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Abstract. Obstructive sleep apnea (OSA) and Alzheimer’s disease (AD) are highly prevalent conditions with growing impact
on our aging society. While the causes of OSA are now better characterized, the mechanisms underlying AD are still largely
unknown, challenging the development of effective treatments. Cognitive impairment, especially affecting attention and
executive functions, is a recognized clinical consequence of OSA. A deeper contribution of OSA to AD pathogenesis is
now gaining support from several lines of research. OSA is intrinsically associated with disruptions of sleep architecture,
intermittent hypoxia and oxidative stress, intrathoracic and hemodynamic changes as well as cardiovascular comorbidities.
All of these could increase the risk for AD, rendering OSA as a potential modifiable target for AD prevention. Evidence
supporting the relevance of each of these mechanisms for AD risk, as well as a possible effect of AD in OSA expression,
will be explored in this review.
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INTRODUCTION22

Obstructive sleep apnea (OSA) is a common23

medical condition with increasingly recognized24

impact on global health worldwide. Obstructive25

apneic events occur when there is transient par-26

tial or complete closure of the upper airway during27

sleep [1]. These apneic episodes are associated28

with cycles of hypoxia/hypercapnia/reoxygenation,29

transitory increases in intrathoracic pressure, hemo-30

dynamic disruptions, and recurrent brain arousals
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New York NY 10016, USA. Tel.: +1 212 263 3255;
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31

with sleep fragmentation [2]. OSA is the most 32

common form of sleep-disordered breathing (SDB) 33

accounting for about 85% of the cases, with cen- 34

tral sleep apnea being less common [3]. OSA is 35

frequently classified for both clinical and research 36

purposes according to the Apnea-Hypopnea Index, 37

AHI (number of apneas and hypopneas per hour of 38

sleep). While apneas have been consistently defined 39

as decreases in respiratory airflow greater than 90% 40

for more than 10 seconds, one conundrum in the field 41

is that there are at least two commonly used defi- 42

nitions of hypopneas. The most recent revision by 43

the American Academy of Sleep Medicine (AASM) 44

defines hypopneas as decreases in inspiratory air- 45

flow of more than 30% for >10 seconds, associated 46

with a drop of at least 3% in oxygen saturation or 47
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arousal (AHI3a) [4]. The older definition of hypop-48

nea, which was used in research for many years,49

required an oxygen desaturation of at least 4%, irre-50

spective of whether an arousal occurred, and indices51

using this criterion are sometimes denoted AHI4%.52

OSA severity has traditionally been predicated on53

AHI4% values in which 5–14 events/hour constitutes54

mild OSA, 15–29 events/hour constitutes moderate55

OSA, and ≥30 events/hour constitutes severe OSA.56

The fact that these same cut-offs are inappropriately57

applied to AHI3a may account for some of the dis-58

parate results in the sleep research literature. Some59

use the term OSA syndrome (OSAS) to refer to the60

presence of OSA plus daytime sleepiness.61

Clinically, OSA can remain asymptomatic,62

accounting for its presumed high underdiagnosis63

rate, or present with a wide variety of symptoms.64

These can range from mild snoring and feelings of65

unrefreshing sleep, to several degrees of excessive66

daytime sleepiness (EDS) [5], cognitive impairment67

(especially affecting attention and executive func-68

tions) [6], depression, and functional impairment [7].69

OSA not only impacts quality of life, but is also70

associated with increased risk of work and traffic71

accidents [8, 9], adding to its importance as a major72

health concern that should be effectively recognized73

and treated.74

OSA is also often accompanied by several comor-75

bidities. All aspects of the metabolic syndrome,76

namely insulin resistance or diabetes [10], dyslipi-77

demia [11], hypertension [12, 13], and obesity [14],78

have been associated with OSA. It has been sug-79

gested that the metabolic syndrome or “syndrome X”80

should also comprise OSA and be then called syn-81

drome “Z". Cardiac arrhythmias, heart failure, and82

stroke are also documented more frequently among83

OSA patients [15–18]. Besides its recognized direct84

effect on cognitive performance, gathering evidence85

is now supporting a role of OSA in dementias’ patho-86

physiology.87

Alzheimer’s disease (AD) is the most common88

form of dementia worldwide, accounting for more89

than 70% of all cases. Vascular dementia and other90

neurodegenerative types of dementia account for91

most of the remaining cases. More than 4.7 million92

people aged over 65 years in the United States93

are now affected by AD, and its prevalence is94

expected to increase up to 13.8 million people in95

2050 if new preventive and treatment measures are96

not implemented [19]. Its main neuropathological97

hallmarks, extracellular amyloid-� (A�) plaques and98

intraneuronal neurofibrillary tangles (NFT),99

characteristically accumulate throughout the brain, 100

culminating in the progressive and irreversible 101

cognitive decline seen in AD patients [20, 21]. A 102

combination of genetic and environmental factors is 103

now considered an accepted framework to explain 104

individual predisposition for AD development; 105

however, its specific underlying pathophysiological 106

mechanisms are still elusive. Age and genetic 107

background, including the presence of the ApoE4 108

genotype, are important non-modifiable risk factors 109

for AD. Cognitive reserve and physical activity are 110

recognized protective factors and numerous medical 111

diseases such as traumatic brain injury, depression, 112

midlife obesity, diabetes, and cardiovascular and 113

cerebrovascular disease have all been associated 114

with increased risk of AD [22]. 115

OSA, besides being more prevalent in older 116

populations (as is AD) [23], has also been associ- 117

ated with both cognitive decline [24] and dementia 118

[25]. Several mechanisms that characterize OSA, 119

such as disruption of sleep architecture, intermit- 120

tent hypoxia, increased oxidative stress, intrathoracic 121

pressure changes, and cardiovascular comorbidities, 122

could contribute to an increased risk of AD. Exploring 123

the evidence supporting these possible interactions 124

will be the focus of this review. The possible effects 125

of AD on OSA expression will also be briefly 126

mentioned. 127

EVIDENCE OF A LINK BETWEEN OSA 128

AND AD 129

Evidence from animal, epidemiological, and 130

human AD studies suggests an interdependent rela- 131

tionship between OSA and AD. These are both 132

highly prevalent diseases in older populations and 133

frequently coexist. A recent meta-analysis found that 134

AD patients have a 5-fold increased risk of present- 135

ing with OSA compared to age-matched controls, and 136

that about 50% of AD patients experience OSA after 137

their initial diagnosis [26]. 138

Conversely, OSA may promote the worsening of 139

existing AD. For example, in triple transgenic AD 140

mice, induced chronic intermittent hypoxia was asso- 141

ciated with increased levels of brain A�42 [27] and 142

an increase of tau phosphorylation [28] compared to 143

control mice. In humans, earlier studies from Ancoli- 144

Israel et al. showed a strong correlation between 145

severity of OSA and severity of AD symptoms [29], 146

suggesting that AD clinical expression is aggravated 147

by OSA in patients with full-blown dementia. 148
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The interaction between these two diseases could149

even begin before overt clinical symptoms are present150

in AD, and several studies support this hypothe-151

sis. First, in a prospectively longitudinal study, 105152

elderly women with OSA had a higher risk of devel-153

oping mild cognitive impairment (MCI) or dementia154

compared to 193 women without OSA (adjusted OR,155

1.85; 95% CI, 1.11–3.08) [30]. Second, our group156

documented a positive association between the pres-157

ence of reported OSA and an earlier age of MCI onset,158

as well as a possible delay of this effect in continu-159

ous positive airway pressure (CPAP) treated subjects160

[25]. In addition, our recent meta-analysis deter-161

mined a 1.55, 1.65, and 3.78 increased risk of AD,162

cognitive impairment, and preclinical AD, respec-163

tively, in patients with sleep problems compared164

to controls. Sub-group analyses also revealed that165

OSA participants had approximately twice the risk166

of non-OSA participants of cognitive decline and/or167

AD [31].168

Studies evaluating AD specific cerebrospinal fluid169

(CSF) biomarkers further support this hypothesis. In170

a recent 2-year follow up study, baseline OSA sever-171

ity was associated with higher rate of CSF A�42172

decline and with a trend toward increased cortical173

Pittsburgh compound B (PiB)-PET uptake [32] in174

cognitively normal elderly. In another study, among175

subjects with subjective cognitive impairment, the176

ones with untreated OSA had higher T-tau/A�42 ratio177

and lower levels of A�42 compared to CPAP treated178

and non-OSA subjects [33].179

Clinical trials exploring the effect of CPAP treat-180

ment on cognition and AD also strengthen the181

suspected link between OSA and AD. A large ran-182

domized controlled trial (RCT) demonstrated a mild183

but measurable improvement of executive function184

in OSA patients treated for 6 months with CPAP185

versus untreated subjects [34]. In mild to moder-186

ate AD subjects with OSA, a small RCT showed187

that CPAP treatment partially improved verbal learn-188

ing, memory, and executive functions [35]. A later189

reassessment of part of these subjects suggested190

that sustained use of CPAP improved sleep and191

mood, and slowed cognitive decline [36]. This initial192

finding was corroborated by a 3-year pilot study per-193

formed in France where AD patients that underwent194

CPAP treatment showed significantly slower cogni-195

tive decline when compared to the non-CPAP AD196

group [37].197

In summary, growing evidence from animal and198

human studies supports an interdependent rela-199

tionship between OSA and AD. The immediate200

deleterious effect of OSA in cognition, especially on 201

executive function and attention, may contribute to 202

a worsening of the AD clinical presentation, and in 203

addition, OSA may influence relevant ADs patho- 204

physiological mechanisms in preclinical AD stages 205

before overt cognitive symptoms exist. Importantly, 206

adequate diagnosis and treatment of OSA may hold 207

a promising beneficial preventive effect in preclin- 208

ical AD as well as in slowing cognitive decline in 209

clinical AD. 210

OSA PHENOTYPES 211

OSA has been extensively studied in middle- 212

aged adults, where its underlying anatomical causes 213

and associated comorbidities are well characterized. 214

Recent studies have focused on OSA in older popula- 215

tions, and the existence of two separate entities is now 216

debated. The terms “age-dependent”, in which aging 217

determines pathogenesis, and “age-related”, where 218

pathogenesis occurs during a specific age range, 219

have been proposed to define old and middle-age 220

OSA, respectively [38, 39]. Multiple lines of evidence 221

support this categorization. First, epidemiological 222

studies show a prevalence of OSAS in middle-aged 223

populations different from the estimated in the elderly 224

[39–43]. A recent large prospective study assess- 225

ing AHI3a by polysomnography (PSG) determined 226

a prevalence of mild to moderate OSA of 83.8% 227

in men and 60.8% in women, while severe forms 228

were noted in 49.7% and 23.4% of men and women 229

respectively. Older age (>60 years) was associated 230

with significantly higher prevalence of moderate to 231

severe OSA and attenuation of the sex discrepancy 232

compared to younger subjects [44]. Age-dependent 233

structural and functional changes of the upper airways 234

could account at least partially for these differences 235

[45]. In fact, higher airway resistance [46], decreased 236

pharyngeal diameter [47, 48], increased pharyngeal 237

fat deposits [50], and sleep-induced changes in the 238

upper airway muscular activity [49], were all found 239

more frequently in the elderly compared to younger 240

subjects, although other studies showed contradic- 241

tory results [50–53]. Alternatively, sleep-architecture 242

modifications that occur with aging, as sleep frag- 243

mentation, reductions of slow wave sleep (SWS) 244

duration [54], and increased percentage of non-rapid 245

eye movement (NREM) stages 1 and 2, could also 246

determine an increased susceptibility to OSA [38]. 247

Possibly, all of these changes could add to, or accen- 248

tuate, preexisting middle-age OSA [41]. 249
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OSA also often presents differently in these two250

age groups. For example, contrasting with the higher251

prevalence of OSA, snoring has been found to be252

less frequent in older populations [55]. Furthermore,253

symptoms such as EDS, snoring, nocturia, and mild254

cognitive complaints, that are viewed as pathologi-255

cal in middle-aged adults and should prompt OSA256

evaluation, may be neglected and considered part of257

“normal aging” in older adults. OSA in the elderly258

may also be masked by a more heterogeneous pre-259

sentation mixed with other health problems, which260

may obscure the diagnosis [41].261

Epidemiological studies on OSA mortality have262

shown conflicting results. While early reports pointed263

to higher mortality rates in older OSA patients [56,264

57], in other studies, OSA has been linked with265

increased mortality only if severe or in patients266

younger than 50 [58]. Recent results from longitu-267

dinal cohorts that included older subjects (>65), have268

shown an increased mortality in older OSA patients269

only when associated with EDS [59] and although270

in 40–70 year-olds OSA determined increased mor-271

tality, this association was not found in those 70272

and older [60]. In other studies mortality rates in273

elderly OSA populations are found to resemble274

those of younger subjects without OSA [61–63].275

This has been hypothesized either to relate to a276

preconditioning cardiovascular protective effect of277

chronic exposure to intermittent hypoxia in older278

adults with OSA [64], to a greater tendency for fatal279

cardiovascular outcomes in younger OSA patients280

[45], or to survivor bias. Some studies, but not281

all, suggest that elderly may be less susceptible to282

OSA related cardiovascular (but not brain) mor-283

bidity [55, 63, 65]. Furthermore, obesity, while284

frequent and relevant to mortality in middle-age285

OSA, may not be present and even be associated286

with better outcomes in older subjects [66]. A more287

consistent view prevails on the beneficial effect288

on quality of life and morbidity/mortality for both289

younger and older populations with CPAP treatment290

[45, 67, 68].291

In conclusion, the existence of two separate OSA292

clinical phenotypes is still a matter of debate. While293

the clinical manifestations and associated morbidities294

may be somewhat different in these age groups, it295

seems reasonable to argue that part of the increased296

prevalence still derives from the aging of middle-age297

OSA patients. We believe in a contribution of both298

middle-age and old-age predisposing factors, acting299

with different weight in each phase of the continuum300

of chronological age (Fig. 1).301

Fig. 1. Proposed prevalence of OSA age-phenotypes. Age-Related
OSA would be more common in younger subjects, with its preva-
lence stabilizing in older age. Age-Dependent OSA prevalence
would start to increase in older ages, contributing to the higher
prevalence of OSA in this age group.

THE POSSIBLE LINKS BETWEEN 302

OSA AND AD 303

Effects of sleep disturbances 304

OSA causes sleep fragmentation 305

The interplay between sleep and cognition has 306

been vastly explored and its influence on atten- 307

tion, executive function, and memory consolidation 308

is well recognized (for reviews on this topic, see 309

[69, 70]). Experimental studies with rodents have 310

documented that sleep is important for hippocampal 311

neurogenesis [71] and synaptic plasticity [72], and 312

that sleep fragmentation is associated with decreased 313

hippocampal plasticity and spatial learning [73, 74]. 314

OSA fragments sleep architecture due to recurrent 315

brain arousals resulting from reflex responses initi- 316

ated by upper airway mechanoreceptors and central 317

and peripheral chemoreceptors. This may have not 318

only a direct impact on cognitive performance by 319

disrupting sleep-related memory and attention pro- 320

moting processes, but also potentially by increasing 321

the risk for dementia. 322

Two large cross-sectional studies have shown an 323

association between poor sleep quality and worse 324

cognitive outcomes in older populations [75, 76]. In 325

a study performed in cognitively normal individu- 326

als, reduced sleep efficiency correlated with lower 327

CSF A�42 levels, assumed to correspond to preclin- 328

ical AD [77]. In another study, poor sleep quality 329

reported by healthy adults at increased risk for AD, 330

was associated with CSF biomarker patterns of AD 331
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[78]. Recently, a large prospective study established332

a robust association specifically between sleep frag-333

mentation and both increased incidence of AD and334

rate of cognitive decline [79]. At a mean follow-up335

of 3-years, subjects with higher sleep fragmentation336

levels had a 1.5-fold increased risk to develop AD337

compared to subjects with low sleep fragmentation,338

evaluated by actigraphy.339

In parallel, sleep has been suggested to be a fun-340

damental piece in brain toxic metabolite clearance341

processes [80]. Recently, circadian fluctuations of342

A� CSF levels were described, with characteristic343

increases in wakefulness and decreases during sleep,344

suggesting that sleep decreases A� production and345

promotes A� clearance [81]. Adding to this, chronic346

sleep disruption was associated with increased A�347

plaque deposition in amyloid-� precursor protein348

(A�PP) transgenic mice [81]. Finally, Lucey et al.349

recently compared CSF A� kinetics in sleep deprived350

subjects compared to normal sleeping controls, find-351

ing a 25–30% increase in overnight soluble A�38,352

A�40 and A�42 in the former group, suggesting that353

sleep deprivation contributes to AD risk by pro-354

moting A� production [82]. In conclusion, sleep355

appears to play a key role in the production-clearance356

dynamics of A�, which if disturbed could predispose 357

to AD pathogenesis [77, 81]. This could constitute 358

an additional mechanism by which sleep fragmenta- 359

tion, characteristic of OSA, may promote cognitive 360

decline and AD pathogenesis (see Fig. 2). 361

OSA causes REM sleep disruption 362

Although its complex functions are still incom- 363

pletely understood, REM sleep has been implicated 364

in sleep-related synaptic consolidation, neuroplastic- 365

ity, and memory consolidation processes [83–86]. 366

Muscular hypotonia is a characteristic of REM sleep, 367

and a lower genioglossus muscle response in main- 368

taining an adequate airway patency in this stage 369

predisposes to apneic episodes. These episodes are 370

in fact found to be more frequent, longer, and asso- 371

ciated with greater hypoxemia in REM compared to 372

N2 sleep stages [87–89]. The higher propensity for 373

apneas during REM sleep in OSA could lead to a 374

preferential disruption of this stage and its associated 375

memory promoting processes. In older populations, 376

REM sleep was found to be decreased in subjects with 377

cognitive impairment compared to controls, which 378

correlated with OSA severity [90]. A prospective 379

3-year follow-up study in older men corroborated 380

Fig. 2. Possible intermediate mechanisms in the relationship between OSA and AD. The effect of OSA in increasing the risk for AD can
be mediated by several of its associated mechanisms. Chronic exposure to intermittent hypoxia may lead to increased inflammation and
oxidative stress, diabetes, hypertension and CVD, all potentially contributing to AD pathology development. Sleep fragmentation, both
by itself and by leading to decreased REM and SWS stages, can additionally promote AD pathogenesis. Finally, intrathoracic pressure
swings associated with OSA may disrupt CSF-ISF exchange integrity and lead to AD neuropathology accumulation. OSA, obstructive sleep
apnea; CVD, cardiovascular disease; REM, rapid eye movement; SWS, slow wave sleep; CSF-ISF, cerebrospinal fluid-interstitial fluid; AD,
Alzheimer’s disease.
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that reduced REM stages were associated with greater381

cognitive decline over time [91]. Finally, a recent382

study in humans demonstrated that active and specific383

induction of OSA through CPAP withdrawal exclu-384

sively during REM sleep in patients with severe OSA385

resulted in spatial navigation learning deficits [92].386

Several studies have additionally suggested a link387

between REM sleep disturbances and AD. At cross-388

section, AD patients had decreased REM sleep when389

compared to controls [93] and to depressed patients390

[94], although these findings were not replicated391

in other studies [95]. A recent prospective study392

on 321 subjects from the Framingham Heart Study393

cohort, examined the influence of PSG assessed394

sleep architecture features on the risk of AD. Lower395

total percentages and greater latencies to REM sleep396

at baseline associated strongly with AD incidence397

over a mean follow-up of 12 years, while all other398

sleep stages were not significantly associated with399

dementia risk [96]. The authors argued for a possible400

decrement in cholinergic activity known to accom-401

pany AD since early stages as a possible cause for402

this finding [97], but a primary role of REM reduction403

in AD pathogenesis could also be hypothesized. In404

this study, each percentage unit of REM sleep reduc-405

tion was associated with a 9% increase in the risk406

of dementia, a value that was reduced to 6% when407

people with frequent arousals due to hypopneas were408

excluded. This suggested that OSA contributed to this409

observed association [96]. Additionally, a study using410

EEG detected frontal brain activity slowing, espe-411

cially during REM sleep, in amnestic MCI compared412

to non-amnestic MCI and controls. This supports a413

possible impairment of REM sleep starting in the414

early clinical AD stages [98], however still without415

determining the causal direction of this relationship.416

Taken together, these studies point to a link between417

REM sleep, OSA, and AD. Whether OSA associ-418

ated disruption of REM sleep contributes to cognitive419

decline and AD, or REM sleep disruptions are just420

(early) epiphenomena of AD is still unclear and more421

studies are required.422

OSA causes SWS disruption423

SWS is a stage of sleep that may be somewhat more424

resistant to OSA compared to lighter NREM stages425

[99]. This has been hypothesized to relate either to a426

greater upper airway stability being required for pro-427

gression to deeper sleep stages [100, 101] or to an428

increased tolerance to hypoventilation during SWS429

leading to fewer arousals during this stage [102].430

Nonetheless, it is clear that with increasing severity,431

OSA has the capacity to disrupt SWS. By selectively 432

withdrawing CPAP exclusively in SWS in subjects 433

with severe OSA, we found that there was both a 434

reduction in %SWS and an increase in SWS fragmen- 435

tation [103]. Guilleminault et al. reported a decrease 436

in total SWS in older patients with severe OSA, both 437

on the first NREM sleep cycle and on total night-time 438

[104]. Another study with younger subjects and mild 439

OSA, did not replicate this finding, however, a differ- 440

ent time course of slow wave activity (SWA) was still 441

found [105]. Additionally, severe OSA patients show 442

up to a 40% homeostatic rebound in SWS duration 443

following OSA treatment with CPAP, which suggest 444

that changes in SWS quality are likely present in 445

severe OSA [106]. 446

OSA-induced reductions of SWS can be presumed 447

to lead to cognitive impairment and increased AD 448

risk for several reasons. First, SWS has been impli- 449

cated in overnight memory [107], learning [108] 450

and perceptual and visuomotor performance, all of 451

which could be impaired in the presence of distur- 452

bances of this stage [109]. Second, neuronal activity 453

is typically reduced during SWS, with an estimated 454

decrement of up to 43% of glucose metabolism 455

levels in 18F-fluorodeoxyglucose (FDG) PET stud- 456

ies when compared to wakefulness [110]. Recent 457

studies suggest that A� [111, 112] and tau release 458

into the cerebral interstitial fluid (ISF) is increased 459

during periods of higher synaptic activity, and that 460

their clearance from this pool is higher during SWS 461

[113]. SWS could be a beneficial stage due to both 462

lower production of and increased removal of toxic 463

metabolic byproducts. Corroborating this, our group 464

recently found an association between reduced SWS 465

and higher CSF levels of A�42 [114]. Recently Ju 466

et al., through SWS disruption with auditory tones, 467

also found a strong association between SWS dis- 468

ruption and higher A�, and between lower sleep 469

quality and increased tau CSF levels [115]. A possible 470

decrease in SWS in OSA patients could therefore, by 471

altering these production-clearance dynamics, pre- 472

dispose to AD. 473

EFFECTS OF VASCULAR 474

COMORBIDITIES 475

OSA is associated with adverse cardiovascular 476

outcomes 477

OSA is commonly accompanied by cardiovascu- 478

lar comorbidities. These include insulin resistance 479

and diabetes, dyslipidemia, hypertension, and cardiac 480
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diseases including dysrhythmias and congestive heart481

failure.482

Epidemiological studies show that about half of483

type 2 diabetic patients are diagnosed with moder-484

ate or severe OSA and that approximately half of485

OSA patients have diabetes. Although both are highly486

prevalent disorders and a causal link is not yet proved,487

a bi-directional association between these conditions488

is suggested by some authors [116–118]. Insulin489

resistance was also found to correlate positively with490

OSA severity after controlling for potential con-491

founders [10].492

Dyslipidemia has been observed more frequently493

in OSA patients. In a prospective study, Chou et al.494

reported a prevalence of hypercholesterolemia and495

hypertriglyceridemia in OSA patients, of 61.1%496

and 55.3%, respectively [119]. A later randomized497

controlled trial study using CPAP demonstrated a498

reduction of postprandial lipidemia in OSA [11].499

Hypertension is one of the best studied conditions500

accompanying OSA. OSA is common among hyper-501

tensive patients, with a global prevalence of 30%502

that increases up to 80% if only treatment-resistant503

cases are considered [2, 12]. On the other hand, as504

many as half of OSA patients have comorbid hyper-505

tension, and a systolic nondipping pattern of blood506

pressure during sleep is frequently observed in OSA507

[12, 120]. The causal weight of OSA on hypertension508

is nonetheless still debated and not as strong as orig-509

inally thought. Conflicting conclusions were drawn510

from two large longitudinal studies, possibly due to511

age differences and the confounding effect of obe-512

sity, and a milder correlation between them is now513

suggested [121–123]. Reports from OSA clinical tri-514

als evaluating the effect of CPAP on hypertension are515

more convincing, with reductions of up to 2 mmHg in516

blood pressure, especially in cases of higher baseline517

hypertension and better compliance [124–126].518

In OSA, both repetitive episodes of hypoxia and519

multiple arousals are thought to impair ventricular520

relaxation and myocardial contraction, contributing521

to the higher prevalence of ventricular hypertro-522

phy and congestive heart failure in OSA [127].523

Additionally, OSA results in recurrent decreases in524

intrathoracic pressure, by increasing left ventricu-525

lar afterload and reducing pre-left ventricular load,526

which could also lead to reduction of ventricular527

ejection fraction [15, 128, 129]. Coronary heart dis-528

ease has been inconsistently linked to OSA and more529

studies are required [2]. Cardiac arrhythmias, includ-530

ing atrial fibrillation, are frequent in OSA patients531

[130, 131], but whether they constitute a direct532

consequence of OSA or are mediated by heart failure 533

is still debated [15]. CPAP treatment has been found 534

to decrease the incidence of cardiovascular events 535

[132]. 536

Obesity is also frequently found in OSA patients 537

and is suspected to be an important causal mecha- 538

nism particularly in middle-aged adults, increasing 539

also cardiovascular risk [133]. 540

Finally, the incidence of stroke is higher in OSA 541

patients [17, 18], and stroke, possibly due to its 542

motor/respiratory sequelae, increases the risk for 543

OSA. Prevalence of OSA in stroke patients rounds 544

50–70% and increases with recurrent strokes [134]. 545

Some authors also suggest a bidirectional causal rela- 546

tionship between stroke and OSA [2]. 547

Several mechanisms have been proposed to medi- 548

ate the increased cardiovascular risk in OSA patients. 549

These include sympathetic system activation [135, 550

136], oxidative stress [137, 138], local and systemic 551

inflammation [139, 140], endothelial dysfunction, 552

hypercoaguability [141, 142], and metabolic dysreg- 553

ulation (for a review, see [2]). Additionally, the effect 554

of OSA on cardiovascular risk could be partially 555

mediated by a decrease in SWS. Reduced SWS has 556

been linked to metabolic, hormonal and autonomic 557

disturbances [143, 144]. Interestingly, a prospective 558

study in older men implicated SWS reduction but not 559

OSA indices on hypertension risk [120], and in the 560

same cohort, an inverse correlation between SWS and 561

obesity was found [145]. 562

Adverse cardiovascular outcomes increase risk 563

of AD 564

Although all of these vascular and metabolic 565

comorbidities could primarily contribute to vascu- 566

lar dementia [146], and not AD, a growing body 567

of evidence is now attributing a pivotal role of car- 568

diovascular disease in AD pathogenesis [147]. First, 569

cardiac diseases such as atrial fibrillation, coronary 570

heart disease, and heart failure, can directly lead 571

to hypoperfusion and microemboli formation, which 572

have been implicated in AD development [148–150]. 573

Second, stroke can not only potentiate the clinical 574

expression of AD [151], but several studies have 575

shown that cerebral microinfarcts and intracranial 576

atherosclerosis can increase the risk of AD [152, 577

153]. It has been proposed that cerebrovascular dis- 578

ease could directly promote A� production and 579

reduce its clearance [154, 155]; however, available 580

data on this hypothesis is still inconsistent [155, 581

156]. Besides its accepted implication in neuropathic 582
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cerebrovascular mechanisms, hypertension in midlife583

has been directly associated with a higher develop-584

ment of neuritic plaques, NFTs, and brain atrophy,585

suggesting another link to AD pathogenesis [157,586

158]. Both type 2 diabetes and pre-diabetes have587

been shown to increase the risk of dementia and588

AD, possibly due to microvascular damage and neu-589

rotoxicity of higher levels of glucose and insulin590

leading to oxidative stress [159, 160]. A cross-591

sectional study in 156 patients with incident AD,592

documented an association between pre-diagnosis593

dyslipidemia (higher total and LDL cholesterol) and594

diabetes, and faster cognitive decline. This associa-595

tion seems to be conditioned by ApoE4 status, as a596

previous history of stroke or heart disease was asso-597

ciated with cognitive deterioration only in ApoE4598

carriers [161]. In conclusion, although it is more com-599

monly accepted that vascular and metabolic OSA600

associated comorbidities may lead to stroke and vas-601

cular dementia, an alternative role of cerebrovascular602

pathology in AD pathogenesis is now recognized,603

with both pathologies synergistically promoting cog-604

nitive decline [162]. Finally, midlife obesity, possibly605

due to its association with many chronic vascular dis-606

eases, has been documented to increase the risk of607

dementia and AD [163]. Together, these data sug-608

gest that OSA associated vascular and metabolic609

comorbidities could, through chronic impairment of610

cerebrovascular integrity and/or neurometabolic sys-611

tems, lead to an increased risk of AD.612

AD PATHOLOGY IS ASSOCIATED WITH613

INTERMITTENT HYPOXIA AND614

OXIDATIVE STRESS615

Oxidative stress is caused by an imbalance between616

the production and clearance of reactive oxygen617

species (ROS) [2]. These oxygen-rich molecules are618

highly reactive with proteins, lipids, and nucleic619

acids, and have been implicated in neuronal dysfunc-620

tion and death in neurodegenerative diseases [2, 164].621

Mounting evidence suggests that repetitive cycles622

of intermittent hypoxia followed by reoxygenation,623

characteristic of OSA, promote ROS production [137,624

138] and reduce blood antioxidant capacity [165].625

In humans, OSA is associated with higher systemic626

biomarkers of oxidative stress and inflammation,627

that parallel disease severity [166]. This intermit-628

tent hypoxia-induced oxidative stress effect has been629

hypothesized to underlie, at least partially, cogni-630

tive changes in OSA [24]. In fact, several studies631

in rodents, have shown that intermittent hypoxia 632

during rest is associated with increased oxidative 633

stress and inflammation biomarkers, increased neu- 634

ronal loss and reduced spatial learning [167–169]. 635

This deleterious effect was shown to be reduced by 636

the use of pharmacological inhibitors of oxidative 637

stress pathways [164]. Baril et al. recently demon- 638

strated a thickening of gray matter paralleling OSA 639

severity [170], which they hypothesized to stem from 640

edema [171] and reactive gliosis [172] associated 641

with hypoxemia. 642

Some studies further suggest a contribution of 643

intermittent hypoxia to AD pathophysiology. Ng et al. 644

showed that short-term chronic intermittent hypoxia 645

increased A� peptide generation in rat hippocampi 646

and that this effect was prevented by melatonin 647

administration [173]. A study using neuronal cul- 648

ture from triple transgenic AD mice documented a 649

significant increase in A�42 in brain cortex asso- 650

ciated with intermittent hypoxia, both supporting a 651

role of OSA in AD progression [27]. Furthermore, 652

there is evidence of tau-phosphorylation activation 653

with chronic hypoxia in double transgenic (APP/PS1) 654

mice [28], increases of CSF and serum T-tau after 655

cardiac arrest [174], and increases in P-tau in hyper- 656

tensive patients with blood pressure reductions in 657

possible relation with hypoperfusion [175]. A large 658

clinical longitudinal study confirmed an association 659

between measures of OSA and incidence of MCI 660

and dementia in older women, and this effect was 661

attributed to hypoxemia effects rather than sleep frag- 662

mentation or duration [30]. In summary, growing 663

evidence shows that intermittent hypoxia in OSA can 664

be an important factor contributing to an increased 665

risk of cognitive decline and AD progression in these 666

patients. 667

OSA IS ASSOCIATED WITH DECREASED 668

CSF-ISF CLEARANCE 669

The respiratory effort against collapsed airways 670

during OSA apneic episodes (Mueller maneuver) is 671

associated with elevated intrathoracic and intracra- 672

nial pressures, and hemodynamic disturbances [176, 673

177]. These have been hypothesized to acutely and 674

repetitively impede the circulation of brain metabo- 675

lites from ISF into CSF [178], through the glymphatic 676

system, leading to increased A�42 accumulation in 677

the ISF. This mechanism was proposed by a recent 678

study where all assessed CSF neuronally derived pro- 679

teins, but not total protein (mainly derived from blood 680
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albumin), were decreased in severe OSA subjects681

compared to controls [178], suggesting that clearance682

glymphatic processes were impaired in OSA. As an683

alternative, the authors proposed that an increased684

venous pressure seen in OSA due to intermittent685

hypoxia and right heart strain could limit the clear-686

ance of subarachnoid CSF into the dural lymphatic687

system, leading to the reduced concentrations of688

metabolites observed in the CSF [178, 179]. Another689

possible pathway for CSF-ISF exchange impairment690

in OSA could be cerebral edema secondary to inter-691

mittent hypoxia as described previously. In this study,692

severity of OSA correlated with increased volume693

and thickness of the left lateral prefrontal cortex, as694

well as increased thickness of the right frontal pole,695

the right lateral parietal lobules, and the left posterior696

cingulate cortex [170]. In a previous interventional697

study, these findings were found to reverse after six698

months of treatment with CPAP, suggesting the exis-699

tence of brain edema in OSA [180]. In conclusion,700

decreased clearance of amyloid is believed to be one701

of the mechanisms underlying AD pathogenesis and702

could be affected by mechanical and brain local-703

ized OSA changes, comprising an additional pathway704

through which OSA could contribute to increased AD705

risk (Fig. 2).706

AD CAN CONTRIBUTE TO OSA707

The characteristic progressive brain accumulation708

of amyloid plaques and NFTs in AD may determine709

changes in sleep patterns, sometimes even before710

overt dementia is recognized. A reduction in SWS711

is frequently observed in AD patients and since this712

stage is associated with fewer apneic events [102],713

this could lead to increased OSA severity in AD714

patients. Relatedly, lighter sleep stages as N1 and715

N2 NREM prevail in AD subjects. As these stages716

are associated with a higher propensity for apneas,717

this may also generate a trend toward worsening718

of OSA severity in AD [99]. Additionally, potential719

age-dependent anatomical [181] and functional neu-720

romuscular [181] upper airway changes that affect721

nocturnal respiratory patency, may be aggravated in722

AD patients. Either through accumulating pathology723

or neuronal loss, both gray matter and white mat-724

ters structures responsible for motor response can725

be affected in AD patients [183], potentially increas-726

ing their susceptibility for OSA. Taken together, all727

these mechanisms could render AD as a risk fac-728

tor for OSA. Ultimately both diseases could have a729

bidirectional and cyclic potentiating effect on each 730

other’s pathogenesis. 731

CONCLUSION 732

Although it is known that OSA is a highly prevalent 733

disease with growing impact in our society, data from 734

epidemiological studies is still lacking the consis- 735

tency and strength to fully understand its relationship 736

to frequently associated comorbidities and mortality, 737

especially in milder forms of the disease. Its classi- 738

fication based only on AHI cutoffs seems to be now 739

too simplistic, as OSA appears to be a more complex 740

and heterogeneous disorder, continuously interacting 741

with aging, other risk factors, and its own comor- 742

bidities. The leading contributing causes for OSA 743

in the young, as craniofacial predisposing morphol- 744

ogy, obesity, family history, and male sex, may differ 745

from the ones in the elderly, where the impact of pos- 746

sible anatomical, functional, and sleep architecture 747

changes determined by the aging process seems to 748

prevail. Improvements in epidemiologic study design 749

that may promote a better understanding of this press- 750

ing issue and necessary advancements in the field are 751

currently being discussed and proposed [184]. 752

Multiple lines of evidence suggest that OSA poten- 753

tiates neuropathological and clinical progression of 754

AD. Probably by a combination of mechanisms 755

including disruption of sleep architecture, intermit- 756

tent hypoxia, and hemodynamic changes, and the 757

deleterious effects of its vascular comorbidities, OSA 758

may determine a cumulative predisposing context 759

for AD development. While AD does not have an 760

effective treatment, several pathologic mechanisms 761

in OSA can be reverted by OSA treatment, including 762

correct and sufficient CPAP use, and exploring this 763

relationship may converge in possible manipulations 764

of this risk factor to help prevent cognitive decline 765

and dementia. 766
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Lléo A, Blennow K, Zetterberg H, Mosconi L, Glodzik 1275

L, Pirraglia E, Burschitin OE, de Leon MJ, Rapoport 1276

DM, Lu SE, Ayappa I, Osorio RS (2016) Reduced slow- 1277

wave sleep is associated with high cerebrospinal fluid 1278

Abeta42 levels in cognitively normal elderly. Sleep 39, 1279

2041-2048. 1280

[115] Ju YS, Ooms SJ, Sutphen C, Macauley SL, Zangrilli MA, 1281

Jerome G, Fagan AM, Mignot E, Zempel JM, Claassen 1282

JAHR, Holtzman DM (2017) Slow wave sleep disruption 1283

increases cerebrospinal fluid amyloid-� levels. Brain 140, 1284

2104-2111. 1285



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

14 A. Andrade et al. / The Relationship between Obstructive Sleep Apnea and Alzheimer’s Disease

[116] Foster GD, Sanders MH, Millman R, Zammit G, Bor-1286

radaile KE, Newman AB, Wadden TA, Kelley D, Wing1287

RR, Sunyer FX, Darcey V, Kuna ST (2009) Obstructive1288

sleep apnea among obese patients with type 2 diabetes.1289

Diabetes Care 32, 1017-1019.1290

[117] Resnick HE, Redline S, Shahar E, Glipin A, New-1291

man A, Walter R, Ewy GA, Howard BV, Punjabi1292

NM (2003) Diabetes and sleep disturbances: Findings1293

from the Sleep Heart Health Study. Diabetes Care 26,1294

702-709.1295

[118] Moon K, Punjabi NM, Aurora RN (2015) Obstructive1296

sleep apnea and type 2 diabetes in older adults. Clin Geri-1297

atr Med 31, 139-147, ix.1298

[119] Chou YT, Chuang LP, Li HY, Lin SW, Yang CT, Chen1299

NH (2010) Hyperlipidaemia in patients with sleep-related1300

breathing disorders: Prevalence & risk factors. Indian1301

J Med Res 131, 121-125.1302

[120] Hla KM, Young T, Finn L, Peppard PE, Szklo-Coxe1303

M, Stubbs M (2008) Longitudinal association of sleep-1304

disordered breathing and nondipping of nocturnal blood1305

pressure in the Wisconsin Sleep Cohort Study. Sleep 31,1306

795-800.1307

[121] Fung MM, Peters K, Redline S, Ziegler MG, Ancoli-Israel1308

S, Barrett-Connor E, Stone KL (2011) Decreased slow1309

wave sleep increases risk of developing hypertension in1310

elderly men. Hypertension 58, 596-603.1311

[122] O’Connor GT, Caffo B, Newman AB, Quan SF, Rapoport1312

DM, Redline S, Resnick HE, Samet J, Shahar E (2009)1313

Prospective study of sleep-disordered breathing and hyper-1314

tension: The Sleep Heart Health Study. Am J Respir Crit1315

Care Med 179, 1159-1164.1316

[123] Peppard PE, Young T, Palta M, Skatrud J (2000)1317

Prospective study of the association between sleep-1318

disordered breathing and hypertension. N Engl J Med 342,1319

1378-1384.1320

[124] Bazzano LA, Khan Z, Reynolds K, He J (2007) Effect1321

of nocturnal nasal continuous positive airway pressure on1322

blood pressure in obstructive sleep apnea. Hypertension1323

50, 417-423.1324

[125] Haentjens P, Van Meerhaeghe A, Moscariello A, De1325

Weerdt S, Poppe K, Dupont A, Velkeniers B (2007)1326

The impact of continuous positive airway pressure on1327

blood pressure in patients with obstructive sleep apnea1328

syndrome: Evidence from a meta-analysis of placebo-1329

controlled randomized trials. Arch Intern Med 167,1330

757-764.1331

[126] Montesi SB, Edwards BA, Malhotra A, Bakker JP1332

(2012) The effect of continuous positive airway pressure1333

treatment on blood pressure: A systematic review and1334

meta-analysis of randomized controlled trials. J Clin Sleep1335

Med 8, 587-596.1336

[127] Noda A, Okada T, Yasuma F, Nakashima N, Yokota M1337

(1995) Cardiac hypertrophy in obstructive sleep apnea1338

syndrome. Chest 107, 1538-1544.1339

[128] Yumino D, Tsurumi Y, Takagi A, Suzuki K, Kasanuki H1340

(2007) Impact of obstructive sleep apnea on clinical and1341

angiographic outcomes following percutaneous coronary1342

intervention in patients with acute coronary syndrome. Am1343

J Cardiol 99, 26-30.1344

[129] Arias MA, Garcia-Rio F, Alonso-Fernandez A, Mediano1345

O, Martinez I, Villamor J (2005) Obstructive sleep apnea1346

syndrome affects left ventricular diastolic function: Effects1347

of nasal continuous positive airway pressure in men. Cir-1348

culation 112, 375-383.1349

[130] Arias MA, Baranchuk A (2013) Atrial fibrillation and 1350

obstructive sleep apnea: Something more than a coinci- 1351

dence. Rev Esp Cardiol Engl Ed 66, 529-531. 1352

[131] Hersi AS (2010) Obstructive sleep apnea and cardiac 1353

arrhythmias. Ann Thorac Med 5, 10-17. 1354

[132] Marin JM, Carrizo SJ, Vicente E, Agusti AGN (2005) 1355

Long-term cardiovascular outcomes in men with obstruc- 1356

tive sleep apnoea-hypopnoea with or without treatment 1357

with continuous positive airway pressure: An observa- 1358

tional study. Lancet 365, 1046-1053. 1359

[133] Romero-Corral A, Caples SM, Lopez-Jimenez F, Somers 1360

VK (2010) Interactions between obesity and obstructive 1361

sleep apnea: Implications for treatment. Chest 137, 711- 1362

719. 1363

[134] Johnson KG, Johnson DC (2010) Frequency of sleep apnea 1364

in stroke and TIA patients: A meta-analysis. J Clin Sleep 1365

Med 6, 131-137. 1366

[135] Somers VK, Dyken ME, Clary MP, Abboud FM (1995) 1367

Sympathetic neural mechanisms in obstructive sleep 1368

apnea. J Clin Invest 96, 1897-1904. 1369

[136] Somers VK, Mark AL, Zavala DC, Abboud FM (1989) 1370

Contrasting effects of hypoxia and hypercapnia on venti- 1371

lation and sympathetic activity in humans. J Appl Physiol 1372

(1985) 67, 2101-2106. 1373

[137] Lavie L (2003) Obstructive sleep apnoea syndrome–an 1374

oxidative stress disorder. Sleep Med Rev 7, 35-51. 1375

[138] Dyugovskaya L, Lavie P, Lavie L (2002) Increased adhe- 1376

sion molecules expression and production of reactive 1377

oxygen species in leukocytes of sleep apnea patients. Am 1378

J Respir Crit Care Med 165, 934-939. 1379

[139] Rubinstein I (1995) Nasal inflammation in patients with 1380

obstructive sleep apnea. Laryngoscope 105, 175-177. 1381

[140] Yamauchi M, Tamaki S, Tomoda K, Yoshikawa M, 1382

Fukuoka A, Makinodan K, Koyama N, Suzuki T, Kimura 1383

H (2006) Evidence for activation of nuclear factor 1384

kappaB in obstructive sleep apnea. Sleep Breath 10, 1385

189-193. 1386

[141] Rangemark C, Hedner JA, Carlson JT, Gleerup G, Winther 1387

K (1995) Platelet function and fibrinolytic activity in 1388

hypertensive and normotensive sleep apnea patients. Sleep 1389

18, 188-194. 1390

[142] von Kanel R, Dimsdale JE (2003) Hemostatic alter- 1391

ations in patients with obstructive sleep apnea and 1392

the implications for cardiovascular disease. Chest 124, 1393

1956-1967. 1394

[143] Pallayova M, Donic V, Gresova S, Peregrim I, Tomori Z 1395

(2010) Do differences in sleep architecture exist between 1396

persons with type 2 diabetes and nondiabetic controls? 1397

J Diabetes Sci Technol 4, 344-352. 1398

[144] Tasali E, Leproult R, Ehrmann DA, Van Cauter E (2008) 1399

Slow-wave sleep and the risk of type 2 diabetes in humans. 1400

Proc Natl Acad Sci U S A 105, 1044-1049. 1401

[145] Rao MN, Blackwell T, Redline S, Stefanick ML, Ancoli- 1402

Israel S, Stone KL (2009) Association between sleep 1403

architecture and measures of body composition. Sleep 32, 1404

483-490. 1405

[146] Barba R, Martinez-Espinosa S, Rodriguez-Garcia E, Pon- 1406

dal M, Vivancos J, Del Ser T (2000) Poststroke dementia: 1407

Clinical features and risk factors. Stroke 31, 1494-1501. 1408

[147] DeCarli C (2003) The role of cerebrovascular disease in 1409

dementia. Neurologist 9, 123-136. 1410

[148] de Bruijn RF, Ikram MA (2014) Cardiovascular risk fac- 1411

tors and future risk of Alzheimer’s disease. BMC Med 12, 1412

130. 1413



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

A. Andrade et al. / The Relationship between Obstructive Sleep Apnea and Alzheimer’s Disease 15

[149] de la Torre JC (2012) Cardiovascular risk factors pro-1414

mote brain hypoperfusion leading to cognitive decline1415

and dementia. Cardiovasc Psychiatry Neurol 2012,1416

367516.1417

[150] Goldberg I, Auriel E, Russell D, Korczyn AD (2012)1418

Microembolism, silent brain infarcts and dementia. J Neu-1419

rol Sci 322, 250-253.1420

[151] Snowdon DA, Greiner LH, Mortimer JA, Riley KP,1421

Greiner PA, Markesbery WR (1997) Brain infarction and1422

the clinical expression of Alzheimer disease. The Nun1423

Study. JAMA 277, 813-817.1424

[152] Jellinger KA (2002) Alzheimer disease and cerebrovas-1425

cular pathology: An update. J Neural Transm 109,1426

813-836.1427

[153] Dolan H, Crain B, Troncoso J, Resnick SM, Zonder-1428

man AB, Obrien RJ (2010) Atherosclerosis, dementia, and1429

Alzheimer disease in the Baltimore Longitudinal Study of1430

Aging cohort. Ann Neurol 68, 231-240.1431

[154] Garcia-Alloza M, Gregory J, Kuchibhotla KV, Fine S,1432

Wei Y, Ayata C, Frosch MP, Greenberg SM, Bacskai1433

BJ (2011) Cerebrovascular lesions induce transient beta-1434

amyloid deposition. Brain 134, 3697-3707.1435

[155] Iadecola C (2013) The pathobiology of vascular dementia.1436

Neuron 80, 844-866.1437

[156] Launer LJ, Petrovitch H, Ross GW, Markesbery W, White1438

LR (2008) AD brain pathology: Vascular origins? Results1439

from the HAAS autopsy study. Neurobiol Aging 29, 1587-1440

1590.1441

[157] den Heijer T, Launer LJ, Prins ND, van Dijk EJ, Ver-1442

meer SE, Hofman A, Koudstaal PJ, Breteler MM (2005)1443

Association between blood pressure, white matter lesions,1444

and atrophy of the medial temporal lobe. Neurology 64,1445

263-267.1446

[158] Petrovitch H, White LR, Izmirillian G, Rose GW, Havlik1447

RJ, Markesbery W, Nelson J, Davis DG, Hardman J, Foley1448

DJ, Launer LJ (2000) Midlife blood pressure and neuritic1449

plaques, neurofibrillary tangles, and brain weight at death:1450

The HAAS. Honolulu-Asia aging Study. Neurobiol Aging1451

21, 57-62.1452

[159] Xu W, Qiu C, Winblad B, Fratiglioni L (2007) The1453

effect of borderline diabetes on the risk of dementia and1454

Alzheimer’s disease. Diabetes 56, 211-216.1455

[160] Biessels GJ, Staekenborg S, Brunner E, Brayne C, Schel-1456

tens P (2006) Risk of dementia in diabetes mellitus: A1457

systematic review. Lancet Neurol 5, 64-74.1458

[161] Helzner EP, Luchsinger JA, Scarmeas N, Consentino S,1459

Brickman AM, Glymour MM, Stem Y (2009) Contri-1460

bution of vascular risk factors to disease progression in1461

Alzheimer’s Disease. Arch Neurol 66, 343-348.1462

[162] Jellinger KA (2007) The enigma of vascular cognitive dis-1463

order and vascular dementia. Acta Neuropathol (Berl) 113,1464

349-388.1465

[163] Xu WL, Atti AR, Gatz M, Pedersen NL, Johansson1466

B, Fratiglioni L (2011) Midlife overweight and obesity1467

increase late-life dementia risk: A population-based twin1468

study. Neurology 76, 1568-1574.1469

[164] Shan X, Chi L, Ke Y, Luo C, Qian S, Gozal D, Liu R (2007)1470

Manganese superoxide dismutase protects mouse corti-1471

cal neurons from chronic intermittent hypoxia-mediated1472

oxidative damage. Neurobiol Dis 28, 206-215.1473

[165] Simiakakis M, Kapsimalis F, Chaligiannis E, Loukides S,1474

Sitaras N, Alchanatis W (2012) Lack of effect of sleep1475

apnea on oxidative stress in obstructive sleep apnea syn-1476

drome (OSAS) patients. PloS One 7, e39172.1477

[166] Carpagnano GE, Kharitonov SA, Resta O, Foschino- 1478

Barbaro MP, Gramiccioni E, Barnes PJ (2002) Increased 1479

8-isoprostane and interleukin-6 in breath condensate of 1480

obstructive sleep apnea patients. Chest 122, 1162-1167. 1481

[167] Li RC, Row BW, Kheirandish L, Brittian KR, Gozal E, 1482

Guo SZ, Sachleben LR, Gozal D (2004) Nitric oxide syn- 1483

thase and intermittent hypoxia-induced spatial learning 1484

deficits in the rat. Neurobiol Dis 17, 44-53. 1485

[168] Row BW, Liu R, Xu W, Kheirandish L, Gozal D (2003) 1486

Intermittent hypoxia is associated with oxidative stress and 1487

spatial learning deficits in the rat. Am J Respir Crit Care 1488

Med 167, 1548-1553. 1489

[169] Xu W, Chi L, Row BW, Xu R, Ke Y, Xu B, Luo C, Kheiran- 1490

dish L, Gozal D, Liu R (2004) Increased oxidative stress 1491

is associated with chronic intermittent hypoxia-mediated 1492

brain cortical neuronal cell apoptosis in a mouse model of 1493

sleep apnea. Neuroscience 126, 313-323. 1494

[170] Baril AA, Gagnon K, Brayet P, Montplaisir J, De Beau- 1495

mont L, Carrier J, Lafond C, L’Heureux F, Gagnon JF, 1496

Gosselin N (2017) Gray matter hypertrophy and thicken- 1497

ing with obstructive sleep apnea in middle-aged and older 1498

adults. Am J Respir Crit Care Med 195, 1509-1518. 1499

[171] Kallenberg K, Bailey DM, Christ S, Mohr A, Roukens R, 1500

Menold E, Steiner T, Bartsch P, Knauth M (2007) Magnetic 1501

resonance imaging evidence of cytotoxic cerebral edema 1502

in acute mountain sickness. J Cereb Blood Flow Metab 1503

27, 1064-1071. 1504

[172] Aviles-Reyes RX, Angelo MF, Villarreal A, Rios H, 1505

Lazarowski A, Ramos AJ (2010) Intermittent hypoxia dur- 1506

ing sleep induces reactive gliosis and limited neuronal 1507

death in rats: Implications for sleep apnea. J Neurochem 1508

112, 854-869. 1509

[173] Ng KM, Lau CF, Fung ML (2010) Melatonin reduces 1510

hippocampal beta-amyloid generation in rats exposed to 1511

chronic intermittent hypoxia. Brain Res 1354, 163-171. 1512

[174] Randall J, Mortberg E, Provuncher GK, Fournier DR, 1513

Duffy DC, Rubertsson S, Blennow K, Zetterberg H, Wil- 1514

son DH (2013) Tau proteins in serum predict neurological 1515

outcome after hypoxic brain injury from cardiac arrest: 1516

Results of a pilot study. Resuscitation 84, 351-356. 1517

[175] Glodzik L, Rusinek H, Pirraglia E, McHugh P, Tsui W, 1518

Williams S, Cummings M, Li Y, Rich K, Randall C, 1519

Mosconi L, Osorio R, Murray J, Zetterberg H, Blennow 1520

K, de Leon M (2014) Blood pressure decrease correlates 1521

with tau pathology and memory decline in hypertensive 1522

elderly. Neurobiol Aging 35, 64-71. 1523

[176] Konecny T, Khanna AD, Novak J, Jama AA, Zawadowski 1524

GM, Orban M, Pressman G, Bukartuk J, Kara T, Cetta 1525

F, Borlaug BA, Somers VK, Reeder GS (2014) Intera- 1526

trial pressure gradients during simulated obstructive sleep 1527

apnea: A catheter-based study. Catheter Cardiovasc Interv 1528

84, 1138-1145. 1529

[177] Wszedybyl-Winklewska M, Wolf J, Swierblewska E, 1530

Kunicka K, Mazur K, Gruszecki M, Winklewski 1531

PJ, Frydrychowski AF, Bieniaszewski L, Narkiewicz 1532

K (2017) Increased inspiratory resistance affects the 1533

dynamic relationship between blood pressure changes 1534

and subarachnoid space width oscillations. PLoS One 12, 1535

e0179503. 1536

[178] Ju YE, Finn MB, Sutphen CL, Herries EM, Jerome 1537

GM, Ladenson JH, Crimminis DL, Fagan AM, Holtzman 1538

(2016) DM Obstructive sleep apnea decreases central ner- 1539

vous system-derived proteins in the cerebrospinal fluid. 1540

Ann Neurol 80, 154-159. 1541



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

16 A. Andrade et al. / The Relationship between Obstructive Sleep Apnea and Alzheimer’s Disease

[179] Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman1542

S, Detmar M, Wiig H, Alitalo K (2015) A dural lym-1543

phatic vascular system that drains brain interstitial fluid1544

and macromolecules. J Exp Med 212, 991.1545

[180] O’Donoghue FJ, Briellmann RS, Rochford PD, Abbott1546

DF, Pell GS, Chan CH, Tarquinio N, Jackson GD, Pierce1547

RJ (2005) Cerebral structural changes in severe obstructive1548

sleep apnea. Am J Respir Crit Care Med 171, 1185-1190.1549

[181] Isono S, Remmers JE, Tanaka A, Sho Y, Sato J, Nishino1550

T (1997) Anatomy of pharynx in patients with obstructive1551

sleep apnea and in normal subjects. J Appl Physiol (1985)1552

82, 1319-1326.1553

[182] Patil SP, Schneider H, Marx JJ, Gladmon E, Schwartz 1554

AR, Smith PL (2007) Neuromechanical control of upper 1555

airway patency during sleep. J Appl Physiol (1985) 102, 1556

547-556. 1557

[183] Buchman AS, Bennett DA (2011) Loss of motor function 1558

in preclinical Alzheimer’s disease. Expert Rev Neurother 1559

11, 665-676. 1560

[184] Peppard PE, Hagen EW (2018) The last 25 years of 1561

obstructive sleep apnea epidemiology-and the next 25? 1562

Am J Respir Crit Care Med 197, 310-312. 1563


