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1.  OBSTRUCTIVE SLEEP APNOEA: AN 
OVERVIEW AND ITS ASSOCIATION WITH 
CARDIOVASCULAR RISK FACTORS

Obstructive Sleep Apnoea (OSA) is a breathing disorder char-
acterized by narrowing of the upper airway that impairs normal 
ventilation during sleep [1]. Patients may present with daytime 
symptoms (such as excessive daytime sleepiness, poor concentra-
tion and fatigue secondary to sleep disturbance); nocturnal symp-
toms (such as snoring, frequent awakenings, choking sensations) 
or can be asymptomatic. The prevalence of OSA varies significantly 
based on the cohort being studied [2], and in western countries 
is estimated between 2 and 4% of the general population [3]. The 
prevalence of OSA is also projected to increase largely as a result of 
the obesity epidemic in both developed and developing countries 
[4] since an estimated 50% of obese individuals with metabolic 
syndrome and/or diabetes [5] are affected to some degree [6,7]. 
Furthermore, the increase of childhood obesity leads to rising prev-
alence of sleep-disordered breathing even in the young where an 

association with early sign of vascular damage at carotid level has 
also been detected [8]. The prevalence of OSA in the general pop-
ulation is likely to be underestimated since symptoms of OSA are 
often nonspecific and polysomnography, the gold-standard test for 
its diagnosis, has limited availability. With polysomnography, the 
OSA syndrome can be diagnosed when the Apnoea–Hypopnoea 
Index (AHI) is >5 events/h associated with the typical symptoms 
or ≥15 events/h without symptoms [2].

Several treatments for OSA have been proposed over the years 
including oral devices in mild forms [9] and Continuous Positive 
Airway Pressure (c-PAP) in moderate/severe cases. Lifestyle mod-
ification aimed at weight reduction is always recommended along-
side treatment, but a referral for bariatric intervention, such as 
intragastric balloons or surgery, may be needed to achieve signifi-
cant weight loss and improve the severity of OSA in morbidly obese 
subjects [10].

Continuous positive airway pressure and other treatments are not 
only effective in reducing AHI and alleviating symptoms but also 
appear to ameliorate the Cardiovascular (CV) risk profile of the 
affected subjects. A large body of evidence shows that patients with 
OSA often present with increased inflammatory markers [11], 
endothelial dysfunction [12], raised arterial stiffness and Blood 
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A B S T R AC T
Obstructive Sleep Apnoea (OSA) is a breathing disorder characterized by narrowing of the upper airway that impairs normal 
ventilation during sleep. OSA is a highly prevalent condition which is associated with several Cardiovascular (CV) risk factors 
and CV diseases. Despite this clear association, Randomized Controlled Trials (RCTs) have provided equivocal data that 
treatment of sleep apnoea can improve CV outcomes regardless of its ability to reduce blood pressure. Here, we critically review 
the evidence that supports role of OSA as a risk factor for increased arterial stiffness which represents an early manifestation 
of vascular damage often preceding major CV events. Additionally, we examined evidence from interventional RCTs to assess 
if treatment of OSA by continuous positive airway pressure can affect arterial stiffness measured as carotid-femoral pulse wave 
velocity. Overall, a large body of evidence supports the role of OSA as a risk factor for increased arterial stiffness and several 
pathophysiological mechanisms, including activation of the autonomic nervous system, may help to explain the link between 
breathing disorders and vascular alterations (here mainly examined as functional properties). Whether the causal relationship 
between OSA and vascular damage exists or is mostly explained by confounders and whether OSA treatment can improve 
vascular stiffening is still debated.
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Pressure (BP) [13], probably sequentially, all contributing to a sub-
stantial excess in CV risk. Despite the well-recognized association 
between CV risk factors and OSA, whether a causal relationship 
exists or is explained by confounders [14] is still debated although 
more evidence seems to support its independent role both for CV 
risk factors [15] and CV morbidity and mortality [4].

In patients affected by OSA, the increased CV risk is mostly 
related to acute myocardial infarction and/or stroke, which 
are not fully accounted for by other conventional risk factors 
[16,17]. Longitudinal data have also confirmed a dose-response 
association between sleep-disordered breathing severity and 
Hypertension (HT), a relationship which is independent of well-
known confounders [15]. This can then explain, at least in part, 
the excess of CV morbidity from heart failure, coronary artery 
disease [18] and stroke [17,19] in the population affected by OSA. 
Pathophysiologically, several mechanisms can support a causal 
relationship between OSA and CV risk factors, such as intermittent 
hypoxia [20], sympathetic activation and inflammation [4,21].

2.  OBSTRUCTIVE SLEEP APNOEA AND 
ARTERIAL STIFFNESS

Vascular stiffness may be the key component in linking breathing 
disorders with CV morbidity [22] as observed in other respiratory 
conditions such as chronic obstructive airway disease [23]. Several 
mechanisms involved in OSA, including intermittent hypoxia, 
chemoreceptors, baroreflex stimulation and the activation of 

Figure 1 | Simplified pathophysiological mechanisms that link Obstructive Sleep Apnoea (OSA) with increased arterial stiffness.

the autonomic nervous system may link this condition with the 
observed increased vascular stiffness [1] (Figure 1).

Reduced ventilation at night due to supine position can lead to 
intermittent hypoxia increasing oxidative stress and inflammation 
that is mediated by proinflammatory cytokines, adhesion mole-
cules and procoagulant factors, all contributing to endothelial dys-
function, increased BP and early atherosclerosis [24]. At the same 
time, hypoxia and hypercapnia affects inspiratory effort and the 
magnitude of negative intrathoracic pressure against occluded air-
ways which in turn increase left ventricular wall tension and myo-
cardial oxygen demand [25]. Intermittent hypoxemia also activates 
the Renin–Angiotensin–Aldosterone System (RAAS), which is a 
key homeostatic pathway for BP regulation and is also implicated 
in cardiac [26] and vascular remodelling [27].

In this context, it is also important to recognize that a key com-
ponent of the RAAS, Angiotensin II, exerts several actions on the 
sympathetic nervous system both centrally by increasing sympa-
thetic outflow [28] and stimulatory effects on sympathetic ganglia 
and the adrenal medulla [29,30] and peripherally by facilitating 
neurotransmission [31,32]. Angiotensin II also interacts with baro-
receptor reflexes to increase BP [33].

The autonomic nervous system is not only stimulated indirectly 
throughout the RAAS but also directly by recurrent arousals, alter-
ations in intrathoracic pressure and intermittent hypoxia which can 
contribute to sympathetic overactivity [24] (Figure 1).

All the above-mentioned mechanisms promote endothelial dys-
function, metabolic alterations and vascular remodelling. Notably, 
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they also influence BP regulation and since the distending pressure 
inside the blood vessel is a major determinant of arterial stiffness 
in vivo, they all contribute to the increased stiffness itself. However, 
apart from the BP-mediated effects, the autonomic nervous system 
can also play an independent role in the regulation of vascular 
stiffening as recently found in healthy individuals [34] and in sub-
jects with HT [35]. At vascular level, the stress–strain relationship 
which determines arterial stiffness [36] is mostly attributed to the 
structural properties of the extracellular matrix rather than being 
influenced by the tone of vascular smooth muscle [37]. However, 
the latter has shown an independent action not only in muscular 
arteries but also in large elastic arteries (including the aorta) [35] 
included in direct assessment of arterial stiffness.

In this context, evidence of alteration in the autonomic nervous 
system have been documented in subjects affected by OSA includ-
ing elevated circulating catecholamines [38] or increased muscle 
sympathetic nerve activity over 24 h compared to non-apnoeic 
controls [39]. Notably, some of the above-mentioned alterations 
in sympathetic activity can be ameliorated by the treatment in 
patients affected by OSA [40].

In summary, many of the determinants of arterial stiffness includ-
ing increased BP, sympathetic activity and endothelial dysfunction 
can be directly affected by OSA. Cross sectional investigations sug-
gest that OSA is independently associated with arterial stiffness, 
and patients in which OSA coexists with other well-established CV 
risk factors (such as HT) have the highest levels of arterial stiffness. 
However, this association does not prove causality and data from 
RCTs are conflicting [41].

3.  DOES c-PAP TREATMENT AMELIORATE 
ARTERIAL STIFFNESS IN SUBJECT 
WITH OSA?

While the relationship between OSA and arterial stiffness was ini-
tially identified in small observational cohorts [42,43]; this was 
subsequently confirmed by a larger body of evidence showing a 
correlation between the severity of OSA and impaired vascular 
function [22]. However, strong evidence supporting the role of 
treatment, particularly c-PAP, on arterial stiffness is conflicting.

Examining data from observational studies, ultrasound mea-
sures of aortic elastic parameters, such as strain and distensibility, 
appeared improved by c-PAP treatment, although the findings did 
not take potential BP change into account [44]. Two other studies 
[45,46] showed use of c-PAP treatment to significantly decrease 
brachial-ankle pulse wave velocity with no effect on peripheral BP. 
Interestingly, one of these studies [45] also indicated that reduction 
in pulse wave velocity correlated with heart rate variability which 
is considered as a surrogate marker of autonomic nervous system 
activity. Despite some positive results, other researchers have failed 
to demonstrate an effect of OSA treatment on arterial stiffness [47] 
particularly after considering BP as a potential confounder [48].

A previously published metanalysis [22] performed in patients 
with OSA and HT suggested that c-PAP treatment can improve 
arterial stiffness. However, it included only one Randomized 
Controlled Trial (RCT) and three observational studies with lim-
ited data regarding BP change [22]. In their review, Philips et al. 
also reported that only a small number of studies examined the 
effects of treatment of OSA on arterial stiffness but the analysis had 
important limitations (including small sample sizes, lack of a con-
trol group and bias related to duration of interventions) [41].

The heterogeneity of these results can probably be related to the 
methodology used to assess arterial stiffness as well as differences 
in the study populations. To partially address these limitations, 
in this review, we have focused our analysis to only include inter-
ventional clinical trials in which arterial stiffness was measured as 
cfPWV. Arterial stiffness assessed by cfPWV is recognized as the 
non-invasive gold standard technique in vivo and is well established 
as an independent predictor of CV morbidity and mortality inde-
pendently of BP [49,50]. Based on the meta-analysis of Ning et al. 
[51], four RCTs have investigated the effects of c-PAP treatment on 
arterial stiffness in adult population (Table 1) and a recent RCT in 
2020 examined patient with resistant HT.

In one study [52], 24 patients with recently diagnosed OSA, with-
out other comorbidities or CV factors, were randomly assigned to 
receive c-PAP or no treatment. After 4 months, the treated group 
had a significant decrease in cfPWV (from 10.4 ± 1.0 to 9.3 ± 
0.9 m/s; p = 0.001) while the control group showed no change. 
Diastolic BP decreased in parallel with arterial stiffness after 
c-PAP treatment, although the difference was reported not to be 

Table 1 | Summary of RCTs exploring the effect of continuous positive air pressure (c-PAP) treatment on arterial stiffness measured as carotid-femoral 
pulse wave velocity (cfPWV)

Study Population Design Duration of 
intervention ∆PWV (m/s) Device for PWV

Drager et al. [52] 24 pt with severe OSA and no 
comorbidities or cardiovascular 
risk factor

Randomized, not-blinded 4 months −1.00 (1.19, −0.10) Complior

Litvin et al. [53] 44 pt with severe OSA and grade 
II-III HT

Randomized, double-blind, 
crossover

6 weeks −0.7 (−0.95, −0.45) Sphygmocor

Jones et al. [54] 53 pt with moderate OSA and no 
CVD, HT or DM

Randomized, double-blind, 
crossover

24 weeks −0.1 (−0.24, 0.04) Micromanometer (Millar  
Instruments) and Sphygmocor

Paz y Mar  
et al. [55]

153 pt with moderate OSA, two 
arms balanced for cardiopathy, 
medications and HT

Randomized, double-blind, 
parallel-group

2 months −0.18 (−1.18, 0.82) Sphygmocor

Cardoso et al. [56] 125 patients with resistant HT Randomized, not-blinded, 
parallel-group

6 months −0.40 (−0.82, 0.02) Complior
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significant between the two groups and the change in BP did not 
correlate with changes in vascular parameters.

In a crossover study of 44 subjects with severe OSA and grade 2 and 
3 HT, c-PAP or sham treatments were performed for 3 weeks [53]. 
On c-PAP, cfPWV showed an additional reduction of 0.7 m/s (p = 
0.03) alongside decrease in all BP components including aortic sys-
tolic and diastolic BP (approximately 7 and 5 mmHg respectively). 
Whereas Jones et al. [54] failed to show a significant improvement 
in vascular stiffness with c-PAP. 53 subjects with moderate-severe 
OSA (AHI ≥ 15) were randomly assigned to 12-weeks treatment 
of c-PAP (n = 25) or sham c-PAP (n = 27) before crossing into the 
other arm of the study for a further 12 weeks. While BP was low-
ered by c-PAP treatment, there was no difference in cfPWV [54].

In 153 patients with recently diagnosed moderate OSA (AHI ≥ 
15) was designed to randomly assign participants to c-PAP treat-
ment (n = 76) or placebo c-PAP (n = 77) for 2 months [55]. In the 
first group, only 29 subjects were compliant with therapy, while 38 
withdrew during the intervention. At the end of the trial, there was 
no significant difference between cfPWV in the c-PAP group com-
pared to the control group, and neither arm showed BP changes 
during the trial [55].

Finally, Cardoso et al. [56] conducted a RCT in subjects with resis-
tant hypertension and moderate/severe OSA in which 62 were 
assigned to cPAP treatment and 63 were control for 6 months. 
The study did not find any significant reduction in cf-PWV in the 
interventional group compared to the control one but a differences 
in the progression of aortic stiffness between the two (−0.40 m/s, 
95% CI −0.82 to +0.02 m/s; p = 0.059 mostly driven by a significant 
increase in arterial stiffness in the control group).

Clearly, the larger trial [55] influenced the most on overall results 
but had major dropouts and the trial in resistant HT [56] was 
underpower to show intergroup differences. Interestingly, RCTs 
which showed a significant decrease in cfPWV (or its progression) 
included patients with a more severe form of OSA (AHI ≥ 30) and a 
significantly higher percentage of hypoxia (calculated as sleep time 
<90% oxygen saturation in total sleep time). This observation is 
in line with evidence from observational studies and RCTs which 
studied the effect of c-PAP on BP [57–59]. Another aspect which 
should be considered is the baseline value of cfPWV which dif-
fered in the four trials, with higher values in positive trials (10.4, 
13.9 and 9.4 m/s) [52,53] compared to the negative ones (7.6 and 
9.05 m/s) [54,55] suggesting a potential limitation related with the 
effect size. A relatively small sample size, presence of comorbidities 
and compliance to treatment may also be additional confounders 
in the analysis.

Of note, none of the RCTs included any measurement of autonomic 
function which could represent one of the pathophysiological 
mechanisms linking OSA and arterial stiffness.

To summarize, a large body of evidence supports the role of OSA as 
a risk factor for increased arterial stiffness. Several pathophysiolog-
ical mechanisms, including the activation of the autonomic nervous 
system, may help explain the link between the breathing disorder 
and the vascular alterations (here mainly examined as functional 
properties rather than remodelling). Whether a causal relationship 
between OSA and vascular damage exists or is mostly explained 
by confounders and whether OSA treatment can improve vascu-
lar stiffening is still debated. More RCTs are warranted and their 

design should consider changes in BP as one of the main confound-
ers in the analysis.

CONFLICTS OF INTEREST

The authors declare they have no conflicts of interest.

AUTHORS’ CONTRIBUTION

All authors developed the review concept and designed the layout. 
DM, LF and PJC wrote the majority of the manuscript. DM, BF and 
RM conducted the electronic searches and extraction. All authors 
read, critically evaluated and approved the final version of the 
manuscript.

REFERENCES

[1] Pengo MF, Bonafini S, Fava C, Steier J. Cardiorespiratory inter-
action with continuous positive airway pressure. J Thorac Dis 
2018;10:S57–S70. 

[2] Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra 
R, Ramar K, et al. Clinical practice guideline for diagnostic test-
ing for adult obstructive sleep apnea: an American Academy of 
Sleep Medicine Clinical Practice Guideline. J Clin Sleep Med 
2017;1313:479–504.

[3] Young T, Peppard PE, Gottlieb DJ. Epidemiology of obstructive 
sleep apnea: a population health perspective. Am J Respir Crit 
Care Med 2002;165:1217–39. 

[4] Drager LF, Togeiro SM, Polotsky VY, Lorenzi-Filho G. Obstructive 
sleep apnea: a cardiometabolic risk in obesity and the metabolic 
syndrome. J Am Coll Cardiol 2013;62:569–76. 

[5] Foster GD, Sanders MH, Millman R, Zammit G, Borradaile KE, 
Newman AB, et al. Obstructive sleep apnea among obese patients 
with type 2 diabetes. Diabetes Care 2009;32:1017–19. 

[6] Resta O, Foschino-Barbaro MP, Legari G, Talamo S, Bonfitto P, 
Palumbo A, et al. Sleep-related breathing disorders, loud snor-
ing and excessive daytime sleepiness in obese subjects. Int J Obes 
Relat Metab Disord 2001;25:669–75. 

[7] Drager LF, Lopes HF, Maki-Nunes C, Trombetta IC, Toschi-Dias 
E, Alves MJNN, et al. The impact of obstructive sleep apnea on 
metabolic and inflammatory markers in consecutive patients 
with metabolic syndrome. PLoS One 2010;5:e12065. 

[8] Tagetti A, Bonafini S, Zaffanello M, Benetti MV, Vedove FD, 
Gasperi E, et al. Sleep-disordered breathing is associated with 
blood pressure and carotid arterial stiffness in obese children. 
J Hypertension 2017;35:125–31. 

[9] Hamoda MM, Kohzuka Y, Almeida FR. Oral appliances for the 
management of OSA: an updated review of the literature. Chest 
2018;153:544–53. 

[10] Haines KL, Nelson LG, Gonzalez R, Torrella T, Martin T, Kandil A, 
et al. Objective evidence that bariatric surgery improves obesity- 
related obstructive sleep apnea. Surgery 2007;141:354–8. 

[11] Yokoe T, Minoguchi K, Matsuo H, Oda N, Minoguchi H, Yoshino 
G, et al. Elevated levels of C-reactive protein and interleukin-6 
in patients with obstructive sleep apnea syndrome are decreased 
by nasal continuous positive airway pressure. Circulation 
2003;107:1129–34. 

https://doi.org/10.21037/jtd.2018.01.39
https://doi.org/10.21037/jtd.2018.01.39
https://doi.org/10.21037/jtd.2018.01.39
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.1164/rccm.2109080
https://doi.org/10.1164/rccm.2109080
https://doi.org/10.1164/rccm.2109080
https://doi.org/10.1016/j.jacc.2013.05.045
https://doi.org/10.1016/j.jacc.2013.05.045
https://doi.org/10.1016/j.jacc.2013.05.045
https://doi.org/10.2337/dc08-1776
https://doi.org/10.2337/dc08-1776
https://doi.org/10.2337/dc08-1776
https://doi.org/10.1038/sj.ijo.0801603
https://doi.org/10.1038/sj.ijo.0801603
https://doi.org/10.1038/sj.ijo.0801603
https://doi.org/10.1038/sj.ijo.0801603
https://doi.org/10.1371/journal.pone.0012065
https://doi.org/10.1371/journal.pone.0012065
https://doi.org/10.1371/journal.pone.0012065
https://doi.org/10.1371/journal.pone.0012065
https://doi.org/10.1097/HJH.0000000000001123
https://doi.org/10.1097/HJH.0000000000001123
https://doi.org/10.1097/HJH.0000000000001123
https://doi.org/10.1097/HJH.0000000000001123
https://doi.org/10.1016/j.chest.2017.06.005
https://doi.org/10.1016/j.chest.2017.06.005
https://doi.org/10.1016/j.chest.2017.06.005
https://doi.org/10.1016/j.surg.2006.08.012
https://doi.org/10.1016/j.surg.2006.08.012
https://doi.org/10.1016/j.surg.2006.08.012
https://doi.org/10.1161/01.cir.0000052627.99976.18
https://doi.org/10.1161/01.cir.0000052627.99976.18
https://doi.org/10.1161/01.cir.0000052627.99976.18
https://doi.org/10.1161/01.cir.0000052627.99976.18
https://doi.org/10.1161/01.cir.0000052627.99976.18


 D. Marcon et al. / Artery Research 27(1) 1–6 5

[12] Ip MSM, Tse HF, Lam B, Tsang KWT, Lam WK. Endothelial 
function in obstructive sleep apnea and response to treatment. 
Am J Respir Crit Care Med 2004;169:348–53. 

[13] Jenner R, Fatureto-Borges F, Costa-Hong V, Lopes HF, Teixeira 
SH, Marum E, et al. Association of obstructive sleep apnea with 
arterial stiffness and nondipping blood pressure in patients with 
hypertension. J Clin Hypertens 2017;19:910–18. 

[14] Wolk R, Kara T, Somers VK. Sleep-disordered breathing and car-
diovascular disease. Circulation 2003;108:9–12. 

[15] Peppard PE, Young T, Palta M, Skatrud J. Prospective study of 
the association between sleep-disordered breathing and hyper-
tension. N Engl J Med 2000;342:1378–84. 

[16] Marin JM, Carrizo SJ, Vicente E, Agusti AGN. Long-term cardio-
vascular outcomes in men with obstructive sleep apnoea-hypop-
noea with or without treatment with continuous positive airway 
pressure: an observational study. Lancet 2005;365:1046–53. 

[17] Yaggi HK, Concato J, Kernan WN, Lichtman JH, Brass LM, 
Mohsenin V. Obstructive sleep apnea as a risk factor for stroke 
and death. N Engl J Med 2005;353:2034–41. 

[18] Gottlieb DJ, Yenokyan G, Newman AB, O’Connor GT, Punjabi 
NM, Quan SF, et al. Prospective study of obstructive sleep apnea 
and incident coronary heart disease and heart failure: the sleep 
heart health study. Circulation 2010;122:352–60. 

[19] Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden 
WB, et al. Heart disease and stroke statistics-2013 update: a 
Report from the American Heart Association. Circulation 
2013;127:e6–e245. 

[20] McNicholas WT, Bonsignore MR. Sleep apnoea as an independent 
risk for cardiovascular disease: current evidence, basic mecha-
nisms and research priorities. Eur Respir J 2007;29:156–78. 

[21] Caples SM, Gami AS, Somers VK. Obstructive sleep apnea. Ann 
Intern Med 2005;142:187–97. 

[22] Doonan RJ, Scheffler P, Lalli M, Kimoff RJ, Petridou ET, 
Daskalopoulos ME, et al. Increased arterial stiffness in obstructive 
sleep apnea: a systematic review. Hypertens Res 2011;34:23–32. 

[23] Fisk M, Cheriyan J, Mohan D, McEniery CM, Forman J, Cockcroft 
JR, et al. Vascular inflammation and aortic stiffness: potential 
mechanisms of increased vascular risk in chronic obstructive 
pulmonary disease. Respir Res 2018;19:100. 

[24] Jullian-Desayes I, Joyeux-Faure M, Tamisier R, Launois S, Borel 
AL, Levy P, et al. Impact of obstructive sleep apnea treatment 
by continuous positive airway pressure on cardiometabolic bio-
markers: a systematic review from sham CPAP randomized con-
trolled trials. Sleep Med Rev 2015;21:23–38. 

[25] Tkacova R, Rankin F, Fitzgerald FS, Floras JS, Bradley TD. Effects 
of continuous positive airway pressure on obstructive sleep 
apnea and left ventricular afterload in patients with heart failure. 
Circulation 1998;98:2269–75. 

[26] Matsumura K, Fujii K, Oniki H, Oka M, Iida M. Role of aldo-
sterone in left ventricular hypertrophy in hypertension. Am J 
Hypertens 2006;19:13–18. 

[27] Arnaud C, Dematteis M, Pepin JL, Baguet JP, Lévy P. Obstructive 
sleep apnea, immuno-inflammation, and atherosclerosis. Semin 
Immunopathol 2009;31:113–25. 

[28] Tobey JC, Fry HK, Mizejewski CS, Fink GD, Weaver LC. 
Differential sympathetic responses initiated by angiotensin and 
sodium chloride. Am J Physiol 1983;245:R60–R8. 

[29] Peach MJ, Cline Jr WH, Watts DT. Release of adrenal catechol-
amines by angiotensin II. Circ Res 1966;19:571–5. 

[30] Rowe BP, Nasjletti A. The effect of angiotensin II infusion on 
plasma catecholamines in the conscious rabbit. Proc Soc Exp Biol 
Med 1981;168:110–13. 

[31] Zimmerman BG, Kraft E. Blockade by saralasin of adrenergic 
potentiation induced by renin-angiotensin system. J Pharmacol 
Exp Ther 1979;210:101–5.

[32] Peach MJ. Renin-angiotensin system: biochemistry and mecha-
nisms of action. Physiol Rev 1977;57:313–70. 

[33] Reid IA. Interactions between ANG II, sympathetic nervous 
system, and baroreceptor reflexes in regulation of blood pressure. 
Am J Physiol 1992;262:E763–E78. 

[34] Nardone M, Incognito AV, Millar PJ. Evidence for pressure- 
independent sympathetic modulation of central pulse wave 
velocity. J Am Heart Assoc 2018;7:e007971. 

[35] Faconti L, Farukh B, McNally R, Webb A, Chowienczyk P. Arterial 
stiffness can be modulated by pressure-independent mechanisms 
in hypertension. J Am Heart Assoc 2019;8:e012601. 

[36] Chirinos JA. Arterial stiffness: basic concepts and measurement 
techniques. J Cardiovasc Transl Res 2012;5:243–55. 

[37] Safar ME, Asmar R, Benetos A, Blacher J, Boutouyrie P, Lacolley P,  
et al. Interaction between hypertension and arterial stiffness: an 
expert reappraisal. Hypertens 2018;72:796–805. 

[38] Dimsdale JE, Coy T, Ziegler MG, Ancoli-Israel S, Clausen J. The 
effect of sleep apnea on plasma and urinary catecholamines. 
Sleep 1995;18:377–81.

[39] Carlson JT, Hedner J, Elam M, Ejnell H, Sellgren J, Wallin BG. 
Augmented resting sympathetic activity in awake patients with 
obstructive sleep apnea. Chest 1993;103:1763–8. 

[40] Imadojemu VA, Gleeson K, Quraishi SA, Kunselman AR, 
Sinoway LI, Leuenberger UA. Impaired vasodilator responses 
in obstructive sleep apnea are improved with continuous 
positive airway pressure therapy. Am J Respir Crit Care Med 
2002;165:950–3. 

[41] Phillips CL, Butlin M, Wong KK, Avolio AP. Is obstructive sleep 
apnoea causally related to arterial stiffness? A critical review of 
the experimental evidence. Sleep Med Rev 2013;17:7–18. 

[42] Tsioufis C, Thomopoulos K, Dimitriadis K, Amfilochiou A, 
Tousoulis D, Alchanatis M, et al. The incremental effect of 
obstructive sleep apnoea syndrome on arterial stiffness in 
newly diagnosed essential hypertensive subjects. J Hypertens 
2007;25:141–6. 

[43] Chung S, Yoon IY, Lee CH, Kim JW. The association of nocturnal 
hypoxemia with arterial stiffness and endothelial dysfunction in 
male patients with obstructive sleep apnea syndrome. Respiration 
2010;79:363–9. 

[44] Keles T, Durmaz T, Bayram NA, Ciftci B, Yeter E, Akcay M, et al. 
Effect of continuous positive airway pressure therapy on aortic 
stiffness in patients with obstructive sleep apnea syndrome. 
Echocardiography 2009;26:1217–24. 

[45] Shiina K, Tomiyama H, Takata Y, Yoshida M, Kato K, Saruhara H,  
et al. Effects of CPAP therapy on the sympathovagal balance 
and arterial stiffness in obstructive sleep apnea. Respir Med 
2010;104:911–16. 

[46] Kitahara Y, Hattori N, Yokoyama A, Nakajima M, Kohno 
N. Effect of CPAP on brachial-ankle pulse wave velocity in 
patients with OSAHS: an open-labelled study. Respir Med 
2006;100:2160–9. 

[47] Phillips CL, Yee B, Yang Q, Villaneuva AT, Hedner J, Berend N, 
et al. Effects of continuous positive airway pressure treatment 

https://doi.org/10.1164/rccm.200306-767OC
https://doi.org/10.1164/rccm.200306-767OC
https://doi.org/10.1164/rccm.200306-767OC
https://doi.org/10.1111/jch.13008
https://doi.org/10.1111/jch.13008
https://doi.org/10.1111/jch.13008
https://doi.org/10.1111/jch.13008
https://doi.org/10.1161/01.CIR.0000072346.56728.E4
https://doi.org/10.1161/01.CIR.0000072346.56728.E4
https://doi.org/10.1056/NEJM200005113421901
https://doi.org/10.1056/NEJM200005113421901
https://doi.org/10.1056/NEJM200005113421901
https://doi.org/10.1016/S0140-6736(05)71141-7
https://doi.org/10.1016/S0140-6736(05)71141-7
https://doi.org/10.1016/S0140-6736(05)71141-7
https://doi.org/10.1016/S0140-6736(05)71141-7
https://doi.org/10.1056/NEJMoa043104
https://doi.org/10.1056/NEJMoa043104
https://doi.org/10.1056/NEJMoa043104
https://doi.org/10.1161/CIRCULATIONAHA.109.901801
https://doi.org/10.1161/CIRCULATIONAHA.109.901801
https://doi.org/10.1161/CIRCULATIONAHA.109.901801
https://doi.org/10.1161/CIRCULATIONAHA.109.901801
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1161/CIR.0b013e31828124ad
https://doi.org/10.1183/09031936.00027406
https://doi.org/10.1183/09031936.00027406
https://doi.org/10.1183/09031936.00027406
https://doi.org/10.7326/0003-4819-142-3-200502010-00010
https://doi.org/10.7326/0003-4819-142-3-200502010-00010
https://doi.org/10.1038/hr.2010.200
https://doi.org/10.1038/hr.2010.200
https://doi.org/10.1038/hr.2010.200
https://doi.org/10.1186/s12931-018-0792-1
https://doi.org/10.1186/s12931-018-0792-1
https://doi.org/10.1186/s12931-018-0792-1
https://doi.org/10.1186/s12931-018-0792-1
https://doi.org/10.1016/j.smrv.2014.07.004
https://doi.org/10.1016/j.smrv.2014.07.004
https://doi.org/10.1016/j.smrv.2014.07.004
https://doi.org/10.1016/j.smrv.2014.07.004
https://doi.org/10.1016/j.smrv.2014.07.004
https://doi.org/10.1161/01.cir.98.21.2269
https://doi.org/10.1161/01.cir.98.21.2269
https://doi.org/10.1161/01.cir.98.21.2269
https://doi.org/10.1161/01.cir.98.21.2269
https://doi.org/10.1016/j.amjhyper.2005.05.013
https://doi.org/10.1016/j.amjhyper.2005.05.013
https://doi.org/10.1016/j.amjhyper.2005.05.013
https://doi.org/10.1007/s00281-009-0148-5
https://doi.org/10.1007/s00281-009-0148-5
https://doi.org/10.1007/s00281-009-0148-5
https://doi.org/10.1152/ajpregu.1983.245.1.R60
https://doi.org/10.1152/ajpregu.1983.245.1.R60
https://doi.org/10.1152/ajpregu.1983.245.1.R60
https://doi.org/10.1161/01.res.19.3.571
https://doi.org/10.1161/01.res.19.3.571
https://doi.org/10.3181/00379727-168-41242
https://doi.org/10.3181/00379727-168-41242
https://doi.org/10.3181/00379727-168-41242
https://doi.org/10.1152/physrev.1977.57.2.313
https://doi.org/10.1152/physrev.1977.57.2.313
https://doi.org/10.1152/ajpendo.1992.262.6.E763
https://doi.org/10.1152/ajpendo.1992.262.6.E763
https://doi.org/10.1152/ajpendo.1992.262.6.E763
https://doi.org/10.1161/JAHA.117.007971
https://doi.org/10.1161/JAHA.117.007971
https://doi.org/10.1161/JAHA.117.007971
https://doi.org/10.1161/JAHA.119.012601
https://doi.org/10.1161/JAHA.119.012601
https://doi.org/10.1161/JAHA.119.012601
https://doi.org/10.1007/s12265-012-9359-6
https://doi.org/10.1007/s12265-012-9359-6
https://doi.org/10.1161/HYPERTENSIONAHA.118.11212
https://doi.org/10.1161/HYPERTENSIONAHA.118.11212
https://doi.org/10.1161/HYPERTENSIONAHA.118.11212
https://pubmed.ncbi.nlm.nih.gov/7676172/
https://pubmed.ncbi.nlm.nih.gov/7676172/
https://pubmed.ncbi.nlm.nih.gov/7676172/
https://doi.org/10.1378/chest.103.6.1763
https://doi.org/10.1378/chest.103.6.1763
https://doi.org/10.1378/chest.103.6.1763
https://doi.org/10.1164/ajrccm.165.7.2102003
https://doi.org/10.1164/ajrccm.165.7.2102003
https://doi.org/10.1164/ajrccm.165.7.2102003
https://doi.org/10.1164/ajrccm.165.7.2102003
https://doi.org/10.1164/ajrccm.165.7.2102003
https://doi.org/10.1016/j.smrv.2012.03.002
https://doi.org/10.1016/j.smrv.2012.03.002
https://doi.org/10.1016/j.smrv.2012.03.002
https://doi.org/10.1097/HJH.0b013e32801092c1
https://doi.org/10.1097/HJH.0b013e32801092c1
https://doi.org/10.1097/HJH.0b013e32801092c1
https://doi.org/10.1097/HJH.0b013e32801092c1
https://doi.org/10.1097/HJH.0b013e32801092c1
https://doi.org/10.1159/000228905
https://doi.org/10.1159/000228905
https://doi.org/10.1159/000228905
https://doi.org/10.1159/000228905
https://doi.org/10.1111/j.1540-8175.2009.00957.x
https://doi.org/10.1111/j.1540-8175.2009.00957.x
https://doi.org/10.1111/j.1540-8175.2009.00957.x
https://doi.org/10.1111/j.1540-8175.2009.00957.x
https://doi.org/10.1016/j.rmed.2010.01.010
https://doi.org/10.1016/j.rmed.2010.01.010
https://doi.org/10.1016/j.rmed.2010.01.010
https://doi.org/10.1016/j.rmed.2010.01.010
https://doi.org/10.1016/j.rmed.2006.03.015
https://doi.org/10.1016/j.rmed.2006.03.015
https://doi.org/10.1016/j.rmed.2006.03.015
https://doi.org/10.1016/j.rmed.2006.03.015
https://doi.org/10.1378/chest.07-3121
https://doi.org/10.1378/chest.07-3121


6 D. Marcon et al. / Artery Research 27(1) 1–6

[54] Jones A, Vennelle M, Connell M, McKillop G, Newby DE, 
Douglas NJ, et al. The effect of continuous positive airway pres-
sure therapy on arterial stiffness and endothelial function in 
obstructive sleep apnea: a randomized controlled trial in patients 
without cardiovascular disease. Sleep Med 2013;14:1260–5. 

[55] Paz y Mar HL, Hazen SL, Tracy RP, Strohl KP, Auckley D, Bena J, 
et al. Effect of continuous positive airway pressure on cardiovas-
cular biomarkers: the sleep apnea stress randomized controlled 
trial. Chest 2016;150:80–90. 

[56] Cardoso CRL, Roderjan CN, Cavalcanti AH, Cortez AF, 
Muxfeldt ES, Salles GF. Effects of continuous positive airway 
pressure treatment on aortic stiffness in patients with resistant 
hypertension and obstructive sleep apnea: a randomized con-
trolled trial. J Sleep Res 2020;29:e12990. 

[57] Guo J, Sun Y, Xue LJ, Huang ZY, Wang YS, Zhang L, et al. Effect of 
CPAP therapy on cardiovascular events and mortality in patients 
with obstructive sleep apnea: a meta-analysis. Sleep Breath 
2016;20:965–74. 

[58] Bratton DJ, Gaisl T, Wons AM, Kohler M. CPAP vs mandibu-
lar advancement devices and blood pressure in patients with 
obstructive sleep apnea: a systematic review and meta-analysis. 
JAMA 2015;314:2280–93. 

[59] Fava C, Dorigoni S, Vedove FD, Danese E, Montagnana M, Guidi 
GC, et al. Effect of CPAP on blood pressure in patients with 
OSA/hypopnea: a systematic review and meta-analysis. Chest 
2014;145:762–71. 

and withdrawal in patients with obstructive sleep apnea on arte-
rial stiffness and central BP. Chest 2008;134:94–100. 

[48] Saito T, Saito T, Sugiyama S, Asai K, Yasutake M, Mizuno K. 
Effects of long-term treatment for obstructive sleep apnea on 
pulse wave velocity. Hypertens Res 2010;33:844–9. 

[49] Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of 
cardiovascular events and all-cause mortality with arterial 
stiffness. A systematic review and meta-analysis. J Am Coll 
Cardiol 2010;55:1318–27. 

[50] Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, 
Cruickshank JK, De Backer T, et al. Expert consensus document 
on the measurement of aortic stiffness in daily practice using 
carotid-femoral pulse wave velocity. J Hypertens 2012;30:445–8. 

[51] Ning Y, Zhang TS, Wen WW, Li K, Yang YK, Qin YW, et al. 
Efficacy of continuous positive airway pressure on subcuta-
neous adipose tissue in patients with obstructive sleep apnea: 
a meta-analysis of randomized controlled trials. Sleep Breath 
2019;23:77–86. 

[52] Drager LF, Bortolotto LA, Figueiredo AC, Krieger EM,  
Lorenzi-Filho G. Effects of continuous positive airway pressure 
on early signs of atherosclerosis in obstructive sleep apnea. Am J 
Respir Crit Care Med 2007;176:706–12. 

[53] Litvin AY, Sukmarova ZN, Elfimova EM, Aksenova AV, Galitsin 
PV, Rogoza AN, et al. Effects of CPAP on “vascular” risk factors 
in patients with obstructive sleep apnea and arterial hyperten-
sion. Vasc Health Risk Manag 2013;9:229–35. 

https://doi.org/10.1016/j.sleep.2013.08.786
https://doi.org/10.1016/j.sleep.2013.08.786
https://doi.org/10.1016/j.sleep.2013.08.786
https://doi.org/10.1016/j.sleep.2013.08.786
https://doi.org/10.1016/j.sleep.2013.08.786
https://doi.org/10.1016/j.chest.2016.03.002
https://doi.org/10.1016/j.chest.2016.03.002
https://doi.org/10.1016/j.chest.2016.03.002
https://doi.org/10.1016/j.chest.2016.03.002
https://doi.org/10.1111/jsr.12990
https://doi.org/10.1111/jsr.12990
https://doi.org/10.1111/jsr.12990
https://doi.org/10.1111/jsr.12990
https://doi.org/10.1111/jsr.12990
https://doi.org/10.1007/s11325-016-1319-y
https://doi.org/10.1007/s11325-016-1319-y
https://doi.org/10.1007/s11325-016-1319-y
https://doi.org/10.1007/s11325-016-1319-y
https://doi.org/10.1001/jama.2015.16303
https://doi.org/10.1001/jama.2015.16303
https://doi.org/10.1001/jama.2015.16303
https://doi.org/10.1001/jama.2015.16303
https://doi.org/10.1378/chest.13-1115
https://doi.org/10.1378/chest.13-1115
https://doi.org/10.1378/chest.13-1115
https://doi.org/10.1378/chest.13-1115
https://doi.org/10.1378/chest.07-3121
https://doi.org/10.1378/chest.07-3121
https://doi.org/10.1038/hr.2010.77
https://doi.org/10.1038/hr.2010.77
https://doi.org/10.1038/hr.2010.77
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1097/HJH.0b013e32834fa8b0
https://doi.org/10.1007/s11325-018-1662-2
https://doi.org/10.1007/s11325-018-1662-2
https://doi.org/10.1007/s11325-018-1662-2
https://doi.org/10.1007/s11325-018-1662-2
https://doi.org/10.1007/s11325-018-1662-2
https://doi.org/10.1164/rccm.200703-500OC
https://doi.org/10.1164/rccm.200703-500OC
https://doi.org/10.1164/rccm.200703-500OC
https://doi.org/10.1164/rccm.200703-500OC
https://doi.org/10.2147/VHRM.S40231
https://doi.org/10.2147/VHRM.S40231
https://doi.org/10.2147/VHRM.S40231
https://doi.org/10.2147/VHRM.S40231

