP variability while patients sleep (52). In a study
evaluating the effects of a short-term (2 weeks) treatment
with autotitrating CPAP systolic and diastolic BP variability,
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measured as standard deviation of three BP measurements,
were reduced especially in hypertensive patients (53).

Vascular function

Several studies have been conducted in order to investigate
the effect of OSA on endothelial function. However,
because of the different methods and sites of evaluation of
the endothelial function results are not easily comparable:
one study evaluating forearm blood flow showed an altered
endothelial function of large conduit artery in OSA patients
after graded brachial artery infusion of acetylcholine and
sodium nitroprusside; a different study was unable to detect
an impairment in microvascular endothelial function,
measuring the reactive hyperaemia index by tonometry, in
diabetic patients with different grades of OSA (54).
However, a systematic review and meta-analysis by
Schwarz and colleagues found that in 4 RCTs comparing
the effects of therapeutic CPAP versus subtherapeutic
CPAP (or no intervention) on endothelial function,
CPAP therapy (range, 2-24 weeks) significantly increased
absolute % flow-mediated dilatation by 3.87% (55). CPAP
is thought to improve endothelial function in OSA. Few
studies have investigated the acute effect of CPAP on
endothelial function in subjects with OSA. A small study
documented an improvement in endothelial function,
assessed by the flow-mediated dilation (FMD) technique,
following 1 week of CPAP in patients with severe OSA,
but the effect rapidly vanished after CPAP withdrawal (56).
Moreover, a prospective study on 30 subjects with OSA
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indicated an improvement in FMD after an overnight use of
nasal CPAP (57). The improvement on endothelial function
exerted by CPAP could be acute but reversible.

Nitric oxide (NO) is a cellular signaling molecule and the
major determinant of endothelial function and vasodilation.
However, little is known about NO in OSA patients,
but some studies suggest a reduction in NO availability
measured as serum nitrites and nitrates in subjects with
moderate/severe OSA (58,59), which can be rapidly restored
by applying CPAP (58,60).

Several studies have investigated the association of OSA
with arterial stiffness; a systematic review tried to summarise
the results coming from 24 observational studies or clinical
trials which assessed arterial stiffness by measuring carotid-
femoral pulse wave velocity (PWV), brachial-ankle PWYV,
the augmentation index (Al) or ultrasound. The authors
of the meta-analysis concluded that OSA is likely to be
an independent risk factor for an increase in vascular
stiffness, assessed by daytime, and suggest a possible direct
correlation between the severity of arterial stiffness and
OSA (61).

The acute effects of apnoeic episodes on vascular
distensibility have not entirely been established; a
prospective cross-sectional study showed an acute increase
in arterial stiffness, measured as arterial Al by applanation
tonometry, during obstructive apnoeas recorded by
nocturnal polysomnography (62).

Little is known about the acute effect of CPAP in this
context during ongoing treatment. Some observations
indicate a possible beneficial effect of CPAP on arterial
stiffness. Indeed, an improvement in vascular stiffness
evaluated by pulse wave analysis early in the morning after
CPAP therapy has been described, when compared with the
same measurements in the afternoon (63). Another study
concluded that CPAP improves vascular function even after
short-term treatment (64), but also that there is a rapid
reversal following CPAP withdrawal (65).

HF

OSA is common in padents with HE the prevalence can be up
to 53% considering a diagnostic AHI of 10 events/hour (66),
but the prevalence vary greatly according to different AHI
cutoffs and definitions. Repeated apnoeas in these patients
expose the cardiovascular system to a cascade of intermittent
hypoxia, large negative intrathoracic pressure changes,
surges in SNA and BP, and frequent arousal from sleep, all
of which may have adverse cardiovascular consequences (67).
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Interestingly, the relationship between HF and OSA
is bivariate: although OSA probably contributes to
the development or progression of HF, HF might also
contribute to the development of OSA as fluid retention in
the legs while upright during the day shifts into the neck
when recumbent during sleep. Such fluid displacement
might cause distension of the neck veins and/or edema of
the peripharyngeal soft tissue that increases tissue pressure,
predisposing to pharyngeal obstruction and OSA (68,69).

OSA alters the physiologic cardiovascular quiescence
during sleep characterised by a decrease of the metabolic
rate, sympathetic nervous activity, BP, and heart rate;
Apnoeas and hypopneas cause intermittent surges in SNA,
BP, and HR with potentially adverse consequences (45).

Furthermore, during obstructive apnoeas, negative
inspiratory intrathoracic pressures generated against the
upper airway occlusion increases venous return to the
right heart causing, together with OSA induced hypoxic
pulmonary vasoconstriction, right ventricular distension
towards the left heart thus impeding LV filling (70,71). This
combination of increased LV afterload and diminished LV
preload reduces stroke volume and cardiac output more
in patients with HF than in healthy subjects. Increased
LV transmural pressure also increases myocardial oxygen
demand while simultaneously reducing coronary blood flow
while apnoea-related hypoxia limits oxygen delivery (71).
These conditions can precipitate myocardial ischaemia and
impair cardiac contractility and diastolic relaxation.

CPAP acutely alleviates OSA, abolishes negative
intrathoracic pressure swings, and reduces nocturnal BP
and HR, resulting in reduced LV afterload. This cardiac
unloading is accompanied by improved myocardial oxidative
metabolism (72).

Long-term effects of CPAP therapy
0S4

Observational studies, clinical trials and successive meta-
analyses have shown a significant effect of CPAP therapy on
BP control in patients with OSA. In 2014, a meta-analysis
of 31 randomized controlled trials by Fava and colleagues
showed a significant but moderate BP lowering effect of
CPAP in patients with OSA, the extent of reduction was
2.6£0.6 for the systolic and 2.0£0.4 mmHg for the diastolic
BP, with a slightly stronger effect at night. The analysis
indicated that the severity of OSA was associated with a
stronger impact of CPAP on systolic BP (47). The beneficial
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effect of CPAP on BP and the effect size were confirmed
by successive meta-analyses (73,74). Patients with severe
OSA or treatment-resistant hypertension were reported to
have the most clinically relevant effects. Indeed, two meta-
analyses of RCTs focuses on OSA patients and treatment-
resistant hypertension, they reported a decrease of -4.78
and -2.95 mmHg in systolic and diastolic BP, and of -7.21
and -4.99 mmHg, respectively (75,76).

OSA might be associated with an increase in plasma
aldosterone which plays a pivotal role in the metabolism
of electrolytes and fluid balance, as well as in BP control.
Plasma aldosterone levels have been associated with
severity of OSA in hypertensive patients and, in particular,
in subjects with resistant hypertension (77,78). Although
a causal link between hyperaldosteronism and OSA
has not been proven so far, it has been reported that
mineralocorticoid receptor antagonists exert a protective
effect on OSA patients by reducing the aldosterone-
mediated chronic fluid retention. Some studies have
investigated the effect of CPAP on aldosterone levels, the
results could not find a reduction in aldosterone levels
following CPAP treatment in patients with OSA. However,
in a study of 117 patients with resistant hypertension and
moderate-to-severe OSA, a long-term effect of CPAP on
aldosterone secretion has been found. Moreover, patients
with optimal CPAP usage (an average of more than 4 hours
per night) for 6 months presented with a lower aldosterone
excretion, especially if baseline BP was elevated (79). To the
contrary, this has not been confirmed in other interventional
or observational studies (80). A recent meta-analysis on a
small overall sample size could not support the beneficial
effect of CPAP therapy on plasma aldosterone levels (81).

Several studies were conducted to assess the effect
of long-term CPAP therapy on endothelial function in
patients with OSA, as assessed by FMD of the brachial
artery. The results, although limited by a small sample
size and a relative short duration of the treatment
(<6 months), support a protective effect of CPAP on endothelial
function (82,83). A small prospective interventional study
confirmed the positive effect but showed a rapid reversal (64).

Few studies indicated a possible increase in NO
availability by long-term use of CPAP in patients with
moderate to severe OSA (84). Interestingly, these studies
also detected a reduction in apoptotic endothelial cells,
which are an ex vivo marker of vascular damage, following
CPAP therapy; hypothetically, this could indicate a link
between OSA and vascular dysfunction through endothelial
cell apoptosis (85). A recent meta-analysis showed a
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significant improvement of endothelial function, as assessed
by FMD, in subjects with OSA after at least one month
of CPAP treatment (86). In order to better understand
the independent impact of CPAP on endothelial function,
studies including larger populations and long-term follow
up of CPAP use as well as trials investigating the effect of
other conventional cardiovascular risk factors, beside OSA,
on vascular function would be useful.

In recent years, several studies have assessed the effects
of long-term CPAP on arterial function using different
methods, like PWV, cardio-ankle vascular index (CAVI),
Al or aortic elastic parameters by echocardiography, thus
limiting the possibility to directly compare the results.
Using PWYV, interventional and observational studies report
a beneficial effect of chronic CPAP therapy (87,88), a result
which was confirmed by a meta-analysis (89). Moreover,
preliminary data indicate a possible protective effect of
long-term use of CPAP in patients with OSA on several
other indices of vascular stiffness, like the beta coefficient
obtained by CAVI (90), Al and augmentation pressure (AP)
obtained by radial tonometry (91), as well as aortic strain
and distensibility measured by echocardiography (92);
again, the results were confirmed by meta-analysis despite
a low number of included studies and the non-randomized
design of studies (61). Interestingly, the protective effects
of CPAP on arterial stiffness detected within 6 months of
treatment has not been confirmed during longer periods
of treatment (88), thus requiring further investigations in
order to understand the extended long-term consequences
of CPAP on vascular function.

Moreover, an association of carotid artery stiffness
with the AHI has been reported in obese children (93),
suggesting that vascular remodelling might begin even as
early as in childhood.

HF

Chronic effects of PAP in patients with HF and left
ventricular dysfunction have been studied mostly in
conjunction with sleep-disordered breathing. Wang and
colleagues (94) reported in a series of 164 prospectively
enrolled patients with HF that mortality was higher in those
with untreated sleep apnoea when compared with subjects
with mild or no sleep-disordered breathing after controlling
for confounding factors. Apneic episodes in patients with
HF can be both obstructive and central in nature. Central
sleep apnoea is caused by the complete or incomplete
reduction of airflow, accompanied with a consensual change
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in neuro-respiratory drive. This is caused by nocturnal
hyperventilation that characterises patients with HF (95).

As discussed above, HF leads to increased left ventricular
filling pressure. The resulting pulmonary congestion
activates lung vagal receptors that stimulate hyperventilation
and hypocapnia. Superimposed arousals cause further
abrupt increases in ventilation and drive PaCO, below the
threshold for ventilation, triggering a central apnea. Central
sleep apneas are sustained by recurrent arousals resulting
from apnea-induced hypoxia and the increased effort to
breathe during the ventilatory phase because of pulmonary
congestion and reduced lung compliance. Although central
apneas have a different pathophysiology than obstructive
apneas and are not associated with the generation of
exaggerated negative intrathoracic pressure, they both
increase SNA (96).

Several studies have treated sleep apnoea with CPAP
in the hope to reverse left heart remodelling: Kaneko
and colleagues (97) showed that CPAP applied for one
month improved LVEF by 9% and reduced systolic BP in
patients with OSA and HF. Mansfield ez a/. (98) replicated
the same findings but with inconsistent changes on BP.
However, few data are available on mortality. A trial by
Bradley and colleagues randomised 258 patients with HF
and sleep-disordered breathing to optimal care plus CPAP
versus optimal care alone. Although there was no survival
benefit seen over 24 months, the AHI and overnight SpO,,
LVEE, 6-min walk distance and plasma norepinephrine all
improved with CPAP (99).

While the focus of attention was CPAP in the 1990s,
adaptive servo-ventilation (ASV), which changes the airway
pressure according to the breathing pattern, has been
investigated more recently. Following a series of small trials
with ASV in HF, a meta-analysis compared ASV with best
care and reported ASV to be associated with improved AHI,
LVEF, 6-min walk distance and survival (100).

Recently, the SERVE-HF trial (101) enrolled 1,325 patients
with symptomatic HF with LVEF <45% and central sleep
apnoea (CSA, AHI >15, >50% central) from 91 centres who
were randomised to usual care and ASV or usual care only
and followed for a mean of 31 months. The main outcome, a
composite end point (death and cardiovascular events), was not
different between groups. However, ASV was associated with
an unexpected increase in all-cause and cardiovascular death,
which appeared to occur out of hospital (possibly as a result
of sudden cardiac death) and was more pronounced in the
patients with lower LVEFE.

Compliance with ASV in the SERVE-HF trial was
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limited (3.4 h per night) but reflected clinical experience,
and 29% of patients randomised to ASV dropped out.
About 16% of the control patients swapped to ASV, thus
making the ‘intention to treat’ analysis difficult.

Another study, the ADVENT-HF trial, is still recruiting;
it focuses on the effects of ASV with different algorithms
and pressure settings in patients with HF who have a
mixture of OSA and CSR-CSA (NCTO01128816). The
primary composite outcome is death or first cardiovascular
hospital admission or new onset atrial fibrillation/flutter
requiring anti-coagulation but not hospitalisation or
delivery of an appropriate shock from an ICD not resulting
in hospitalisation. The main difference between the
ADVENT-HF trial and other trials in the field, for example
the SERVE-HEF trial, are methodological in nature. In fact,
ASV devices use different algorithms to suppress CSA and it
is difficult to determine whether the results of the SERVE-
HF trial were a class effect of ASV or specific to the ASV
device used.

Furthermore, compliance to PAP devices remains a
problem: in the SERVE-HF trial 29% of patients either
discontinued or never used ASV, while 16% of patients
randomly assigned to control crossed-over to positive airway
pressure therapy. ASV compliance was low, averaging only
3.4 h per night 1 year after randomisation. This low
adherence suggests that subjects remain exposed to CSA
during a substantial period when ASV was not worn. In
addition, a potential reason for low compliance was that 76%
of treated subjects used a full face mask, which is generally
less well tolerated than a nasal interface. The ADVENT-HF
trial will help to answer some of these questions, enrolling
also non-sleepy patients with OSA and performing a close
follow up (6 months vs. 1 year follow up).

In conclusion, CPAP benefits in the short and long
term vary consistently according to different CPAP
effects (Table 2). A recent systematic review and meta-
analysis (108) showed that the use of PAP, compared
with no treatment or sham-CPAP, was not associated
with reduced risks of cardiovascular outcomes or death
for patients with sleep apnoea. However, a meta-analysis
by Abuzaid and colleagues confirmed similar findings,
underlining the role of treatment compliance with a
daily CPAP usage greater than 4 hours per night (109).
Considering the findings of the SAVE trial (107),
current evidence confirms that CPAP for OSA improves
symptoms and related conditions (e.g., OSA related
hypertension) but it does not necessarily prevent
cardiovascular events.
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Table 2 CPAP effects in the short and long term according to
current prospective studies

CPAP effect S(?c::;tni:? Long-term (>1 year)
OSA Symptoms +(102) + (103)

BP control += (46) += (47)
Sympathetic discharge + (48,49) +(104)

HF symptoms + (105) +=(99)

EF +(106) +=(99)

CV events (107) NA =

CV mortality (107) NA =

All causes mortality (107) NA =

=, no changes; +, improvement. CPAP, continuous positive airway
pressure; BP, blood pressure; HF, heart failure; OSA, obstructive
sleep apnoea; EF, ejection fraction; CV, cardiovascular; NA, not
available.

Conclusion and future perspectives

The cardiovascular and the respiratory systems interact
closely. Positive airway pressure, as provided by CPAP
therapy, is a non-pharmacological treatment that, in the
acute setting, not only supports the respiratory system
but also improves cardiac output in patients with HF; the
current evidence supports the use of CPAP in the awake
patient with decompensated HE. CPAP therapy is also
associated with a reduction in hospital mortality, intubation
rates and ICU length of stay.

In the asleep patient, CPAP can prevent airway
obstructions and ensure an adequate oxygenation.
Furthermore, CPAP normalises blood pressure surges
caused by the sympathetic nervous system in patients with
OSA. This ensures a normalisation of the nocturnal blood
pressure profile with a physiological dipping pattern.

In the long term, CPAP use in sleep-disordered breathing
has been shown to improve cardiovascular parameters like
blood pressure control and heart rate but its impact on
mortality and cardiovascular events is still debated.

Further randomised controlled clinical trials are
necessary to clarify long-term outcomes and to define
suitable parameters to understand variables that impact
on cardiovascular risk in OSA patients. In parallel,
observational cohort studies might be useful to better
understand the physiological phenomena in patients treated
with CPAP, as beneficial or unexplained findings from
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large clinical trials warrant a deeper understanding of the
underlying pathophysiological mechanisms.
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