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INTRODUCTION
Obstructive sleep apnea, the most common form of sleep dis-

ordered breathing (SDB), affects almost 17% of the US adult 
population.1 Whereas associations of SDB with increased mor-
bidity and mortality related to hypertension, cardiovascular dis-
eases, stroke, and daytime sleepiness are well documented in 
the literature,2-11 the relationship between SDB and cognition is 
less understood. Several studies suggest that psychomotor vigi-
lance and executive function are the most affected cognitive do-
mains,12-15 but others found only weak or no association between 
SDB and cognitive functions.16-19 These inconsistent findings 
likely reflect significant differences in methodologic approach 
used in these studies including selection of participants (clinical 
versus population based, age of the participants), sample size, 
and considerable variation in tests to assess cognition.

Studies by O’Hara et al.20 and Spira et al.21 showed that in an 
older population (age 70 y or older), SDB was associated with 
greater cognitive impairment in apolipoprotein E ε4 (APOE4) car-
riers than in noncarriers, thus providing early evidence that some 
subpopulations may be more vulnerable to negative effects of SDB 
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on the central nervous system (CNS). This finding was further sup-
ported by findings that SDB is associated with an increased risk for 
neurocognitive dysfunction in children with APOE4.22

APOE4 is a major genetic risk factor for the late-onset form of 
Alzheimer disease (after age 60 years)23,24 and Alzheimer disease 
is the most common form of dementia in older populations, char-
acterized by a progressive decline in memory and other cognitive 
functions.23,25 The prevalence of SDB is higher in patients with 
Alzheimer disease; some studies estimate that 70% of patients 
with Alzheimer disease have SDB and 30% of these have moder-
ate or severe disease with apnea-hypopnea index (AHI) ≥ 15.26,27

Although there is some evidence of an association between 
SDB and poorer cognition in APOE4 carriers in either older 
populations or in young children, such an association is less 
evident in middle-aged populations. A clinical study by Cosen-
tino et al.28 showed significant memory impairment in 60- to 
70-year-old patients with AHI ≥ 15 and APOE4 genotype; how-
ever, large population-based studies investigating the presence 
of an APOE4 and SDB interaction on cognition are lacking. 
Therefore, the aim of this study was to investigate how APOE4 
genotype may modulate the association between SDB and cog-
nition in middle-aged adults participating in the ongoing Wis-
consin Sleep Cohort Study (WSCS).

METHODS

Participants and Data Collection
The WSCS was approved by the University of Wisconsin 

Health Sciences Institutional Review Board. Written informed 
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consent was obtained from all participants. A subcohort of 755 
participants from the WSCS was evaluated in this study. The 
WSCS, established in 1988, is a prospective epidemiologic 
study of the natural history, causes, and consequences of SDB 
in community-dwelling adults.29 The WSCS was formed from 
a random selection of 30- to 60-y-old employees of Wiscon-

sin state agencies who responded to a mailed survey on sleep 
characteristics and other factors between 1989 and 1993. The 
response rate to the initial survey was 71%. A stratified sample 
(n = 2,884) of survey respondents was invited to an overnight 
baseline polysomnography study. There were 1,545 participants 
who completed a baseline study (a 53% response rate; the pri-
mary stated reason for nonparticipation was the inconvenience 
of sleeping overnight in the sleep laboratory).

Overnight polysomnography studies were performed at the 
Clinical Research Unit of the University of Wisconsin Hos-
pitals and Clinics. Protocols included body habitus measure-
ments,6 a neurocognitive test battery, and questionnaires on 
lifestyle, health, and medication, followed by overnight poly-
somnography. All participants had a baseline study between 
1988 and 2000. After their baseline studies, participants were 
invited approximately every 4 y for follow-up polysomnog-
raphy and cognitive assessments. Most participants have had 
multiple studies, and, to efficiently use all available data, up 
to five studies per participant were used; models (described in 
the following paragraphs) statistically accounted for multiple 
observations per participant. Blood samples for genetic analy-
sis were initiated in 1993 and so are not available for all par-
ticipants. For this analysis, participants must have had genetic 
data and at least one study that provided both polysomnography 
and cognitive data. Also, by design, cognitive testing was not 
performed on all WSCS study participants at all study visits 
(starting in 2008, however, every overnight study has included 
a cognitive evaluation). Figure 1 depicts the number of partic-
ipants with varying numbers of sleep studies; the number of 
studies with available genetic and cognitive assessment data; 
study participation refusals; and the number of participants not 
(yet) invited for follow-up studies. Most participants have had 
two or more studies, yielding a total of 1,843 studies from 755 
participants with genetic, polysomnography, and cognitive data. 
Not all participants have had the maximum possible number of 
studies because not all participants have yet had the opportunity 
to be invited for multiple repeat studies.

APOE Genotype and Neurocognitive Test Battery
APOE genotype was identified by polymerase chain reac-

tion-restriction fragment length method as described previous-
ly.30,31 Neurocognitive tests used in the WSCS were described 
in detail previously.32 The test battery included the Rey Audi-
tory Verbal Learning Test (AVLT), Controlled Oral Word As-
sociation Test (COWAT), Grooved Pegboard Test, Trail Making 
Test-part B, Digit Cancelation Test, and Symbol Digit Modali-
ties Test. Tests were administered by a trained technician on the 
night of the polysomnography study. The duration of testing is 
approximately 45 min. Individual tests are described in Table 1.

Polysomnograph Recordings
All participants underwent overnight in-laboratory poly-

somnography as described in detail previously.6,29,30 The se-
verity of SDB was parameterized as the AHI, the number of 
apnea+hypopnea events per hour of sleep). Apnea was defined 
as a cessation of breathing for at least 10 seconds; hypopnea 
was defined as a discernible reduction in the airflow and ≥ 4% 
reduction in oxyhemoglobin saturation. AHI < 5 events per hour 
was classified as no SDB, 5 ≤ AHI < 15 as mild, and AHI ≥ 15 

Figure 1—Sample sizes of Wisconsin Sleep Cohort Study participants 
with one or more (up to five) overnight polysomnography studies at 
approximately 4-y intervals. Participants who refused baseline or follow-
up studies and participants without genetic (APOE genotype) or cognitive 
data are also indicated. There were 755 participants who provided a total of 
1,843 studies with requisite genetic, polysomnography, and cognitive data.

Invited for baseline sleep and cognitive study (Baseline studies 
conducted from 1989-2000) n = 2,884

2nd study participants with 
cognitive data n = 552

Non-participants n = 1,339Baseline participants n = 1,545

1st (baseline) study participants 
with cognitive data n = 755

1st (baseline) study participants 
without cognitive data n = 319

• n = 79 without 2nd study 
 cognitive data 
• n = 7 refused 2nd study
• n = 117 not invited to 2nd study

Participants without genetic 
data n = 471

Participants with genetic 
data n = 1,074

3rd study participants with 
cognitive data n = 351

4th study participants with 
cognitive data n = 174

5th study participants with 
cognitive data n = 11

• n = 125 without 3rd study 
 cognitive data
• n = 34 refused 3rd study
• n = 42 not invited to 3rd study

Total of n = 755 individual participants with at least one sleep and 
cognition study contributing n = 1,843 total studies (203 participants 
had exactly one study, 201 had exactly two, 177 had exactly three, 
163 had exactly four, and 11 had exactly five studies)

• n = 77 without 4th study 
 cognitive data
• n = 38 refused 4th study
• n = 62 not invited to 4th study

• n = 43 without 5th study 
 cognitive data
• n = 14 refused 5th study
• n = 106 not invited to 5th study
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as moderate to severe SDB. Those undergoing continuous posi-
tive airway pressure (CPAP) treatment were included in moder-
ate to severe SDB category.

Covariates
Data on medical history, medication use (prescription and 

over-the-counter), age, CPAP treatment, year of education, ex-
ercise (hours per week of planned exercise), smoking (current 
and past cigarette packs per week), alcohol consumption (usual 
weekly number of cans/bottles of beer, glasses of wine, mixed 
drinks or shots of liquor), consumption of caffeinated bever-
ages (usual number of cups of coffee or tea with caffeine or 
cans of cola or other soft drinks with caffeine consumed in a 
typical day), subjective sleepiness (by the Epworth Sleepiness 
Scale score) and other covariates were obtained by interview 
and questionnaires during overnight polysomnography labora-
tory study.

Statistical Analysis
Data were analyzed with SAS software (SAS Institute Inc, 

Cary, NC). To maximize study power, linear mixed-effects 
models estimated weighted averages of the cross-sectional and 
within-subject associations of SDB and cognitive test scores 
while accounting for intrasubject correlation due to the use 
of multiple studies from the majority of participants.33 Par-
ticipants with the APOE ε3/ε4 and ε4/ε4 (“APOE4”) genotype 
were considered as having a “high risk” genotype. The primary 
predictors were SDB categories (AHI < 5, 5 ≤ AHI < 15, AHI 
≥ 15), APOE4 status, and their interactions. Examined covari-
ates included sex, age, education, body mass index (BMI), al-
cohol consumption (drinks/week), current smoking, exercise 
(hours/week), classes of prescription medication use, caffeine 

consumption, hypertension, percentage of sleep < 90% blood 
oxygen saturation, and sleepiness. Of these covariates, those for 
which we observed evidence of confounding the SDB-cognitive 
function association were retained in final models; these were 
sex, age, education, and BMI. Two-sided P < 0.05 was taken to 
indicate statistical significance for both main effect and interac-
tion terms. As indicated in Table 1, the six examined cognitive 
tests were designed to assess varying cognitive domains, and 
thus our primary analyses do not adjust for multiple testing; we 
view each cognitive test as a separate subinvestigation. Never-
theless, as a supplemental analysis, we applied a conservative 
Bonferroni-adjusted α level to the hypothesis tests examining 
SDB-cognition associations identified as significant at the 0.05 
level. Specifically, we divided 0.05 by nine (corresponding to 
the six cognitive tests, one of which—the AVLT—had four ex-
amined subscores) to arrive at an adjusted α level of 0.006. In 
the Results section, we describe both Bonferroni-adjusted and 
-unadjusted hypothesis tests only for those tests that were sig-
nificant at the unadjusted level.

RESULTS
Demographic, health, and lifestyle characteristics of the par-

ticipants (mean age 54 y, range 30-81 y) are described in Table 2. 
AHI < 5 events per hour (no SDB) was found in 62% of studies, 
mild SDB (5 ≤ AHI < 15) in 22% and 16% of studies had mod-
erate to severe SDB (AHI ≥ 15). Participants with moderate to 
severe sleep apnea were older (on average by 4.5 y compared to 
participants without SDB), more overweight (mean BMI = 36.6 
compared to 28.9 in the group without SDB), predominantly 
males, and had lower education compared to participants with-
out SDB. High-risk APOE4 genotype (APOE ε3/ε4 or ε4/ε4) 
was identified in 200 participants who provided 500 sleep and 

Table 1—Description of neurocognitive test battery

Test Cognitive assessment Description Outcome
Trail Making 
Test, Part B

Executive function, 
motor speed, attention, 
task switching

The test consists of 25 circles distributed over a sheet of paper 
numbered from 1-13 and lettered from A-L. The participant is 
asked to sequentially connect the circles alternating between 
numbers and letters.

Time in sec to complete

Grooved 
Pegboard Test

Psychomotor function, 
eye-hand-coordination

The participant is asked to insert 25 grooved pegs into 
randomly oriented, slotted holes as quickly as possible with a 
right hand followed by a left hand.

Time in sec to complete (sum for right 
and left hand)

Symbol Digit 
Modalities Test

Executive function, 
attention, motor skills

A visual key consisting of paired geometric figures and 
numbers is provided. A participant is asked to apply a key 
to supply the appropriate number that is associated with the 
particular symbol (110 items are presented).

Number of correct responses in 90 
sec

Controlled Oral 
Word Association 
Test (COWAT)

Executive function, 
verbal fluency

The participant is asked to name as many words as he or she 
can think of beginning with specified letters of the alphabet 
(C, F, L).

Total words generated in 60 sec for 
each letter

Auditory Verbal 
Learning Test 
(AVLT)

Memory and learning: 
immediate memory, 
new verbal learning, 
interference effects, 
retention of information, 
memory recognition

The test consists of:
•	 Five presentations of a 15-word list with immediate recall 

(learning)
•	 One presentation of a second 15-word list to provide a 

distraction
•	 Sixth recall trial of the first list (retention)
•	 After 30 min rest, a recall of the words from the first list 

(delay)
•	 Circling words in a half page story (recognition)

•	 Learning score: sum of recalled 
words in trials 1-5

•	 Retention score: number of 
recalled words

•	 Delay score: % of recalled words
•	 Recognition score: number of 

words correctly identified
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cognition studies. Only three participants (totaling six studies) 
had ε4/ε4 genotype. APOE4 status prevalences did not differ 
significantly across SDB categories.

Table 3 provides the unadjusted mean neurocognitive test 
scores stratified by SDB categories. Participants with AHI < 5 
events per hour had consistently better unadjusted scores on all 
tests compared to those with mild or moderate to severe SDB.

Because we hypothesized that there are different associa-
tions of SDB and cognition for participants with and without 
APOE4, we tested SDB-APOE4 interaction terms in regression 

models predicting neurocognitive test scores. We found signifi-
cant interactions for AVLT recognition and COWAT (P < 0.02). 
We therefore stratified further analyses of cognitive outcomes 
by APOE4 status. We did not find any significant associations 
of SDB with the Grooved Pegboard, Symbol Digit Modalities, 
Trail Making, and Digit Cancellation test scores, regardless of 
APOE4 status (Table 4).

However, the regression analyses of neurocognitive test 
scores stratified by APOE4 indicated that moderate to severe 
SBD (AHI ≥ 15) was significantly associated with poorer per-

Table 3—Unadjusted mean cognitive test scores by sleep disordered breating categories (mean, SD); sample sizes correspond to numbers of polysomnography 
studies; 755 participants provided 1,843 total studies

AHI < 5 (n = 1,146) 5 ≤ AHI < 15 (n = 399) AHI ≥ 15 (n = 298) All (n = 1,843)
AVLT

Learninga 50.7 (8.7) 48.8 (8.9) 47.3 (9.7) 49.7 (9.0)
Retentionb 10.5 (2.8) 10.0 (2.8) 9.5 (2.9) 10.2 (2.8)
Delay (%)c 82.5 (16.3) 80.8 (17.1) 79.5 (19.0) 81.6 (17.1)
Recognitiond 13.9 (1.6) 13.9 (1.4) 13.5 (2.3) 13.8 (1.7)

Controlled Oral Word Association Teste 41.4 (10.7) 41.2 (11.0) 39.1 (10.1) 40.9 (10.8)
Grooved Pegboardf 139.7 (29.4) 149.5 (33.1) 152.5 (28.1) 144.4 (31.3)
Symbol Digit Modalities Testg 53.0 (9.4) 50.8 (9.1) 49.8 (8.5) 51.9 (9.3)
Trail Making Test, Part Bf 71.1 (27.1) 74.5 (27.1) 79.1 (33.2) 73.5 (28.7)
Digit Cancellationf 363.2 (72.0) 380.5 (84.1) 383.4 (78.7) 371.4 (77.3)

aSum of words recalled in five trials (maximum is 5 × 15 = 75 words). bNumber of words recalled after distraction (maximum is 15 words). cPercentage of 
words recalled after delay. dNumber of words correctly circled in the story (maximum is 15 words). eSum of words generated in 60 sec for each of three letters 
(C, F, and L). fTime to complete test. gNumber of correct responses in 90 sec (maximum score is 110.) AHI, apnea-hypopnea index; AVLT, Auditory Verbal 
Learning Test; SD, standard deviation.

Table 2—Characteristics of the sample by sleep disordered breathing categories; sample sizes correspond to numbers of polysomnography studies; 755 
participants provided 1,843 total studies

AHI < 5 (n = 1,146) 5 ≤ AHI < 15 (n = 399) AHI ≥ 15 (n = 298) All (n = 1,843)
Age, y, mean (SD) 52.1 (9.9) 56.4 (9.6) 56.6 (9.7) 53.9 (10.1)
Male, n (%) 620 (54) 248 (62) 213 (71) 1,081 (59.1)
BMI, kg/m2, mean (SD) 28.9 (5.6) 32.5 (6.2) 36.6 (8.2) 30.9 (6.9)
Education, y, mean (SD) 14.7 (2.5) 14.2 (2.4) 14.0 (2.3) 14.5 (2.5)
AHI, mean (SD) 1.4 (1.4) 8.7 (2.8) 29.4 (16.5) 6.7 (11.1)
CPAP treatment, n (%) 14 (1.3) 17 (4.3) 111 (37.9) 144 (7.9)
Alcohol drinks/week, mean (SD) 3.5 (5.7) 4.6 (6) 3.7 (5.9) 3.8 (5.8)
Current smoking, n (%) 166 (14.5) 48 (12.0) 34 (11.4) 256 (13.6)
Sleepinessa, n (%) 223 (19.5) 88 (22.1) 74 (24.9) 398 (21.1)
Health history

Stroke, n (%) 11 (0.96) 2 (0.5) 7 (2.35) 20 (1.1)
Epilepsy, n (%) 22 (1.9) 9 (2.3) 5 (1.7) 36 (2)
Hypertension, n (%) 235 (20.5) 139 (34.8) 153 (51.3) 527 (28.6)
Myocardial infarction, n (%) 17 (1.5) 16 (4.0) 23 (7.7) 56 (3.0)

Prescribed medication use
Antidepressants, n (%) 131 (11.5) 57 (14.3) 47 (15.8) 235 (12.8)
Hypnotics, sedatives, n (%) 51 (4.5) 17 (4.3) 13 (4.4) 81 (4.4)
Stimulants, n (%) 5 (0.4) 4 (1.0) 3 (1.0) 12 (0.7)

APOE4 (ε3/ε4, ε4/ε4), n (%) 316 (27.6) 94 (23.6) 90 (30.2) 500 (27.1)

aSleepiness: self-reported excessive daytime sleepiness on most or all days of the week (yes, no). AHI, apnea-hypopnea index; BMI, body mass index; CPAP, 
continuous positive airway pressure; SD, standard deviation.
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formance on the AVLT recognition test (P < 0.001, significant 
at both α = 0.05 and Bonferroni-adjusted α level = 0.006) and 
COWAT test (P = 0.009, significant at α = 0.05, but not at the 
Bonferroni-adjusted α level = 0.006) in APOE4-postive, but not 
in APOE4-negative participants, independent of age, sex, edu-
cation, and BMI. Final regression models for AVLT recognition 

(Table 5) and COWAT (Table 6) stratified by APOE4 genotype 
are provided. Education was positively and statistically signifi-
cantly associated with the performance on both tests in all strata 
whereas age had a negative effect on test scores. Self-reported 
sleepiness or Epworth Sleepiness Score did not have a substan-
tial effect on SDB regression coefficients. Based on the models, 

Table 4—Mixed-effect linear regression model for neurocognitive scores (dependent variable) stratified by APOE4, adjusted for age, sex, education, and 
body mass indexa

APOE4-positive APOE4-negative
5 ≤ AHI < 15

β (SE)
AHI ≥ 15

β (SE)
5 ≤ AHI < 15

β (SE)
AHI ≥ 15

β (SE)
Grooved Pegboardb -0.53 (2.8) -0.76 (3.2) -1.23 (1.7) 0.62 (2.4)
Symbol Digit Modalities testc 0.01 (0.7) 0.12 (0.8) -0.21 (0.4) -0.22 (0.6)
Trail Making Test, Part Bb -1.2 (3.4) 4.1 (3.9) -2.17 (1.5) -1.4 (2.2)
Digit Cancellationb -6.1 (6.6) -6.04 (8.2) 3.20 (4.2) 5.1 (5.9)

aThe β-coefficients represent estimated increments or decrements in cognitive test scores for higher sleep disordered breathing categories compared to no 
sleep disordered breathing (AHI < 5). None of the beta-coefficients (β) were statistically significantly different from zero (P > 0.15). bTime to complete test. 
cNumber of correct responses in 90 seconds (maximum score is 110).

Table 5—Mixed-effect linear regression model results for sleep disordered breathing category and covariates predicting AVLT recognition score stratified by 
APOE4 genotype

APOE4-positive (n = 500 studies) APOE4-negative (n = 1,343 studies)
β (SE) P β (SE) P

Intercept 12.4 (0.9) < 0.001 13.2 (0.54) < 0.001
SDB

AHI < 5 Reference Reference
5 ≤ AHI < 15 -0.27 (0.20) 0.19 0.14 (0.11) 0.19
AHI ≥ 15 -1.02 (0.24) < 0.001 0.02 (0.15) 0.91

Age, y -0.02 (0.01) 0.04 -0.02 (0.01) 0.001
Sex (0 = male, 1 = female) 0.45 (0.23) 0.04 0.53 (0.12) 0.001
Education, y 0.10 (0.04) 0.008 0.06 (0.02) 0.008
BMI, kg/m2 0.03 (0.01) 0.06 0.01 (0.01) 0.20

AHI, apnea-hypopnea index; AVLT, Auditory Verbal Learning Test; BMI, body mass index; SDB, sleep disordered breathing.

Table 6—Mixed-effect linear regression model results for sleep disordered breathing category and covariates predicting Controlled Oral Word Association 
Test score stratified by APOE4 genotype

APOE4-positive (n = 500 studies) APOE4-negative (n = 1,343 studies)
β (SE) P β (SE) P

Intercept 33.3 (4.8) < 0.001 31.2 (3.1) < 0.001
SDB

AHI < 5 Reference Reference
5 ≤ AHI < 15 0.75 (0.85) 0.38 0.36 (0.52) 0.49
AHI ≥ 15 -2.89 (1.08) 0.009 0.56 (0.74) 0.45

Age, y -0.05 (0.04) 0.17 -0.06 (0.03) 0.01
Sex (0 = male, 1 = female) 1.33 (1.53) 0.39 1.02 (0.85) 0.23
Education, y 0.74 (0.22) 0.001 0.91 (0.14) < 0.001
BMI, kg/m2 -0.01 (0.08) 0.92 -0.02 (0.05) 0.65

BMI, body mass index; AHI, apnea-hypopnea index; SDB, sleep disordered breathing.
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the adjusted mean (standard error [SE]) AVLT recognition test 
scores in APOE4-positive participants were: 13.9 (0.1) for AHI 
< 5, 13.7 (0.2) for 5 ≤ AHI < 15, and 12.9 (0.2) for AHI ≥ 15. 
The calculated adjusted mean (SE) COWAT scores were: 41.2 
(0.8) for AHI < 5, 42.0 (0.9) for 5 ≤ AHI < 15, and 38.4 (1.1) 
for AHI ≥ 15.

We also evaluated a number of covariates—medical condi-
tions (e.g., stroke) and medications (e.g., stimulants) described 
in Table 1—that could potentially affect performance on neu-
rocognitive test battery. After adjusting for AHI, APOE4 status, 
age, sex, education, and BMI, we found no additional effect of 
these variables on cognitive scores.

DISCUSSION
In a nonclinical community-dwelling sample, we found SDB 

to be associated with cognitive deficit only in APOE4 carriers. 
This decreased performance was seen in participants with mod-
erate to severe SDB (AHI ≥ 15) and in cognitive tests com-
bining memory and executive function assessment. Based on 
the regression coefficients for moderate to severe SDB in our 
regression model (Table 5), we estimated that among APOE4 
carriers, moderate to severe SDB (compared to no SDB) was 
associated with a one-word decrement on the AVLT recognition 
test. This decrement represents 60% of a standard deviation unit 
of the AVLT recognition score in our sample and is equivalent 
to the decrement in AVLT recognition score associated with 
approximately 10 fewer years of education predicted from the 
same model. Similarly, we estimated that among APOE4 carri-
ers, moderate to severe SDB was associated with a deficit of ap-
proximately three words on the COWAT test. This three-word 
decrement represents 27% of a standard deviation unit of the 
COWAT score in our sample and is equivalent to the decrement 
in COWAT score associated with approximately 3.9 fewer years 
of education predicted from the model presented in Table 6. The 
SDB-APOE4 association was independent of lifestyle variables 
such as smoking, alcohol and caffeinated beverage consump-
tion, and the use of sedatives or antidepressant medications. 
The association was also unrelated to self-reported daytime 
sleepiness, whether measured with a single-item sleepiness 
question or by the Epworth Sleepiness Scale.

The AVLT and COWAT are often used to assist in diagnos-
ing neurologic impairment in a variety of CNS disorders such 
as Alzheimer disease, Parkinson disease, schizophrenia, and 
vascular dementia.34-36 Recently, these two tests were used to 
differentiate the diagnosis of Alzheimer disease and vascular 
dementia.34 Patients with Alzheimer disease performed worse 
on the AVLT recognition test, whereas those with vascular de-
mentia performed worse on COWAT.34 Those results suggest 
that potential mechanisms of cognitive deficit in APOE4-posi-
tive participants with severe SDB may be complex and multiple 
pathways need to be considered.

In a battery of six neurocognitive tests spanning major cog-
nitive domains, we did not find a significant association with 
SDB regardless of APOE4 status in four tests (mainly related 
to executive function, attention, and psychomotor efficiency), 
suggesting that SDB may have a small effect on overall neuro-
cognitive performance and that older age, male sex, and lower 
education associations with SDB severity are more likely to be 
responsible for poorer unadjusted neurocognitive scores in par-

ticipants with AHI ≥ 15 reported in Table 3. Our finding of the 
lack of broad and strong associations between SDB and cogni-
tive measurements is similar to that of the Sleep Heart Health 
Study16 and Autonomic Nervous System Activity, Aging and 
Sleep Apnea/Hypopnea (SYNAPSE) study.17 However, it is no-
table that in our sample, relatively few participants had severe 
SDB, and so we were unable to carefully examine associations 
of cognition and SDB at a severity level often seen in tertiary 
sleep clinic patients. 

Mechanisms underlying the association of sleep apnea and 
cognition are poorly understood. Some authors suggest that day-
time sleepiness, sleep fragmentation, and hypoxemia might con-
tribute to neurocognitive decline associated with SDB.12,18,37,38 
In our study, addition of self-reported sleepiness or Epworth 
Sleepiness Scale score did not have any effect on SDB-cognitive 
function associations or other regression coefficients in the mod-
el, suggesting that the association of sleep apnea and cognition 
in APOE4-positive participants was independent from sleepi-
ness. This might be because sleepiness is not highly specific to 
SDB but is possibly a consequence of other health conditions or 
lifestyle circumstances. We found that the proportion of people 
reporting sleepiness without SDB (19.5%) was not substantially 
less than in those with moderate to severe SDB (24.9%). There 
was also only a modest difference in mean in Epworth Sleepi-
ness Scale scores between these two groups: 8.3 (SD 3.9) for 
people without SDB and 9.6 (SD 4.2) for people with AHI ≥ 15. 
However, one factor that is rarely, if ever, considered in studies 
on the association between SDB and cognition is duration of the 
disease. SDB may affect the CNS in many ways, whether it is 
through hypoxia, oxidative stress, sleep fragmentation, cerebro-
vascular changes, sympathetic nerve activation, etc., and it is 
likely that with longer duration of disease, CNS injury accumu-
lates that may at some point lead to irreversible damage. Unfor-
tunately, disease duration cannot be known for participants who 
entered the study with SDB (a minority in which SDB had been 
diagnosed previously).

Another potential mechanism whereby sleep apnea may af-
fect cognition is brain injury caused by radical oxygen species. 
Murine models of chronic intermittent hypoxia that mimic 
respiratory disturbances associated with SDB showed that re-
oxygenation following a hypoxia event cause oxidative stress, 
neuroinflammation, and organelle injury in the CNS, leading 
to neurobehavioral impairment.39,40 These observations sug-
gest that the AHI may better reflect episodic hypoxia-reoxy-
genation events in SDB than other parameters such as time 
spent under 90% of blood oxygen saturation. We and others 
did not find an association between oxygen desaturation and 
cognitive scores.17,20,37,41 However, there are reports of larger 
cognitive impairment in those SDB patients experiencing 
more severe hypoxia.15,16,18,21

Several studies showed that APOE ε4 allele is associated 
with increased CNS vulnerability to many insults23,42 that may 
include SDB. CPAP treatment of patients with Alzheimer dis-
ease and SDB significantly improved cognitive scores, sleep, 
and mood and reduced daytime sleepiness,43-45 suggesting that 
SDB might contribute to cognitive decline in patients with 
Alzheimer disease. We found memory impairment in APOE4-
positive patients with moderate to severe SBD. It is not clear 
why other cognitive domains were unassociated. However, sub-
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tle problems with memory are often exhibited long before clini-
cal diagnosis of Alzheimer disease; therefore, it is possible that 
SDB may precipitate these effects in APOE4 carriers. Insight 
into the possible mechanism whereby the SDB and APOE4 in-
teraction can affect cognition was provided by a recent study 
by Kheirandish et al.46 in an animal model. Kheirandish et al. 
showed that cognitive impairment induced by chronic intermit-
tent hypoxia in APOE-deficient mice (mimicking dysfunctional 
APOE4) was accompanied by increased oxidative damage 
and inflammation in hippocampus. However, more studies are 
needed to elicit exact mechanisms by which SDB facilitates 
cognitive deficit in APOE4-positive persons.

Strengths of this study include a relatively large sample of 
middle-aged to older adults, the use of the gold standard for as-
sessment of SDB by overnight in-laboratory polysomnography, 
and a validated neurocognitive test battery for cognitive assess-
ment. Thus, both predictors and outcomes were measured objec-
tively and in a standard way, minimizing (but not eliminating) 
measurement error. In the analysis we accounted for known and 
many potential confounders of SDB and cognition such as age, 
education, BMI, and sex. In addition, we examined a number 
of other factors (e.g., health history and habits, medications) 
as potential confounders. However, the study has a few impor-
tant limitations. First, this is a cross-sectional analysis and thus 
we could not determine, for example, how long SDB must be 
present for the interaction with APOE4 on cognition to occur. 
A pure (intrasubject cognitive decline) longitudinal analysis of 
WSCS data will require several more years of follow-up data 
collection to accrue sufficient study power to examine within-
subject reductions in cognitive function in relation to SDB and 
APOE status. Second, selection bias may be a concern. The 
participants of the study were recruited from Wisconsin state 
agencies and at the baseline assessment all were employed; it 
is possible that people with more profound cognitive problems 
and severe SDB were less likely to be employed and be part 
of the study. Third, not all participants in the cohort consented 
to both genetic testing and neurocognitive assessment. Poorer 
cognitive performance of those not consenting may have made 
it more difficult to accurately measure associations between 
SDB and cognition.

In summary, this study suggests that moderate to severe SDB 
in combination with the APOE4 genotype is associated with 
poorer performance on some neurocognitive tests with mem-
ory and executive function components. This is not surprising 
considering that the first subtle signs of Alzheimer disease may 
occur several years or decades before diagnosis. Thus SDB 
may be a significant risk factor that could aggravate cognitive 
impairment in people with high risk for Alzheimer disease. 
Whereas there is currently no treatment or cure for Alzheimer 
disease, SDB can be well managed by adherent CPAP treat-
ment. Our study, together with the evidence that APOE4 and 
SDB interaction on cognitive function may also exist in young 
children, suggest that APOE4 carriers may be more vulnerable 
to SDB effects on the CNS.
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