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Abstract
Purpose of Review Sleep-disordered breathing (SDB) is highly prevalent in heart failure (HF), and the coexistence of these two
disease conditions increases mortality. The purpose of this review is to examine the mechanistic interactions and associations
between SBD, specifically obstructive sleep apnea (OSA), obesity hypoventilation (OHS), left ventricular (LV) diastolic heart
function, and pulmonary hypertension (PH), as factors that directly contribute to the development of HF.
Recent Findings The mechanistic interactions may be thought of as direct and indirect effects. The direct effects are related to
abnormalities caused by sleep-disordered breathing that induce LVremodeling. Recent studies support the notion that the severity
of OSA and recurrent hypoxia enhance LV remodeling even after accounting for age, weight, and underlying cardiorespiratory
comorbid conditions. Indirect effects are due to the mechanical alterations intrathoracic organs during sleep due to negative
intrathoracic pressure, obesity, as well as multiple derangements causing activation of the sympathetic nervous system and
endothelium. The review also delineates multiple mechanisms that eventually lead to pulmonary vascular remodeling and PH.
Summary The severity of daytime arterial oxygen levels and/or duration of nocturnal hypoxia, rather than the severity of SDB,
seems to be the major determinants of PH in SBD, after adjusting for other cardiorespiratory diseases. Mechanisms by which
hypercapnia contributes to PH and diastolic dysfunction need to be explored. Moreover, interactions between central sleep apnea
and diastolic heart function are not well delineated. Further investigations are needed to elucidate any direct effect of hypercapnia
on pulmonary pressures and potential cardiovascular consequences. There is limited evidence on the impact of PAP or oxygen
therapy on these intermediary mechanisms of HF in SDB populations. The collection of evidence indicates that PAP may
enhance diastolic function and reduce pulmonary artery pressure in OSA whereas studies in OHS populations are sparse and
inconclusive. Thus, future research should delineate whether pathophysiology-based therapies can alleviate HF and HF related
mortality in these SDB populations.
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Introduction

Heart failure (HF) impacts 5.7 million adults in the USAwith
a projected prevalence increase of 46% from 2012 to 2030,
resulting in > 8 million adults with HF [1]. The cost of HF to

the US is an estimated $30.7 billion each year and projected to
increase to $77.7 billion in 2030 [2]. HF is closely linked to
obstructive sleep apnea (OSA) [3] and HF in patients with
OSA is associated with increased mortality [4] and morbidity.
OSA is a highly prevalent disease (2–9%) [5], characterized
by repetitive closure of the upper airway with associated
arousals and intermittent hypoxia, and whose prevalence has
increased 14–55% over the last two decades [6] in concert
with the recognized obesity epidemic [7]. The obesity epidem-
ic likely also increased the risk for obesity hypoventilation
syndrome (OHS), where obesi ty-related daytime
hypoventilation and hypoxia coexist with sleep-disordered
breathing [8], and confers a risk for developing pulmonary
hypertension (PH) and HF [9]. This review focuses on the
pathophysiology of diastolic dysfunction and PH as pathways
for the development of HF in OSA and OHS. Studies that are
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observational and cross-sectional provide the bulk of the evi-
dence, in addition to mechanistic studies in humans and ani-
mal models.

Diastolic Dysfunction and OSA

Cross-Sectional Associations

Multiple studies have evaluated the relation between left ven-
tricular diastolic dysfunction (LVDD) and OSA (Table 1).
While one early study did not find an association between
OSA and diastolic dysfunction [10], several others have cor-
related echocardiographic LV diastolic dysfunction with OSA
[11, 13–15, 17–20]. The prevalence of LV diastolic dysfunc-
tion varied from 23 [14] to 56% [13] in moderate to severe
OSA patients who did not have underlying cardiovascular
disease (CVD). In the large RICCADSA trial of
revascularized patients with coronary artery disease, OSA
was associated with worse diastolic function (odds ratio
(OR) 1.9), whereas older age, obesity, and current smoking
status were not significant predictors [19]. Contrarily, in a
separate study, older age (OR 3.29) and mean nocturnal oxy-
gen saturation < 92% (OR 2.76) were associated with LV di-
astolic dysfunction [14]. Nadir oxygen saturation, urine epi-
nephrine, and percentage of sleep time spent with < 90% SpO2

were also predictors of LV diastolic dysfunction [11].
Additionally, the severity of apnea hypopnea index (number
of apneas and hypopneas per hour (h) sleep, and a measure of
OSA severity) [15, 16] and AHI during REM sleep [17] were
other important significant predictors. Moreover, in 2058 sub-
jects from the Sleep Heart Health Study (SHHS), severe OSA
(AHI ≥ 30/h) was associated with a higher risk of having con-
comitant LV hypertrophy (OR 1.78) independent of age, sex,
BMI, hypertension, and cardiovascular disease.

OSA may also be associated with right ventricular (RV)
remodeling and dysfunction in the absence of LV dysfunction.
However, the data supporting this notion are conflicting. A
few studies had elevated mean pulmonary artery pressure,
suggesting that PH from other causes may have been the pre-
cursor for RV dysfunction [21]. Evidence from the
Framingham Heart Study suggested that RV dysfunction
was present in OSA independent of other factors. RV wall
thickness, as assessed by echocardiogram, was significantly
greater after multivariable adjustment in patients with OSA
compared to those without (0.78 vs. 0.68 ± 0.02 cm respec-
tively, p = 0.005) [22].

Pathophysiologic Mechanisms (Fig. 1)

The mechanisms which are responsible for cardiac dysfunc-
tion in patients with OSA are numerous and intertwined. This
section delineates the pathophysiological mechanisms in

patients with sleep-disordered breathing which are responsible
for right heart dysfunction due to PH as well as LVDD due to
mechanisms including systemic hypertension.

The etiology of diastolic dysfunction in patients with OSA
is mainly due to alterations in LV morphology with subse-
quent impairment in LV relaxation. This has been demonstrat-
ed in both animal and human studies.

Artificially induced OSA in caninemodels have shown that
LV afterload increases with each hypoxic episode with resul-
tant systolic dysfunction after 3 months [23]. In humans, the
same phenomenon occurs, with diastolic function being af-
fected first; however systolic function was only affected after
approximately 10 years [12].

LV remodeling in OSAS is due to a number of mechanisms
including repetitive disturbances in respiratory patterns and
subsequent hypoxia, hypercapnia, increased negative intratho-
racic pressure, and microarousals. Due to these disturbances,
patients with OSA experience variation in their hemodynam-
ics leading to inappropriate activation of the sympathetic ner-
vous system during sleep [24]. Sympathetic overactivity is
more pronounced during sleep; however, even after awaken-
ing and respiration returning to normal levels, the effect per-
sists [25]. This is in part due to maladaptation to inappropriate
sympathetic activity leading to overactivation of the hindbrain
regions controlling sympathetic outflow in addition to height-
ened synaptic signaling from the forebrain through the
paraventricular nucleus [26]. These persistent pathophysio-
logic mechanisms cause peripheral vascular remodeling, in-
crease in vascular resistance, subsequent increase in cardiac
afterload and LV hypertrophy [24, 27, 28].

Repetitive episodes of hypoxia and subsequent re-
oxygenation are another cause of LVDD due to a number
of mechanisms. One of which is resultant oxidative stress
causing production of reactive oxygen radicals [29]. This
oxidative stress then leads to endothelial dysfunction as
well as ischemia-reperfusion, ventricular remodeling, and
eventually increase in LV mass [30]. In addition, intermit-
tent hypoxia also leads to neurohormonal disturbances
through activation of the renin-aldosterone-angiotensin
system due to augmented carotid chemoreceptor activity
and inflammation of the carotid body [20, 31]. This mech-
anism, in addition to overstimulation of the sympathetic
nervous system, further exacerbates elevated nocturnal
and diurnal mean arterial pressures.

Obesity, a known risk factor for developing OSA [32],
further potentiates increase in LV mass and LV remodeling.
The incidence of obesity among patients discharged with a
diagnosis of HF with preserved ejection fraction was reported
to be 41% in a retrospective study of over 4000 HF patients in
Minnesota [33]. Various metabolic abnormalities associated
with obesity, such as hyperlipidemia and hyperinsulinemia
contribute to LV remodeling, which in turn leads to LV dys-
function and changes in LV morphology [34].
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Table 1 LV diastolic dysfunction in obstructive sleep apnea

Study first
author

Number Prevalence (%) AHI/h Associations Comments

Niroumand
[10]

353 – 34 ± 26 E/A ratio was correlated with age
alone, but not with BMI, AHI,
or SpO2 < 90%.

OSA not associated with increased LVM
or impaired

LVDF independently of obesity, HTN, or
advancing age

Kraiczi [11] 20 – 24 ± 24 Nadir oxygen saturation nadir and
percentage of sleep time spent
90% SpO2, urine norepinephrine

Excluded patients with history of
smoking, hypertension and
hypercholesterolemia, CVD, on
“regular” medications

Fung [12] 68 37 44 ± 23 Minimum SpO2 < 70% was an
independent predictor of an
abnormal relaxation pattern (odds
ratio, 4.34) irrespective of age and
hypertension. Patients with AHI
≥ 40/h had significantly longer
isovolumic relaxation times than
those with AHI < 40/h

More severe OSA associated with worse
diastolic dysfunction (longer IVRT);
p = 0.005).

Arias [13] 27 56 52 ± 13 AHI (defined as the number of
apneas and hypopneas measured
in an hour of sleep)

Free of comorbid conditions 12 weeks
on effective CPAP induced a
significant increase in E/A ratio (P_
0.01), as well as reductions in mitral
deceleration and isovolumic relaxation
times.

Baguet [14] 150 23 41 ± 18 Age ≥ 58 years, nocturnal oxygen
saturation < 92%

Free of CVD

Wachter
[15]

352 45; increased to 57%
in mild and 70% in
moderate-to-severe
OSA patients with a
comparable cardiovascular
risk factor background

21.6% had
AHI
> 15

Diastolic dysfunction increased
with the severity of sleep apnea
from 44.8 (no OSA) to 56.8% (mild
OSA) to 69.7% (moderate-to-severe
OSA); only age, BMI, AHI and
cardiac frequency were independently
associated with diastolic dysfunction

The degree of diastolic dysfunction
increased with sleep apnea severity

Usui [16] 74 – 25.4 ± 15.0 Severe OSAwas independently
associated with the E/A ratio even
after adjusting for age, insulin
resistance, blood pressure, LV
geometry

E/A ratio and Ea in the severe OSA group
(AHI ⩾ 30/h) was significantly lower
than those in the mild to moderate
OSA group (5 ⩽ AHI < 30/h)

Chen [17] 79 – 45 ± 19 AHI in REM sleep ≥ 32.3/h was the
only independent variant in
predicting diastolic dysfunction
after adjusting for age, gender,
HTN, BMI

In patients without heart failure: age,
gender, hypertension did not predict
LVDD

Bodez [18] 188 37, retrospective,
no control group

48
(32.0–7-
1.0)

Age was correlated with DD.
Severity variables of OSA and
LVMi were not predictors of DD

Among the 34 patients without
hypertension, diabetes, severe obesity
and LVH, five (17%) patients
presented LV diastolic dysfunction

Glantz [19] 431 DD was more common
with OSA patients than
those without (54.4% vs
41.0%) in patients with
CAD and preserved
LVEF

29.7 ± 14.8 OSAwas associated with worse
diastolic function (odds ratio 1.90)

Analysis of baseline data of RICCADSA
trial of patients with CAD.
Age ≥ 60 years, obesity, and current
smoking were not significant
predictors.

AHI apnea hypopnea index, BMI body mass index, CVD cardiovascular disease, DD diastolic dysfunction, E/A E wave to Awave ratio, H hour, HTN
hypertension, IVRT isovolumic relaxation times, LV left ventricular, LVH left ventricular hypertrophy, LVM left ventricular mass,PaO2 partial pressure of
arterial oxygen, RICCADSA randomized controlled trial of revascularized patients with CAD, SpO2 oxygen saturation, TTE transthoracic
echocardiogram
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Inevitably, LV hypertrophy develops as a result of both
direct and indirect etiologies. It is directly affected by remod-
eling and increased LV mass due to oxidative stress and met-
abolic derangements associated with obesity [32–34]. Indirect
effects include persistently elevated MAP due to various eti-
ologies mentioned above, as well as peripheral vascular re-
modeling leading to increase in cardiac afterload and resultant
LV hypertrophy [24, 30].

Mechanical alterations in normal physiology also contrib-
ute, however, to a much lesser degree. Recurrent attempts at
inspiration against a closed glottis during apnea results in dis-
proportionate negative intrathoracic pressure. This in turn
causes increased venous return to the right heart causing the
interventricular septum to flatten resulting in decreased LV
end diastolic volume [35]. Moreover, OSA is associated with
increased arterial stiffness and heart remodeling, and the

magnitude of arterial stiffness and the coexistence of OSA
and treated hypertension are associated with additive effects
on arterial stiffness as well as heart remodeling [36]. The in-
creased episodes of negative intrathoracic pressure during ap-
neic events also contribute to LVDD, increasing LV wall ten-
sion and afterload [37].

Diastolic Dysfunction and OHS

Cross-Sectional Associations in OHS

OHS is defined as daytime hypercapnia and hypoxemia
(PaCO2 > 45 mmHg and PaO2 < 70 mmHg at sea level) in
an obese patient (body mass index ≥ 30 kg/m2) with OSA in
the absence of any other cause of hypoventilation. Data to

right ventricle left ventricle

pprecapillary postcapillary

LV diastolic
dysfunction

increased
venous return

negative intrathoracic
pressure

RV volume
intervenetricular

septum shift
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created with biorender.com

systemic
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Fig. 1 Figure demonstrates the potential pathophysiology linking LV diastolic function and PH to SDB. These include intermittent hypoxia, obesity,
negative intrathoracic pressure, and/or increased sympathetic activity. The figure also depicts the potential mechanisms underlying these pathways
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support diastolic dysfunction in OHS is much less robust
when comparedwith that of OSA. Observational retrospective
as well as prospective studies suggest that diastolic dysfunc-
tion is common among patients with OHS and accounts for
left heart pathology [9, 38•]. In a recent prospective observa-
tional study of 113 patients with OHS, prevalence of LVDD in
OHS patients with mild to moderate OSA (defined as AHI <
30) was significant at 71%. This suggests that LVDD may be
due to factors other than repeated apneic events. In this study,
OHS patients with higher BMI and presence of hypertension
were more likely to have LVDD [38•]. Moreover, in the larg-
est RCT of patients (N = 221) undergoing PAP therapy for
OHS, 55% of patients had PH and 51% had evidence of LV
hypertrophy at baseline [39•].

Pathophysiologic Mechanisms

Given that increased BMI and hypertension are known risk
factors for LVDD in OSA patients, the pathophysiologic
mechanisms remain the same. These include metabolic de-
rangements due to obesity, oxidative stress, and neurohormon-
al disturbances due to intermittent hypoxia and overstimula-
tion of the sympathetic nervous system. All of which eventu-
ally lead to LVH, either directly via remodeling and increased
LV mass, or indirectly via increased cardiac afterload.

However, the presence of hypercapnia in OHS has unique
downstream effects on LV function. The changes in hemody-
namics caused by hypercapnia affect myocardial oxygen con-
sumption and supply. Hypercapnia and resultant respiratory
acidosis dilate the coronary vessels, and unless the coronary
perfusion pressure falls, it will actually increase coronary
blood flow. However, hypercapnia also activates the sympa-
thetic nervous system causing increase in cardiac oxygen con-
sumption due to abnormal inotropic and chronotropic effects.
The resultant shortening of diastolic filling time offsets any
favorable effect of increased diastolic coronary perfusion pres-
sures [40]. Additionally, coexisting hypoxia and obesity may
compound the negative cardiac consequences. A rat study
showed cardiac Fas receptor- and mitochondrial-dependent
apoptotic pathways were more activated in obesity with coex-
istent nocturnal sustained hypoxia, which may represent one
possible apoptotic mechanism for the development of HF in
obesity with nocturnal sustained hypoxia [41].

Pulmonary Hypertension and OSA

Cross-Sectional Associations

The prevalence of sleep-disordered breathing in PH patients is
higher than in the general population. The prevalence in the
different studies has varied from 16 to 67% (Table 2). This is
because the studies did not use a standard definition to define

PH, included selected sleep clinic or PH clinic populations,
did not exclude other respiratory and cardiac conditions that
cause PH and/or used variable methods of estimating pulmo-
nary pressures. After excluding relevant confounders, includ-
ing underlying obstructive or restrictive lung disease or LV
heart disease and vasodilator use, the prevalence of PH has
varied from 17 to 42% [45, 46, 48–50, 52, 53] in selected
obese sleep clinic populations with moderate-severe OSA
(Table 2). In OSA, PH is mild with mean pulmonary artery
pressure (mPpa) ranging from 21.9 to 40.3 mmHg. PH, after
excluding underlying other lung or cardiac disease, seemed to
be related to the severity of daytime PaO2 and/or duration of
nocturnal hypoxia (Table 2). Hypercapnia may be a contrib-
uting factor too. The mPpa correlated with weight or body
mass index (BMI) in a few studies [48, 50]. The severity of
OSA (based on AHI) was not a significant determinant of
mPpa in most studies [45, 47, 48]. The mPpa was also found
to be state specific with higher values of mPpa in rapid-eye
movement (REM) sleep than in non-REM sleep and was also
higher in phasic REM compared with tonic REM sleep, inde-
pendent of the degree of hypoxia [54].

Pathophysiologic Mechanisms (Fig. 1)

In addition to effects on cardiovascular effects, OSA also af-
fects the pulmonary circulation. The pathophysiologic mech-
anisms that increase mPpa in OSA patients are multiple and in
many cases additive. This is thought to be primarily due to
downstream effects of intermittent apneas and hypoxia. The
effects of sleep on alveolar ventilation pulmonary arterial
pressure have been measured in both normal subjects and
those with OSA [55]. The mPpa rises and alveolar ventilation
decreases in sleep compared to wakefulness in normal sub-
jects, however the changes in mPpa and alveolar ventilation
did not change during the different stages of sleep [56].
Contrast this with OSA patients, in which mPpa rises and
alveolar ventilation falls during sleep, but mPpa continues to
rise and alveolar ventilation continues to fall in an incremental
fashion with each sleep stage, peaking during REM sleep [56].
The direct effects of OSA on the change in mPpa and alveolar
ventilation were further supported by the fact that normaliza-
tion of alveolar ventilation and decrease in mPpa occurred in
OSA patients after tracheostomy [57].

In this review, we differentiate between precapillary and
postcapillary etiologies of PH and the multiple mechanisms
that are involved.

Pre-capillary Mechanisms of PH in Patients with OSA

During apneic events, acute pulmonary vasoconstriction oc-
curs as a response to alveolar hypoxia which in turn increases
pre-capillary pulmonary artery (PA) pressure [58]. In addition,
irreparable changes in the pulmonary vasculature are caused
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by chronic intermittent hypoxia due to pulmonary arterial
smooth muscle hypertrophy and development of
muscularized blood vessels [59, 60].

The direct association between hypoxia alone and develop-
ment of structural remodeling of the pulmonary arteries lead-
ing to PH is evident in high altitude population studies. It has
been observed that populations living at high altitude have
chronic elevation of PA pressures, which is largely resistant
to reversal after oxygen administration [61].

This chronic elevation of pulmonary arterial pressures is
mainly due to remodeling of the pulmonary vasculature.
Hyperplasia and hypertrophy of endothelial cells cause in-
crease in thickness of the subendothelial region of larger, more
proximal pulmonary arteries [62]. The activation and exact
mechanism of proliferation of cells within the walls of pulmo-
nary vessels has yet to be described. It has been suggested
certain populations of cells in the medial layer with
membrane-bound receptors are sensitive to hypoxic activation
and engage in intracellular signaling pathways leading to pro-
liferation [59].

In animal models, it has been shown that increases in col-
lagen and elastin accumulation in proximal pulmonary arterial
vessels in response to exposure to hypoxia further contribute
to thickening of the medial and adventitial layers of the vessel
wall [63, 64]. In vivo and in vitro studies have shown that
hypoxia directly increases collagen synthesis via expression
and production of transforming growth factor-β which regu-
lates collagen synthesis in fibroblasts [64–66]. It was recently
shown that rats with a dominant negative mutation in TGF-β
receptor did not develop PH due to chronic hypoxia [67].

Remodeling of the proximal vessels and resultant stiffness
of these vessels causes failure of the conductance vessels to
store and deliver the stroke volume of the right ventricle and
eventually loss of pulmonary flow during diastole [59].

In addition to remodeling of the pulmonary arterial vascu-
lature, pulmonary arterial circulation is further impaired by
dysfunction of a number of cellular mechanisms responsible
for vasodilation in patients with OSA. Due to aforementioned
remodeling of the vasculature and stiffness of vessels resulting
in impaired pulmonary vascular flow, there is likely a drop in

Table 2 Pulmonary artery hypertension in obstructive sleep apnea

Study first
author

Number Prevalence
(%)

Mean Ppa,
mmHg

AHI/h Confounding biases or strengths Determinant(s)
of Ppa

Tilkian [42] 12 67 23 PaO2, PaCO2

Podzsus [43] 65 55 18–29 at rest,
35–45 with
exercise

20/h in 11
patients

Weight 122% higher than
normal, obstructive lung defect

Fletcher [44] 24 72 – 64.8 COPD, all males

Weitzenblum
[45]

46 20 RHC, 23 ± 5 102 ± 33 Overweight 145%, obstructive
lung defect in 56%

Daytime PaO2

Krieger [46] 114 19 Rest 16
Exercise 38

79 BMI 32 FEV1 and PaO2,

PaCO2

Laks [47] 100 42 29 63
(24–105)

BMI 37 PaO2 and FEV1

Chaouat [48] 220 17 Rest 26 ± 6,
exercise
46.7 ± 12

100 ± 33 BMI 34 ± 8, moderate
obstructive ventilatory defect

BMI

Sajkov [49] 27 41 TTE doppler,
23 ± 2.0

52 ± 25 BMI 32; excluded significant
lung or cardiac disease

PaO2 (mean
PaO2 = 72 mmHg)

Bady [50] 44 27 RHC, 28 ± 6 43 ± 26 BMI 37 ± 6, excluded COPD,
(113)restrictive lung disease, PE

BMI, PaO2 and PCO2,
%TST SaO2 < 80% in PH,
FEV1/VC

Minai [51] 83 22 RHC, TTE – BMI 36, PH and PVH data
combined

–

Sanner 92 20 RHC, mild PH 44 ± 28 BMI 32 ± 5, excluded significant
lung disease

LV dysfunction, TST with
SaO2 < 90%, AHI

Dumitrascu
[52]

169 with
severe PH

16% had OSA,
10% had CSA

RHC, 43 ± 11 21 ± 10 BMI 29, on vasodilator drugs
long-term oxygen, patients
with diagnosis of CTPEH,
COPD, IPAH, CVD, ILD

–

AHI apnea hypopnea index, BMI body mass index, COPD chronic obstructive lung disease, CTPEH chronic thromboembolic pulmonary hypertension,
CSA central sleep apnea,CVD cardiovascular disease, IPAH idiopathic PH, ILD interstitial lung disease, LV left ventricular, PH pulmonary hypertension,
PE pulmonary embolism, PVH pulmonary venous hypertension, Ppa pulmonary artery pressure, PaO2 partial pressure of arterial oxygen, RHC right
heart catheterization, SaO2 oxygen saturation, TTE transthoracic echocardiogram, TST total sleep time
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nitric oxide (NO) production in distal PA endothelial cells,
which requires continual pulsatile flow for optimal production
of NO [59, 68]. This causes impairment of vasodilation as NO
is a known mediator of pulmonary vascular resistance [69].
Another cellular change in OSA patients is elevation of
endothelin (ET)-1, a long-acting peptide synthesized in the
endothelium that causes vasoconstriction [70]. It has been
suggested that intermittent hypoxia increases production of
reactive oxygen radicals, which then increase synthesis of
ET-1 [71]. The downstream effects cause increased sensitivity
of calcium response and increased reactivity of vasoconstric-
tors [72]. Mice models have suggested that ET-1 is also in-
volved in vascular remodeling. The mechanism by which ET-
1 causes early inflammatory remodeling is through hypoxia-
inducible factor (HIF)-1 and subsequent activation of nuclear
factor (NF)-κB causing increased intima-media thickness.
This is supported by the fact that mice partially deficient for
HIF-1 gene (HIF-1α+/−) did not demonstrate any increase in
intima-media thickness when exposed to the same intermittent
hypoxic conditions [73]. The magnitude of response to hyp-
oxia among individuals with OSAmay be variable. In patients
with OSA, the mean increase of Ppa (pulmonary artery pres-
sure) was 8 ± 1 mmHg to eucapnic hypoxia, and the response
to hypercapnic hypoxia was higher at 10 ± 1 mmHg. Ppa re-
sponse to hypoxia was augmented (> 10mmHg) by hypercap-
nia in only four of 20 patients with OSA [53], suggesting
inherent variability to hypoxic responsiveness, the underlying
mechanisms of which remain unknown.

Post-capillary Mechanisms of PH in Patients with OSA

Pulmonary venous pressure or post-capillary pressures in pa-
tients with OSA are affected mostly by the mechanical effects
of hemodynamic dysfunction within the cardio-pulmonary
circulation. Patients with OSA have an abnormally high
threshold of arousal during NREM sleep due to impairment
of upper airway mechanoreceptors [74]. It has been shown
that negative intrathoracic pressures as high as negative 40–
80 cm H2O are required for arousal [75] as compared to nor-
mal control subjects who required much lower negative intra-
thoracic pressures ranging from negative 20–30 cmH2O [76].
This in turn leads to downstream effects causing an increase in
post-capillary pulmonary pressures. As mentioned in mecha-
nisms of diastolic dysfunction, increased venous return due to
increased negative intrathoracic pressure shifts the interven-
tricular septum to the left causing decrease of diastolic filling
volume, which in turn causes an increase in post-capillary
pulmonary pressures [35]. Additionally, the increase in nega-
tive intrathoracic pressure also increases the transmural pres-
sure of all intra-thoracic structures. This includes not only the
ventricles but also the pulmonary vascular beds, atria, and
intrathoracic aorta [77]. This cumulative effect causes increase

in LV afterload and decreased stroke volume which contrib-
utes further to pulmonary venous hypertension [78].

Central Sleep Apnea and Diastolic
Dysfunction

The literature is sparse on interactions between central sleep
apnea (CSA) and diastolic heart function. Central sleep apnea
is the repetitive cessation of airflow in the absence of respira-
tory effort. Patients with HF and CSA tend to have an exag-
gerated respiratory response to carbon dioxide, associated
with excess sympathetic nervous activity, resulting in inappro-
priate cyclic hyperventilation and central apneas [79]. While
those with CSA do not experience marked episodes of nega-
tive intrathoracic pressure as seen in OSA, diurnal sympathet-
ic activation is higher in those with HF and CSA than in
matched controls with HF only [80]. Patients with CSA had
more advanced left ventricular systolic (lower LVEF) and di-
astolic dysfunction (higher E/e’) and larger heart chambers
[81]. Moreover, CSA with Cheyne-Stokes Respiration may
contribute to increased pulmonary artery pressure and right
chamber remodeling in HF, independently of the severity of
LV systolic and diastolic dysfunction, likely via recurrent
hypoxia/hypercapnia cycles and chemoreflex-mediated ad-
renergic discharge [82]. In one large prospective cohort study
of patients receiving guideline-recommended treatment for
HF (n = 525), episodes of central apnea were associated with
neurohormonal activation, ventricular arrhythmic burden, and
systolic and diastolic dysfunction [83]. Patients with severe
central sleep apnea during nighttime, daytime, and throughout
the 24 h were more frequently males, had a more severe dia-
stolic dysfunction, showed higher neurohormonal activation
and ventricular arrhythmic burden, and experienced a higher
burden of desaturation [83]. In contrast, in patients without HF
(n = 16), the central apnea length and ventilatory cycle length
were shorter and majority (80%) did not have diastolic dys-
function [84] or PH. As already mentioned, LV diastolic dys-
function may result from overstimulation of the sympathetic
nervous system [12, 24, 26, 27]. Similarly, the hypoxemia
caused by CSA may induce activation of the sympathetic
nervous system [80]. This hyper-adrenergic state is evidenced
by studies showing increased urine and plasma metanephrine
levels in patients with CSA [85]. This is further confirmed by
studies which also show decrease in urine and plasma
metanephrine levels when CSA is treated with nocturnal
CPAP [85, 86].

Pulmonary Hypertension and OHS

It is estimated that the prevalence of PH is approximately 50%
in patients with OHS in contrast to 20% in patients with OSA
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alone [87, 88]. In a prospective cross-sectional study, the pa-
tient parameters associated with presence of PH or increase in
severity of PH were BMI, low DLCO, and lack of consistent
noninvasive positive pressure ventilation (NIPPV) use [89].

The etiology of PH in OHS relates primarily due to
precapillary PH [88]. This is likely secondary to the known
effects of hypoxemia on the pulmonary vasculature including
both direct vasoconstriction and vascular remodeling [58, 59,
68–70]. It has been shown, however, that PH in OHS patients
substantially worsens during exercise and is related to a com-
bination of pre- and postcapillary PH as observed by elevated
pulmonary artery occlusion pressures during exercise when
compared to rest [48]. Themechanism behind this observation
is the diastolic dysfunction of the left atrium, which is com-
monly associated with obesity [90].

It likely that alveolar hypoventilation in combination with
high prevalence of diastolic dysfunction in obese patients,
account for the higher prevalence of PH in patients with
OHS when compared to OSA. Whether or not hypercapnia
has a direct role in the development of PH, whether pre or
postcapillary, has yet to be established.

Implications of Therapy

Studies demonstrating reversibility of LV diastolic dysfunc-
tion or PH following adequate therapy of OSA provide sup-
portive evidence of the link between these clinical conditions.
However, the data are conflicting and only a few randomized
clinical trials (RCTs) have studied the impact of OSA therapy
on LV diastolic dysfunction or PH. The data on OHS is even
more limited. The handful of RCTs and several small obser-
vational prospective and retrospective studies provide addi-
tional supportive evidence of the direction of associations be-
tween the disease entities.

Oxygen Therapy

PH

Hypoxia due to obstructive apneas, may lead to a steady in-
crease in PAP, detectable both at the beginning and at the end
of the episodes [91]. Supplemental oxygen to eliminate hyp-
oxemia blunted pulmonary artery pressure (PAP) elevation in
dog models of artificially induced recurrent obstructive apnea
[92]. However, in humans, oxygen attenuated the falls and
oscillations on oximetry but did not effectively reduce
transmural PAP nor the amplitude of its variations induced
by obstructive apneas [91].

There are no clinical studies of the impact of oxygen on
diastolic dysfunction.

PAP Therapy

LV Diastolic Dysfunction

Given that HF concomitant with moderate-severe SDB is as-
sociated with increased mortality than in patients with HF
without severe SDB [4, 93], it is undoubtedly crucial to treat
the SDB prior to the development of overt HF. However, the
impact of continuous positive airway pressure (CPAP) on LV
diastolic function in patients with OSA is unclear. In a small
study of newly diagnosed patients with moderate- severe
OSA, there was improved LV systolic and diastolic function
after 6 months of CPAP therapy [94]. In another study, pa-
tients with moderate or severe OSA (AHI ≥ 20), treatment
with CPAP for 6 months was associated with improvement
in diastolic function as well as in measures of LA function
compared to sham CPAP [95]. Noninvasive ventilation for
6 months also improved measures of diastolic function [96].
Moreover, compared with sham, 3 months of CPAP was as-
sociated with improvements in e′ velocity and arterial stiffness
[97]. A 5-year uncontrolled prospective observational trial of
CPAP in nonhypertensive patients with OSA revealed a sig-
nificant increase in the acceleration time(AT), Em/Am ratio
and ejection time (AT: p = 0.04; Em/Am ratio p = 0.03 ET: p =
0.04) while a significant decrease was observed on decelera-
tion time, isovolumetric relaxation time, and myocardial per-
formance index in all subjects [98]. However, a large RCT
trial of 171 patients with CAD found CPAP had no significant
impact on diastolic dysfunction (enlarged left atrium, de-
creased mean é tissue velocity, or increased E/é filling index)
in the intention-to-treat population, but on-treatment analysis
revealed a significant increase in diastolic relaxation velocity
in patients using CPAP for ≥ 4 h/night (OR 2.3, 95% confi-
dence interval 1.0–4.9; p = 0.039) after adjustment for age,
sex, body mass index, and left atrium diameter at baseline
[99•].

OHS

There are very few studies evaluating whether PAP has an
impact on diastolic function in patients with OHS. In one
study, 6 weeks of PAP (CPAP or bilevel PAP) treatment re-
duced nocturnal beat-to-beat BP surges but not the daytime
BP in 17 OHS patients with OSA, and this improvement in
nocturnal BP regulation was greater in patients with higher
PAP adherence [100]. There were no ECHO measures of di-
astolic heart function on this study.

In the largest multicenter randomized controlled trial of
OHS (Pickwick project, n = 221) the effect of 2 months of
NIPPV, CPAP or lifestyle modification (control) was studied
in patients with severe OSA with baseline hypertension in
55% and LV hypertrophy in 51% patient. The authors found
that treatment with NIPPV but not CPAP, lowered systolic
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pulmonary artery pressure (−3.4 mmHg, adjusted p = 0.025 vs
control and P = 0.033 vs CPAP). The degree of improvement
in systolic pulmonary artery pressure was greater in patients
treated with NIPPV who had pulmonary hypertension at base-
line (−6.4 mmHg) [39•]. NIPPV therapy also decreased LV
hypertrophy with a significant reduction in LV mass index.
Whether PAP therapy has an impact on HF and associated
mortality in OHS populations is not known.

PH

Five years of treatment of severe OSAwith CPAP (mean use
5.2 h/night) did not change daytime arterial oxygen tension or
the pulmonary artery pressure [101]. The pulmonary artery
wedge pressure increased significantly from 6 ± 2 to 9 ±
3 mmHg. However, this study may have been underpowered
for patients with PH. Conversely, a meta-analysis of seven
studies in patients with isolated OSA (n = 222, 77% men,
age 52.5 years, AHI 58 events/h) and mPpa of 39.3 ±
6.3 mmHg, CPAP therapy for 3 to 70 months, was associated
with a decrease in mPpa of 13.3 mmHg [102]. In one of the
randomized crossover trials, CPAP therapy in comparison to
sham CPAP for 4 months in patients with OSA and PH re-
duced pulmonary systolic pressure (28.9 ± 8.6 to 24.0 ±
5.8 mmHg, p < 0.0001). The reduction was greatest in patients
with either PH or LVDD at baseline [103, 104]. Similarly,
CPAP therapy for 4 months and 6 months decreased mPpa
from 16.8 ± 1.2 to 13.9 ± 0.6 mmHg, p < 0.05, and from 25.6
± 4.0 to 19.5 ± 1.5 mmHg, p < 0.001), respectively, with a
reduction in the total pulmonary vascular resistance [105].
However, there are no randomized controlled studies of
whether treatment of SDB in PH reduces mortality or
hospitalizations.

Prognosis

LV diastolic dysfunction in OSA and OSA coexisting with PH
increase the risk for HF, morbidity, and mortality [51, 106]. In a
community sample, diastolic dysfunction was common, without
recognizedHF,with a 20.8%, 6.6%, and 0.7%ofmild,moderate,
and severe diastolic dysfunction, respectively, with normal EF
[106]. Moreover, diastolic dysfunction was associated with
marked increases in all-cause mortality [106]. In patients with
PH and OSA, survival at 1, 4, and 8 years of follow-up period
was 93%, 75%, and 43% compared to 100%, 90%, and 76% for
patients without PH, respectively [51]. Patients with severe PH
had more nocturnal desaturations, worse pulmonary hemody-
namics, and greater mortality (37%) than the groups with mild
or moderate PH (16%) or no PH (16%). Although the recent
multicenter randomized controlled trials, SAVE and
RICCADSA [107, 108], did not find a mortality benefit with
CPAP therapy in patients with moderate-severe OSA and

cardiovascular diseases, a firm conclusion cannot drawn on the
effect of PAP onCVmortality because these studies were limited
by inadequate adherence to PAP therapy. Subsequent subgroup
analysis demonstrated that patients with CPAP use > 4 h per
night did have reduced mortality risk [108]. For systolic HF
patients with CSA, the CANPAP trial did not demonstrate an
overall survival or hospitalization advantage with CPAP therapy
[109], even though CPAP improved surrogate markers of cardio-
vascular outcome, including LVejection fraction, 6-minwalk test
distance, and reduced plasma noradrenaline concentrations.

Conclusion

Moderate to severe OSA leads to serious adverse cardiovascular
sequelae, including HF and PH via multiple pathways. The lim-
itations of the enumerated studies were that most were of cross-
sectional design, conducted in small clinic-based populations that
did not adjust for relevant confounding factors. Overall, the data
support an association between OSA, diastolic dysfunction, sys-
temic hypertension and PH. However, there is limited evidence
regarding the pathways that link OHS, diastolic function, and
PH, and comprehensive mechanistic studies are required in
OHS populations. Effect of CSA on these parameters needs to
be delineated further. Given that SDB coexisting with PH and
LVDD increase the risk for HF, morbidity, and mortality, future
prospective therapeutic studies should target the putative patho-
physiologic mechanisms to alleviate the serious negative cardio-
vascular consequences of SDB.
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