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          Obstructive sleep apnea (OSA) is characterized by 
recurrent episodes of complete or partial collapse 

of the upper airway during sleep, resulting in apneas 
or hypopneas, respectively. The futile efforts to breath 
during obstructed events result in increased negative 
intrathoracic pressure, intermittent asphyxia, and 
arousals from sleep. The prevalence of OSA syndrome 
defi ned as an apnea-hypopnea index  .    5 events/h 
plus symptoms of excessive daytime sleepiness in 
middle-aged women and men in the Wisconsin cohort 

was 2% and 4%, respectively.  1   When sleepiness was 
not included in the defi nition, the prevalence of OSA 
was approximately fi ve times higher (9% and 24%, 
respectively).  1   Several cohort studies have shown 
recently that severe OSA is independently associ-
ated with increased risk of future myocardial infarc-
tion, stroke, and death from cardiovascular disease.  2 - 6   
Although the reasons for cardiovascular death have not 
been investigated in epidemiologic studies, myocardial 
infarction and stroke are typical clinical manifesta-
tions of severe atherosclerotic disease. Furthermore, 
the accelerated progression of atherosclerosis may 
explain the link between OSA and cardiovascular 
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disease. In this review, we fi rst briefl y discuss the fun-
damental concepts of atherosclerosis. The cascade of 
intermediate mechanisms linking OSA and athero-
sclerosis derived from animal studies are reviewed 
next. Finally, human studies and future directions are 
discussed.  

 Atherosclerosis: Fundamental Concepts 

 In the past, atherosclerosis was considered a lipid 
storage disease. The current view is that atheroscle-
rosis is a complex phenomenon involving chronic 
infl ammation of the vascular wall.  7   According to the 
American Heart Association, there are six identifi ed 
histologic categories of atherosclerotic lesions.  8   Ath-
erosclerotic lesions begin with the fatty streaks com-
posed of macrophages engulfi ng lipids (foam cells), 
T lymphocytes, and smooth muscle cells. Further 
accumulation of lipids results in apoptosis of foam 
cells and smooth muscle cells and infl ammation with 
fi brosis. As a result, mature fi brous plaques develop. 
However, in some cases, necrosis and apoptosis pre-
dominate over fi brosis, leading to formation of the 
complicated lesion or unstable plaque, which may 
result in rupture and thrombosis. All these progres-
sive alterations at the vascular level are generally 
asymptomatic. Clinical manifestations of the rupture 
are myocardial infarction, stroke, and peripheral vas-

cular thrombosis, depending on the location of the 
plaque. 

 There are several well established risk factors for 
atherosclerosis that include genetic predisposition, 
aging, hypertension, diabetes, hyperlipidemia, obe-
sity, physical inactivity, depression, and smoking. In 
addition to these traditional risk factors, there is 
evidence that “novel risk factors,” including markers 
of systemic infl ammation, homocysteine, fi brinogen, 
D-dimers, lipoprotein (a  ), and tissue plasminogen 
activator, play a role in atherosclerosis progression.  9   
These multiple risk factors for atherosclerosis fre-
quently coexist in patients with OSA. Therefore, 
elucidating a causal relationship between OSA and 
atherosclerosis is a complex task.   

 Mechanisms Linking OSA to Atherosclerosis 

 The mechanisms by which OSA may contribute 
to atherosclerosis progression comprise a cascade 
of multiple, interrelated, and not completely known 
mechanisms that are under investigation. Therefore, 
any attempt to simplify this entangled cascade of 
mediators may be misleading. Having this potential 
limitation in mind,  Figure 1  summarizes several key 
mechanisms involved in the atherogenesis induced 
by OSA. The primary mechanisms that may link OSA 
to atherosclerosis are consequences of recurrent 

  
 Figure 1.      Proposed pathways through which OSA may contribute to the development of atherosclero-
sis. IMT  5  intima-media thickness; OSA  5  obstructive sleep apnea; ROS  5  reactive oxygen species.    
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asphyxia and arousals from sleep. There is also evi-
dence that the vibration associated with snoring 
may contribute to carotid atherosclerosis (see “Snoring” 
section  ). OSA also contributes to atherosclerosis pro-
gression through indirect mechanisms. For instance, 
OSA is a recognized secondary cause of hypertension  10   
and may contribute to insulin resistance, diabetes, and 
dyslipidemia,  11 , 12   which are, in turn, well established 
risk factors for atherosclerosis. In addition, OSA can 
trigger intermediate mechanisms that may contrib-
ute directly to atherosclerosis progression and are 
the main focus of this review. The most important 
insights are derived from animal studies, but a grow-
ing number of human studies support the experimen-
tal data.     

 Intermittent hypoxia (IH) is thought to be the main 
component linking OSA to cardiovascular disease. 
The mouse model of IH mimics the oxyhemoglobin 
profi le in patients with OSA and has provided impor-
tant insights into the mechanisms linking IH and ath-
erosclerosis. There are several models of IH that vary 
in both frequency and severity of the hypoxic stim-
ulus. In one of these models used by one of the 
authors, the IH is delivered during the 12-h light phase 
when rodent sleep predominantly occurs. The mice 
are exposed to alternating air, oxygen, and nitrogen, 
which results in changes of F io  2  in the chamber 
from 21% to 6.5% and corresponding fl uctuation of 
arterial oxygen saturation from   95% to 98% to  �    70% 
60 times/h.  13   This regimen of IH resulted in the fol-
lowing: (1) formation of fatty streaks and small mature 
plaques in the aortic arch and descending aorta of 
wild-type male C57BL/6J mice on a high-cholesterol 
diet; in contrast, atherosclerosis did not develop in 
mice on a regular chow diet that were exposed to IH 
or in mice on a high-cholesterol diet that were not 
exposed to IH  14  ; (2) acceleration of the progression 
of the disease in apolipoprotein E-defi cient mice, 
which are prone to developing atherosclerosis; IH 
doubled the size of atherosclerotic plaques after only 
4 weeks of exposure ( Fig 2 ).  13   These observations in 
the animal model suggests that the harmful effects of 
IH on the vascular bed are potentiated when other 
risk factors for atherosclerosis are also present. This 
scenario parallels, to some extent, the clinical situa-
tion, because multiple risk factors for atherosclerosis 
frequently coexist in the same patient. In the following 
discussion, we review the effects of IH on different 
factors of atherogenesis. In addition, clinical studies 
are quoted when appropriate.      

 Dyslipidemia 

 In the mouse model, IH invariably induces hyper-
lipidemia by increasing levels of triglyceride-rich 
lipoproteins (very low-density lipoprotein [VLDL  ]).  15 , 16   

Two major mechanisms of VLDL hyperlipidemia, 
increased lipoprotein secretion by the liver and 
decreased lipoprotein clearance, may be induced 
by IH. First, there is evidence suggesting that IH 
increases lipoprotein secretion.  17   The increase in 
VLDL secretion during IH has been attributed to 
the upregulation of a key hepatic enzyme of lipid 
biosynthesis, stearoyl coenzyme A desaturase 1.  14 , 16 - 18   
Notably, hepatic expression of stearoyl coenzyme A 
desaturase 1 and serum VLDL levels are increased 
in patients with OSA in direct proportion to the sever-
ity of nocturnal hypoxia.  16   Second, there are recent 
data suggesting that decreased lipoprotein clear-
ance is a complementary mechanism of dyslipidemia 
during IH.  19   Liver-synthesized VLDL and dietary 
chylomicrons are cleared from the circulation via 
a multistep process, which begins with lipoprotein 
lipase (LpL), a key enzyme in plasma lipoprotein 
metabolism. LpL is preferentially expressed in adi-
pose tissue, skeletal muscle, and the heart.  20   There 
is evidence that IH inhibits adipose tissue LpL, prob-
ably because of the activation of angiopoietin-like 
protein 4.  19   One study in humans reported decreased 
plasma LpL activity in direct proportion to the sever-
ity of OSA that was reversed by continuous positive 
airway pressure (CPAP) treatment of 3 months.  21   

 Despite the experimental data and emerging human 
studies, two recent reviews  22 , 23   indicated that there 
is no consistent evidence supporting the relation-
ship between OSA and dyslipidemia in humans. These 
reviews pointed out that although several cross-
sectional studies suggested that OSA is independently 

  
 Figure 2  .      En face lesions of the descending aorta in apolipo-
protein E-defi cient mice   exposed to IA, IA-WM, or IH after 
4 weeks and 12 weeks on a high-cholesterol diet. Because   IH causes 
weight loss, an IA-WM group was included. Either at 4 weeks or 
at 12 weeks  , IH promoted a signifi cant progression of atheroscle-
rosis lesions in the aorta compared with the other groups. Mice 
weight matched to the IH group had decreased atherosclerosis, 
suggesting that IH mediates its proatherogenic effects in a weight-
independent manner. IA  5  intermittent air control; IA-WM  5  
intermittent air control with weight matching; IH  5  intermittent 
hypoxia. (Reprinted with permission from Jun et al.  13  )    
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associated with increased levels of total cholesterol, 
low-density lipoprotein (LDL), triglycerides, and 
decreased high-density lipoprotein, other studies failed 
to show such a relationship. In addition, some studies 
showed that OSA treatment with CPAP may have a 
benefi cial effect on lipid profi le (these references are 
not cited here because of space limitation, see Refer-
ence  22 ). However, most of the studies were not spe-
cifi cally designed to evaluate the lipid profi le and 
ignored important confounding factors such as diet, 
physical activity, and body composition. Therefore, 
in contrast to the fi ndings in animal models, the 
effect of OSA on dyslipidemia and lipid metabolism 
in humans remains to be fully established.   

 Oxidative Stress 

 It is well established that atherogenesis is linked 
to oxidative stress and lipid peroxidation.  24   The oxi-
dation of polyunsaturated fatty acids by reactive 
oxygen species leads to the formation of aldehydes 
that modify lysine residues in apolipoprotein B-100, 
resulting in oxidized LDL.  24   Oxidized LDL are taken 
up by macrophages more readily via scavenger recep-
tors A and CD36, leading to macrophage foaming 
and progression of atherosclerosis.  25   IH increases the 
generation of reactive oxygen species in the vascular 
wall,  16   and induces lipid peroxidation  26   and formation 
of oxidized LDL, creating a substrate for the athero-
sclerotic plaque.  16   Indeed, IH enhances lipid uptake 
by human macrophages in vitro.  27   Activation of   nico-
tinamide adenine dinucleotide phosphate oxidase has 
been identifi ed as a mechanism of oxidative stress 
during IH in different cell types,  27 , 28   but the contribu-
tion of nicotinamide adenine dinucleotide phosphate 
oxidase to enhanced production of oxidized LDL   
is not known. Most studies in humans have shown 
that OSA leads to increased lipid peroxidation in the 
serum  29   and elevated levels of oxidized LDL.  30   Nev-
ertheless, the role of oxidative stress in the progression 
of atherosclerosis is equivocal. Several clinical studies 
showed no benefi cial effect of antioxidant therapy on 
coronary and cerebrovascular disease.  31 , 32   In fact, oxi-
dative stress could be a consequence of vascular infl am-
mation rather than a cause of atherosclerosis.  24     

 Endothelial Dysfunction and Infl ammation 

 Endothelial dysfunction is another pivotal mecha-
nism of atherosclerosis.  33   There is good evidence, 
both in the animal model of IH  33 , 34   and in humans,  35   
that OSA is associated with endothelial dysfunction 
that can be reversed by CPAP.  36   IH may trigger 
endothelial dysfunction via multiple pathways that 
are discussed briefl y. OSA-induced dyslipidemia and 
oxidative stress, as well as hypertension and insulin 

resistance,  33 , 36 , 37   can all lead to endothelial dysfunc-
tion. In addition, recent studies have shown that 
patients with OSA have elevated serum levels of 
tumor necrosis factor- a , IL-6, IL-8, C-reactive pro-
tein, and adhesion molecules (intercellular adhe-
sion molecule-1, vascular cell adhesion molecule-1  , 
L-selectin, soluble E-selectin  , P-selectin),  38 - 41   which 
are markers of systemic infl ammation with proathero-
genic properties. Experiments in rodents demon-
strated that IH increases levels of endothelin-1, 
activates endothelin-1 signaling,  42   and upregulates 
the sympathetic nervous system and the renin-
angiotensin system,  43   which can induce endothelial 
dysfunction directly or indirectly via hypertension. 

 A number of recent studies explored novel pathways 
of atherogenesis in patients with OSA. Ryan et al  44   
have shown in vitro in HeLa   (derived from cervical 
cancer) and bovine endothelial cells that IH activates 
a transcription factor nuclear factor  k  B(NF k B), 
which regulates multiple proinfl ammatory genes linked 
to atherosclerosis.  45   Supporting the experimental 
data, circulating tumor necrosis factor- a  levels were 
higher in OSA patients than in control subjects, but 
were normalized with CPAP treatment.  44   Polotsky et al  46   
have recently exposed human aortic endothelial cells 
to IH and have shown that IH upregulates the expres-
sion and secretion of a proinfl ammatory and proathero-
genic cytokine IL-8. Jelic et al  47   studied freshly 
harvested endothelial cells in patients with OSA. 
They showed that OSA is associated with increased 
levels of NF k B and oxidative stress, whereas expres-
sion and activity of endothelial NO synthase was 
decreased, and that these endothelial abnormalities 
were reversed by CPAP treatment. In summary, endo-
thelial dysfunction, a key mechanism involved in the 
genesis of atherosclerosis, can be triggered by virtu-
ally all factors described in this review. The infl am-
matory response induced by IH/OSA is linked to the 
NF k B activation in the endothelial cells.   

 Snoring 

 Recently, it has been postulated that snoring is an 
atherogenic factor.  48   The rationale is that the vibra-
tion of snoring is transmitted though the surrounding 
tissues to the carotid artery wall, triggering an infl am-
matory cascade, which leads to atherosclerosis. The 
effects of vibration on the vascular bed have also been 
observed in a rabbit model.  49   The observation that 
patients with primary snoring present signs of athero-
sclerosis only in the carotid artery and not in other 
vascular beds supports the hypothesis of an indepen-
dent role of snoring.  48   However, the aforementioned 
studies point to an association rather than defi n-
itive cause-effect relationships between snoring and 
atherosclerosis.  50   Moreover, snoring alone was not 
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associated with an increased risk of future cardio-
vascular or cerebrovascular events in the Spanish 
cohort.  2   Future studies are needed to clarify the con-
tribution of snor ing in the pathogenesis of carotid 
atherosclerosis.    

 Markers of Atherosclerosis in Patients 
With OSA 

 Performing a search in PubMed (search terms 
were “apnea,” “obstructive sleep apnea,” “sleep apnea 
syndromes,” “atherosclerosis,” “arteriosclerosis,” 
“intima-media thickness,” “plaque,” “catheterization,” 
“ultrasound,” “intravascular ultrasound,” and “coro-
nary artery calcium”) for articles that evaluated ath-
erosclerosis in patients with OSA (excluding studies 
that evaluated only endothelial function, arterial 
stiffness, and coronary fl ow), we found 36 studies 
from 1998 (the year of the fi rst report of atheroscle-
rosis in patients with OSA) to December 2010.  51 - 86     
The consistency of the data can be verifi ed by the 
fact that 33 of the 36 studies found a positive associ-
ation between markers of atherosclerosis (most in the 
carotid bed) and OSA. A major drawback of these 
numerous studies was that in a majority of research 
subjects, multiple proatherogenic factors coexisted 
with OSA. Therefore, the role of OSA in atherogen-
esis could not be established unequivocally. To avoid 
confounding factors associated with OSA, Drager et al  60   
examined a select group of young ( ,    55 years) male 
OSA patients who were free of comorbidities and were 
on no medications. Compared with proper matched 
control subjects without OSA, patients with OSA had 
increased arterial stiffness and early signs of athero-
sclerosis, including increased carotid intima-media 
thickness. Moreover, the sever ity of all vascular abnor-
malities in patients with OSA correlated with the 
severity of OSA expressed by the apnea-hypopnea 
index and minimal nocturnal oxygen saturation. One 
limitation of this study is that these relatively young 
patients with OSA may not represent the typical patient 
with OSA. For instance, among patients with OSA, 
approximately 50% have hypertension, a well known 
risk factor for atherosclerosis.  75   In addition, many 
patients with OSA present with masked hypertension, 
defi ned as normal clinical BP values ( ,    140/90 mm Hg) 
but abnormal diurnal ambulatory BP monitoring ( �    135 
or  �    85 mm Hg).  87,88   A subsequent study found that 
patients with OSA had similar signs of atherosclerosis 
to those with hypertension, and that patients with both 
conditions (ie, OSA and hypertension) showed addi-
tive effects on validated markers of atherosclerosis 
( Fig 3 ).  75   More recently, Drager et al  82   studied con-
secutive patients with metabolic syndrome, all of 
whom had risk factors for atherosclerosis. Interest-

ingly, OSA was present in 63% and was independently 
associated with markers of atherosclerosis. Of note, 
all studied markers of atherosclerosis were similar 
in OSA patients with or without daytime sleepiness, 
suggesting that the harmful effects of OSA are not 
confi ned to individuals with hypersomnolence.  82   
Together, these results indicate that the athero-
sclerotic burden of OSA affects patients with and 
without comorbidities.     

 Cross-sectional studies can provide helpful hints, but 
cannot determine cause-effect relationships between 
OSA and atherosclerosis. To further evaluate the 
hypothesis that OSA is an independent risk factor for 
atherosclerosis, Drager et al  69   performed a random-
ized study evaluating the effects of 4 months of CPAP 
therapy on early markers of atherosclerosis, arterial 
stiffness, 24-h BP monitoring, plasma C-reactive 
protein, and catecholamines in patients with severe 
OSA. To control for possible secondary effects of 
CPAP on atherosclerosis by improving BP or glucose 
control, the investigators recruited only relatively 
young patients without signifi cant comorbidities and 
on no medications. Four months of effective treat-
ment with CPAP signifi cantly improved validated 
markers of atherosclerosis in these patients ( Fig 4 ). 
The improvement was associated with reductions in 
markers of infl ammation and sympathetic activity, as 
evaluated by plasma C-reactive protein and catechol-
amines, respectively, without concurrent changes in 
weight or lipids. Patients assigned to CPAP therapy 
showed decreases in the carotid intima-media thick-
ness to values that were similar to the previously 
reported healthy control subjects.  60 , 69   Taken together, 

  
 Figure 3.      Carotid IMT in control subjects, patients with OSA, 
patients with HTN without OSA, and patients with OSA and 
HTN. Compared with the control group, carotid intima-media 
and carotid diameter were 19.4% and 8.2% greater in the OSA 
group, 19.5% and 9.4% in the HTN group, and 40.3% and 20.6% 
in the OSA  1  HTN group, respectively. HTN  5  hyper tension. See 
 Figure 1  for expansion of other abbreviations. (Adapted with 
permission from Drager et al.  75  )    
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the results from this study strongly suggest that 
OSA is an independent risk factor for atherosclero-
sis. The clinical implication of such a fi nding is that 
treatment of OSA may signifi cantly alter the natural 
course of cardiovascular disease.       

 Future Directions 

 As suggested by  Figure 1 , OSA can induce athero-
sclerosis via multiple mechanisms. As discussed in 
this review, there is a growing body of evidence from 
clinical studies and animal models suggesting that 
OSA contributes to the progression of atherosclero-
sis. However, the majority of human data is based 
on cross-sectional studies focused on the carotid bed. 
It must be stressed that increased markers of athero-
sclerosis were observed mainly in patients with mod-
erate and severe OSA. These fi ndings are in line 
with those of epidemiologic studies. For instance, 
the Sleep Heart Health Study found that only severe 
OSA was associated with increased future cardiovas-
cular events. This association was stronger for stroke 
than for coronary artery disease.  5   

 Several issues must be clarifi ed, and defi nitive evi-
dence linking OSA to atherosclerosis progression is 
still lacking. There is a strong need to systematically 
explore the impact of OSA treatment on the progres-
sion or regression of atherosclerosis. Future mecha-
nistic research should be focused on the relative role of 
OSA on several atherogenic pathways, including high 
BP, insulin resistance, dyslipidemia/lipid metabolism, 
infl ammatory/immunologic regulation, and angio-
genesis. Potential effects of OSA on circadian vari-

ability sleep structure, sleep fragmentation, and sleep 
deprivation have received little attention and also 
deserve future investigation. A recent report found 
that a surrogate marker of sleep duration, reduced 
activity on wrist actigraphy, was inversely associated 
with coronary artery calcifi cation.  89   However, the 
investigators did not perform sleep studies, and 
the potential contribution of OSA was not explored. 
Finally, one cohort study has shown an association 
between OSA treatment with CPAP and reduced 
cardiovascular mortality.  2   Large prospective, random-
ized studies are necessary to fully establish whether 
the treatment of OSA can forestall or even reverse 
atherosclerosis progression and ultimately decrease 
cardiovascular events.     
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