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Abstract
Purpose of Review Obstructive sleep apnea (OSA) and hypertension are two phenomena deeply linked together and, although a
causal relationship has been suggested, a recent meta-analysis showed only a very modest effect of OSA treatment on blood
pressure (BP). However, a vast number of randomized controlled trials published so far share some limitations, mainly of
methodological nature: neither OSA nor BP is always assessed in a standardized way.Moreover, compliance with OSA treatment
is often sub-optimal making the results of these trials difficult to interpret.
Recent Findings Recent studies have shown that antihypertensive drugs can reduce BP more than OSA treatment, showing a
better compliance profile and very few side effects.
Summary Considering the importance of reducing the overall cardiovascular risk of OSA patients, a more careful management of
patient’s antihypertensive medication could allow a better BP control also in this condition. In addition, greater efforts should be
made to improve patient’s acceptance of OSA treatment with the aim of improving their compliance.

Keywords Obstructive sleep apnea . Hypertension . Blood pressure . Continuous positive airway pressure . Mandibular
advancement device

Introduction

The relationship between obstructive sleep apnea (OSA) and
hypertension (HT) has been extensively investigated in the
past years and represents one of the main and strongest path-
ophysiological mechanisms that link cardiovascular diseases
and sleep-disordered breathing (SDB), which includes a wide
spectrum of breathing alterations during sleep ranging from
respiratory-related arousals (RERAs) and hypopneas to the
most severe forms of central or obstructive sleep apneas.

In fact, while the association between OSA and other car-
diovascular risk factors such as diabetes and dyslipidemia
seems weaker, albeit already supported by evidence [1], the

association between OSA and HT appears to be more consis-
tent and bi-directional in nature [2], having been confirmed in
different populations [3]. It is still a matter of debate, however,
whether OSA and HT are only associated with each other, an
association possibly mediated by comorbidities such as obe-
sity or hyperaldosteronism, or, on the contrary, OSA is one of
the causes of blood pressure (BP) elevation.

Indeed, it is important to highlight that in order to demon-
strate the occurrence of a causal link between OSA and HT,
the treatment of OSA should not only reduce BP but also
improve the HT-related consequences such as hypertension-
mediated target organ damage and the frequency of cardiovas-
cular complications such as stroke, heart failure, myocardial
infarction, and death. A favorable impact of OSA treatment on
cardiovascular outcomes has not been unequivocally demon-
strated so far, and this is one of the reasons for the current
uncertainty on whether OSA might be considered a causal
factor for the development of hypertension over time.

To add evenmore complexity to the problem, identification
of OSA requires an objective diagnostic assessment
that involves polysomnographic examinations (full
polysomnography or cardiorespiratory monitoring) which
are variably and/or not frequently performed in the clinical
management of hypertension, leading to a lack of diagnostic
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standardization. Furthermore, BP is a biological parameter
that varies consistently within minutes, hours, and days.
Thus, performing only office BP measurements, as done in
many randomized controlled trials and in routine daily prac-
tice, without considering BP variability over time, does not
allow to clearly define OSA-related BP phenotypes, which
often include an increase in nighttime BP.

Lastly, BP response to OSA treatment might depend on the
treatment choice, an issue which should be carefully ad-
dressed given the many different therapeutic options available
such as positive airway pressure (PAP) devices, mandibular
advancement devices (MAD) devices, weight loss, surgery,
and electrical stimulation. With regard to PAP devices, which
are believed to be the most effective treatment available, set-
tings and type of ventilator can have an impact on BP response
to this kind of treatment [4].

For all these reasons, despite a large number of studies
published in the field, it is still a matter of debate whether
treating OSA could help reduce the patients’ cardiovascular
risk associated with HT. Also because of such an uncertainty,
it is still unclear whether HT is actually caused by OSA, or
whether the two conditions are only associated due to the
presence of comorbidities, such as obesity. This uncertainty
has not allowed so far to issue clear-cut recommendations for
including OSA treatment in cardiovascular prevention.

In this review, we aim to discuss the most important aspects
of the relationship between OSA and HT including the latest
research in the field together with expert opinions and person-
al considerations.

OSA and HT: a Complex Relationship

The occurrence of fluctuations in BP during episodes of inter-
mittent partial or complete airway obstructions at night has
been reported since the first studies by Coccagna [5] and col-
leagues and later confirmed by Guilleminault and colleagues
at Stanford University [6].

While these authors focused initially on right heart hemo-
dynamics, it appeared clearer at a later stage that OSA has a
more relevant impact on systemic arterial hypertension rather
than on pulmonary hypertension.

In fact, a series of longitudinal studies performed in differ-
ent populations confirmed the association between OSA and
hypertension and suggested such an association to be charac-
terized by a proportional dose-response-like link, with an in-
creasing apnea-hypopnea index (AHI), which is the number of
apneas plus hypopneas per hour of sleep, corresponding to an
increased odds ratio for hypertension [7]. However, other tri-
als such as the Sleep Heart Health Study [8] and the study by
Cano-Pumarega et al. [9] were not able to confirm a causal
role of OSA in hypertension development, after accounting
for confounders.

The potential pathophysiological mechanisms behind this
association are possibly intertwined together but the most rel-
evant ones seem to be intermittent hypoxia and sympathetic
activation [10, 11], with the accompanying reduction in arte-
rial baroreflex sensitivity [12, 13].

Intermittent hypoxia, caused by repetitive airway obstruc-
tions, on one side promotes the peripheral chemoreceptor
stimulation which causes an enhanced sympathetic activation,
and on the other side, it contributes to the production of reac-
tive oxygen species (ROS), activates systemic inflammation,
and ultimately impairs endothelial function [14].

The activation of the sympathetic branch of the autonomic
nervous system is the consequence not only of intermittent
hypoxia but also of arousals from sleep and of increased pleu-
ral pressure swings which stimulate pulmonary stretch recep-
tors. As a confirmation of this hypothesis, several studies have
shown that patients with OSA have a greater catecholamine
production [15, 16] and exhibit an increased sympathetic neu-
ral traffic measured by means of microneurography [17].

The main consequences of the increased sympathetic dis-
charge are on one side the intermittent release of dopamine,
norepinephrine (noradrenaline), and epinephrine (adrenaline)
which have positive inotropic, chronotropic, and dromotropic
effects. On the other side, the sympathetic activation stimu-
lates the renin-angiotensin-aldosterone system and in particu-
lar an increased production of angiotensin II promoting vaso-
constriction in venous and arterial walls smooth muscles, and
an enhanced aldosterone production [10].

Although all these processes explain nocturnal hyperten-
sion in patients with sleep apnea, it is still unclear why there
might be also a carry-over effect of hypertension during the
daytime. Indeed, daytime hypertension is common in OSA
but as these patients share often many common risk factors
for hypertension such as obesity, disentangling the effect of
OSA on nighttime versus daytime BP is very difficult.

Effects of OSA Treatments on BP

One of the challenges of the interaction between OSA and BP
is that the efficacy of treatments currently available for sleep-
disordered breathing is very much dependent on patients’
compliance and adherence to the prescribed interventions. In
fact, compared with other chronic diseases where the main
treatment is administered orally in the form of capsules or
pills, in order to treat OSA effectively, patients must wear
either a mask or an oral appliance.

Continuous Positive Airway Pressure

Since its discovery in the 1980s, continuous positive airway
pressure (CPAP) is by far the most effective treatment for
OSA [18].
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CPAP is made of a mask, either with nasal or full-face
application, connected by a plastic tube to a ventilator. It
works by delivering positive air pressure in order to keep the
airway patent at night with a pneumatic splint. Treatment with
CPAP restores normal breathing and improves nighttime and
daytime symptoms such as snoring, choking at night, and
daytime sleepiness.

One of the first randomized controlled studies by
Engelmann and colleagues [19] highlighted the potentials
and also the possible problems of the CPAP-induced BP-low-
ering effect. In fact, in a small sample of hypertensive patients
treated with CPAP for 3 weeks with good compliance, the
authors showed that in the whole group, BP was not reduced
at follow-up when compared with placebo. Interestingly, a
post hoc analysis showed that persons with non-dipping BP
had a significant reduction inmean ambulatory BPwhen com-
pared with their counterparts with dipping BP. This suggests
that CPAP can be effective only in a selected subgroup of
patients.

Since the 1990s, several randomized controlled studies
have been published on the same topic and the results have
consistently shown that CPAP use, when compared with a
passive control group, determines a significant although small
drop in BP (systolic 2.6 ± 0.6 mmHg, diastolic 2.0 ±
0.4 mmHg, p < 0.001) which is even more pronounced when
nocturnal BP is considered [20].

Although a net BP change of a few millimeters of mercury
does not seem much from a clinical perspective, it neverthe-
less corresponds to a considerable reduction in stroke mortal-
ity [21].

Furthermore, withdrawal studies by the group of Kohler
and collaborators [22] confirmed that when CPAP treatment
is discontinued, relapse of symptoms is accompanied by a
clinically relevant increase in BP.

Oral Appliances

Similarly to CPAP, oral appliances (OA) can reduce sleep-
disordered breathing by moving the jaw and the tongue for-
ward, thereby preventing pharyngeal collapse. The first ran-
domized controlled studies investigating the effect of OA on
BP were published in 2004: Gotsopoulos and colleagues [23]
showed that in 61 patients diagnosed with OSA (AHI > 10
events/h) on polysomnography, the use of mandibular ad-
vancement splint reduced 24-h diastolic, but not systolic, BP
(by 1.8 ± 0.5 mmHg) compared with the control group using a
sham device. Interestingly, no changes in nocturnal BP were
present after interventions.

Afterwards, several studies confirmed these findings until
the very recent randomized controlled trial published by
Gagnadoux et al. [24]. They randomized 150 patients with
severe OSA and no overt cardiovascular disease to either ef-
fective mandibular advancement device or to a sham device

for 2 months. Surprisingly, they did not find any difference
between groups in terms of ambulatory BP and reactive hy-
peremia index, a validated measurement of endothelial func-
tion. It is important to note that baseline BP values were within
the normal range, again posing the question as to whether the
degree of BP elevation at baseline matters more that OSA
severity in studies aimed at assessing the BP effects of OSA
treatment.

Pitfalls and Limitations of the Main Trials

Since the 1990s, more than 220 randomized controlled studies
have been published on the effect of OSA treatment. Only in
half of them BP was assessed and analyzed, however, with
most of the studies measuring office BP and only less than 10
studies assessing ambulatory BP.

This methodological aspect is crucial given that OSA pa-
tients exhibit increased BP variability when compared with
non-OSA subjects, making office BP less reliable and possi-
bly not representative of the real patient’s BP profile [25].

In addition to this, it is well known that ambulatory BP
better predicts cardiovascular outcomes in hypertensive pa-
tients as compared with office BP; its assessment thus repre-
sents a preferable approach particularly in patients with sleep-
disordered breathing [26].

From a methodological standpoint, other confounding fac-
tors must be considered, including the methodology of OSA
diagnosis. Although most studies assessed patients with full
polysomnography, which represents the gold standard for
OSA diagnosis, in other studies, patients were investigated
through the use of portable devices or nocturnal oxymeters
only. Although these differences are perhaps less critical, it
should be noted that portable devices or oxymeters could have
missed arousals which are known to determine sympathetic
activations and BP surges during apneic events.

On the contrary, recent studies have stressed the impor-
tance of the OSA-related hypoxic burden on the development
of cardiovascular disease suggesting that not only the frequen-
cy but also the depth and duration of sleep-related upper air-
way obstructions are important disease-characterizing features
[27].

In this context, a more thorough assessment of the relation-
ship between hypoxia and blood pressure surges, for instance
via a triggered nocturnal BP monitoring method based on an
oxygen-trigger function that initiates a BP measurement when
the patient’s oxygen saturation falls below a variable thresh-
old, could help better defining the impact of OSA-related hy-
pertension on cardiovascular consequences [28].

Another methodological aspect which deserves to be
discussed involves the control groups, given that a huge het-
erogeneity exists among the studies on OSA treatment pub-
lished so far. In fact, many studies have included in the
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placebo arm patients on sham CPAP, represented by either a
CPAP machine with low or no pressures or by CPAP ma-
chines with drilled holes on the mask used, to allow for an
adequate air exchange with the environment. Other studies
used tablets as a placebo or compared the effects of specific
OSA treatment with those of standard usual care. All these
methodological differences are responsible for a significant
heterogeneity among trials, making it difficult to compare
their results in meta-analyses and systematic reviews. Lastly,
in conducting trials on OSA, as in all studies comparing a
medical device with placebo, it is barely impossible to blind
both patients and investigators to the treatment allocation. As
suggested by Djavadkhani and colleagues [29], although pa-
tient blinding may be possible with the lack of full disclosure,
investigator blinding is unlikely to be achieved, again posing
the question as to whether the assessment of the effects of
CPAP treatment might be biased.

Lastly, it is worth noting that many trials in the field of
OSA and hypertension did not consider the role of important
confounders such as the non-pharmacological treatment for
high blood pressure. In fact, weight loss, but most of all low
sodium intake diet, has not always been accounted as con-
founders. In particular, a change in sodium intake can have
profound effects on BP even in the short term.

Potential Predictors of OSA Treatment Effects
on BP

Studies on CPAP withdrawal [22] and a recent meta-analysis
[20] pointed out that severity of OSA was associated with a
higher BP rise in response to CPAP withdrawal and with a
greater net BP decrease in patients treated with CPAP, respec-
tively. However, studies focusing on the determinants of
CPAP effect on BP are lacking.

Among CPAP-related factors, patients’ compliance and ad-
herence remain the main predictors of its BP-lowering effects,
as confirmed in large randomized controlled trials [30]. The
type of PAP device does not seem to matter with regard to the
effect on BP [31]. However, a recent report from the European
Sleep Apnea Database showed that fixed CPAP use was as-
sociated with a lower decline of kidney function when com-
pared with auto-adjusting CPAP [32].

Other CPAP-related issues can represent not only the cause
of low compliance, such as mask discomfort or leaks, but also
a cause of increased BP, such as excessive CPAP pressures.
Xiao and colleagues demonstrated that higher CPAP pressures
are associated with breathlessness and activation of expiratory
muscles in patients on CPAP [33] and the same group showed
that this was associated with increases in both BP and BP
variability [34]. It is therefore of crucial importance ensuring
a careful CPAP titration in obese subjects in particular. Among
patient-related factors, some studies found that both BMI at

baseline and improvement in excessive daytime sleepiness
were predictors of BP fall following CPAP therapy [35].
Interestingly, the same group found that there was also a cor-
relation between the fall in 24-h BP and the fall in pulse rate
(r = 0.44, p < 0.0001) as confirmed in another cohort of pa-
tients [36]. These data suggest somehow that the degree of
sympathetic activation at the time of CPAP initiation could
predict the improvement in BP control at follow-up [37].

It is worth mentioning that the higher BP values at baseline,
the more prominent the BP change after CPAP treatment could
be, suggesting perhaps a “regression to the mean” confounding
phenomenon. In patients with resistant hypertension and OSA,
the BP fall observed on treatment was greater in terms of ab-
solute values when compared with the change seen in non-
resistant hypertensive patients: in patients with resistant hyper-
tension, 24-h diastolic BP dropped by 3.2 mmHg (95% CI, 1.0
to 5.4; p = .005) while no differences were seen for systolic
24-h BP [30]. Recent studies have emphasized the importance
of assessing patients with OSA also by means of 24-h ambula-
tory blood pressure monitoring (ABPM), as this might be help-
ful to predict those who benefit more of CPAP treatment in
terms of BP reduction. Castro-Grattoni showed in a small sam-
ple of patients that nocturnal hypertension, circadian BP pat-
tern, and nighttime heart rate could be clinical predictors of BP
response to CPAP, further supporting the usefulness of 24-h
ABPM for OSA patients before treatment initiation [38•].

What if BP Medications Work better?

All the issues related to OSA treatment, such as low compli-
ance and potential hypertensive effects due to device intoler-
ance and associated sleep disruption, raise the question of why
we would need to seek the BP-lowering effects of such de-
vices when we could obtain the same result by simply opti-
mizing the dose or the number of BP medications (Fig. 1).

Several studies tried to address this issue by using different
drugs in order to counteract the known molecular and patho-
physiologic mechanisms linking OSA with hypertension.
Joyeux-Faure and colleagues [39•] for example tested
bosentan, an endothelin receptor antagonist, given that pa-
tients with OSA exhibit high levels of endothelin-1 (ET1),
one of the most potent vasoconstrictors in nature [40]. They
showed that bosentan did not modify 24-h BP but only re-
duced office BP, concluding that ET1 blockade does not play a
major role in the treatment of OSA-related hypertension. In
this context, it should also be noted that measuring ET1 levels
is rather challenging given its short half-life. Indeed, other
authors focused on the precursors of ET1 showing more con-
vincing results on their role in OSA-related hypertension [41].

Pepin and collaborators [42] focused on angiotensin recep-
tor blockers. This was done because, in OSA, the renin-
angiotensin-aldosterone system is hyperactivated through
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angiotensin II type 1 receptors [43]. They randomized 23 hy-
pertensive patients with OSA to receive valsartan 160 mg or
CPAP treatment for 8 weeks according to a crossover study
design. These investigators found that valsartan induced a
fourfold higher decrease in mean 24-h BP than CPAP in un-
treated hypertensive patients with OSA. Although a BP
change was seen also in patients treated with CPAP, there
was a difference of − 7.0 mmHg (95% confidence interval,
− 10.9 to − 3.1 mmHg; p < 0.001) in favor of drug therapy,
which again poses the question of whether patients with OSA
and hypertension deserve a more careful titration of their an-
tihypertensive drugs. An even better BP reduction was obtain-
ed by combining valsartan and CPAP treatment, suggesting
that improved BP control in OSA patients might benefit from
this kind of combination treatment.

Additionally, there are data suggesting that antagonism of
mineralcorticoid receptors by spironolactone reduces AHI, in
particular in patients with resistant hypertension [1].

Eskandari and colleagues [44••] approached the problem
from a different perspective testing acetazolamide (AZT) in
patients with OSA. Acetazolamide is a carbonic anhydrase
inhibitor which modulates BP in conditions of hypoxia.
Indeed, our group demonstrated that the hemodynamic chang-
es and central and peripheral BP rise induced by the acute
exposure to high altitude hypoxia can be effectively
counteracted by treatment with acetazolamide [45].

Eskandari and colleagues explored the same biological ef-
fects of AZT in patients with OSA characterized by cyclic
intermittent hypoxia. They randomized 13 male patients with
hypertension and moderate-to-severe OSA to receive either
AZT, CPAP, or AZT plus CPAP for 2-week periods. They
showed that AZT alone and AZT plus CPAP, but not CPAP
alone, reduced not only office mean arterial pressure but also

aortic systolic BP and augmentation index, assessed by radial
artery tonometry.

Although this study suffers from some limitations such as a
small sample size, it clearly points out that carbonic anhydrase
inhibition might constitute a potential target for drug therapy
in patients with sleep apnea and comorbid hypertension.

Conclusions and Perspectives

In the era of precision medicine, more studies are needed to
better understand the metabolic and hemodynamic profiles of
patients with OSA and hypertension before starting treatment.
In the attempt of better understanding the predictors of BP
response to CPAP, the Spanish Sleep Network group managed
to find a group of differential micro-ribonucleic acids
(miRNA) that were associated with a favorable BP response
to CPAP [46].

This could be the direction where to drive the future efforts
of the scientific community to understand which patients are
more likely to benefit from OSA treatment to reduce their BP
values.While waiting for further progress in this direction, from
a practical standpoint, the current approach to explore how to
assess the cardiovascular effects of OSA treatment should focus
on the results of studies evaluating the predictive power of some
of the promising markers in this field, such as nocturnal heart
rate at baseline, according to a longitudinal prospective design,
in order to provide clinicians with simple tools for their daily
practice. Moreover, based on the available evidence, a more
accurate evaluation of the patient’s BP profile by means of
24-h ABPM and an appropriate titration of antihypertensive
drugs might represent effective approaches to help further re-
duce the cardiovascular risk profile of OSA patients.
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Fig. 1 Comparison of the net negative changes in blood pressure (OSA
treatment vs no OSA treatment) resulting from the 4 latest published
meta-analysis (lower part of the figure) with the negative changes in
blood pressure observed in 3 randomized trials comparing CPAP vs
antihypertensive treatment (upper part of the figure). SBP, systolic

blood pressure; DBP, diastolic blood pressure. Asterisk indicates the
difference in office BP change (bosentan-CPAP), p value NS for both
SBP and DBP. # indicates the difference in 24-h BP change (valsartan-
CPAP), p values < 0.001 for SBP and 0.002 for DBP. $ indicates the
difference in office BP change (acetazolamide-CPAP), p values n/a
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Last but not least, clinical and experimental observations in
patients with hypertension strongly suggest that better results
can be obtained in hypertension control and cardiovascular
risk reduction through an early start of antihypertensive treat-
ment, before organ damage develops and before hypertension
might become resistant [47]. This is also likely to apply to the
treatment of OSA patients, in whom CPAP effects on BP
might be more evident when OSA is diagnosed early in the
clinical history of this disease and when treatment is started
promptly.
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