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Study Objectives: Prior research has linked obstructive sleep apnea (OSA) to varied cognitive deficits. Additionally, OSA in rapid eye movement (REM)
versus non-rapid eye movement (NREM) sleep has been shown to be a stronger predictor of outcomes such as hypertension. The present study aimed to
investigate whether OSA—as characterized by the apnea-hypopnea index (AHI)—during REM and NREM sleep is associated with performance on a range
of cognitive tasks. We also investigated whether the presence/absence of the apolipoprotein E4 allele (APOE4) modifies the associations between AHI during

REM and NREM sleep and cognitive performance.

Methods: A cross-sectional sample of 1,250 observations from 755 community-dwelling adults (mean [standard deviation] age, 62.3 [8.2] years) participating
in the Wisconsin Sleep Cohort study was carried out by means of overnight polysomnography, paper-and-pencil cognitive tasks, and genetic data. Linear
mixed effects models with repeated measures estimated associations of AHI during REM and NREM sleep with cognitive outcomes, stratified by APOE4

status (carrier versus noncarrier).

Results: No significant associations were found between REM AHI and cognitive outcomes for either APOE4 carriers and non-carriers. Higher NREM

AHI was associated with worse memory retention among APOE4 carriers; among noncarriers of APOE4, higher NREM AHI was associated with worse
performance on a test of psychomotor speed, but better performance on two tests of executive function.

Conclusions: Sleep state-specific (REM, NREM) OSA may be differentially associated with varying dimensions of cognitive deficits in middle-aged to older
adults, and such associations are likely to be modified by genetic factors, include APOE polymorphisms.
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BRIEF SUMMARY

cognitive domains.

Current Knowledge/Study Rationale: Although there is evidence that a higher apnea-hypopnea index (AHI) may be associated with cognitive
impairment, it is not known whether the association varies by the AHI measured during rapid eye movement (REM) and non-rapid eye movement
(NREM) sleep. We also investigated whether this association varies according to the presence of the apolipoprotein E4 allele (APOE4).

Study Impact: We found that among APOEA4 carriers, higher REM AHI is associated with worse psychomotor speed and higher NREM AHI

is associated with worse memory retention. Our study provides the first investigation of the associations between AHI during different sleep
states and cognition. Furthermore, our results suggest the possibility that exposure to AHI levels during various sleep states may affect different

INTRODUCTION

An increasing number of studies have investigated the role that
various clinical conditions and pathologies, including obstruc-
tive sleep apnea (OSA), have in influencing neuropsychological
functioning. OSA is a common sleep disorder characterized
by repeated episodes of apneas and hypopneas during sleep,
daytime sleepiness, sleep fragmentation, and hypoxia.* There
is evidence for an association between OSA and cognitive
deficits, although it is not clear which cognitive domains are
the most impaired.® Several review studies suggest that OSA
is mainly associated with impaired executive functions and
memory, while other domains may be less affected.’* However,
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clinical observations and self-reports of patients with OSA
suggest that further research is needed in order to better under-
stand the memory deficits reported.’

To date, the prevalence of cognitive impairments among
individuals with OSA is still unclear. A prospective observa-
tional study of 49 consecutive patients with OSA showed that
1 in 4 patients had neurocognitive dysfunctions.” However,
establishing the exact prevalence of cognitive deficits can be
difficult, since some OSA risk factors are independently asso-
ciated with abnormalities of brain function and neurocognitive
deterioration.’ Moreover, the contribution of OSA to cognitive
dysfunction is not established. A recent meta-analysis found no
association between OSA and overall cognitive function, but
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reported substantial variation in the associations found across
studies, influenced in particular by study setting.® These au-
thors suggest that there is likely an association in some older
adults and call for further exploration of this relationship.

The apnea-hypopnea index (AHI), the measure typically
used to define the presence and severity of OSA, is usually
measured across the entire night of sleep, but results from sev-
eral studies suggest that AHI may differ across rapid eye move-
ment (REM) and non-rapid eye movement (NREM) sleep.’
Associations between AHI during REM and NREM sleep with
various outcomes have begun to be investigated. For example,
among participants in the Wisconsin Sleep Cohort Study
(WSCS), Mokhlesi et al® investigated the association between
NREM and REM OSA and hypertension, finding that the lat-
ter is cross-sectionally and longitudinally associated with
hypertension. Additionally, Mokhlesi et al® found that REM
OSA is independently associated with incident nondipping of
blood pressure.

Because several physiological and cognitive comorbidi-
ties are associated with OSA, researchers have started to in-
vestigate its genetic and etiological factors.' There is some
evidence of an association between apolipoprotein E4 allele
(APOE4) and OSA.""* APOEA4 is a genetic risk factor for sev-
eral neurologic disorders, particularly dementia," and it has
been directly associated with cognitive impairment among in-
dividuals without dementia."” It is not clear whether variability
in the APOE gene relates to normal cognitive aging in humans.
A few cross-sectional studies have demonstrated that APOE4
is significantly associated with cognitive function in middle-
aged and older adults.'® Furthermore, some longitudinal stud-
ies show that, among those without dementia, cognitive decline
proceeds faster among those with APOE4 than among those
without.'®" Previously published results from the Wisconsin
Sleep Cohort Study,'® as well as results from other studies,?*?!
provide evidence that individuals with OSA who are APOE4
carriers show worse cognitive performances than non-carrier
individuals with OSA. Exposure to intermittent hypoxia, such
as occurs in OSA, is associated with oxidative stress and with
increased neuronal apoptosis in brain regions involved in
learning and memory, as well as in other cognitive functions.
APOE4 has been implicated in neurodegenerative disorders,
and in vitro studies suggest that one of the functions of APOE4
is to confer protection from oxidant stress-induced neuronal
cell loss.”? These mechanisms may be part of the explanation
of the influence of APOE4 on cognition.

Many studies show that NREM sleep is mainly involved
in consolidating long-term memories.” > The fragmentation
of NREM sleep has not only been reported to affect memory
skills, but it may also contribute to an increased production of
amyloid.?® Moreover, although many studies find that OSA is
worse during REM sleep,” other studies report 50% of par-
ticipants showing a NREM AHI higher than REM AHL™ In
the light of these findings and findings that AHI levels during
REM and NREM sleep are differently associated with various
outcomes, and because REM and NREM sleep may play dif-
ferent roles in various cognitive processes, we investigate in
this study whether REM and NREM AHI are differently as-
sociated with various cognitive functions.
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Building on our previous findings that AHI is more strongly
associated with cognitive impairment among APOE4 carriers
than noncarriers,'* the aim of this study was to investigate as-
sociations between memory and other cognitive impairments
and AHI during REM and NREM sleep among individuals
in the Wisconsin Sleep Cohort. Our second objective was to
evaluate whether APOE4 status modifies these associations
between cognition and OSA during REM and NREM sleep.
Based on evidence from studies that separately investigated
the deleterious effects of fragmentation of sleep on cognition,
the importance of NREM sleep in mediating memory con-
solidation, and the role of APOE4 in these processes,™?® we
hypothesized that higher AHI during NREM sleep would be
associated with memory impairment, and that this association
would be stronger among APOE4 carriers.

METHODS

Participants and Data Collection

There were 1,545 middle-aged adults enrolled in the WSCS,
an epidemiologic study of the natural history, causes and con-
sequences of sleep-disordered breathing.” Participants com-
pleted overnight polysomnography and neuropsychological
tests, as well as body habitus measures and questionnaires
about lifestyle, health and medications. A subset of the 1,545
participants had available genetic data to identify APOE geno-
types as described previously.” For the present investigation,
1,250 studies from 755 adults, (age range 40—85 years at the
time of data collection), who had data on neuropsychological,
polysomnography and genetic measures were included. Stud-
ies were conducted between September 2000 and August 2015.
All study protocols were approved by the University of Wis-
consin Health Sciences Institutional Review Board.

Polysomnography

Polysomnography recordings have been described in detail in
previous studies from the WSCS."*3%3" Apneas were defined
as a cessation of breathing for at least 10 seconds, while hy-
popneas were defined as a discernible reduction of breathing
effort associated with a 4% or greater reduction in blood oxy-
hemoglobin saturation. The AHI was calculated separately for
REM and NREM sleep, as the mean number of apneas and
hypopneas per hour of sleep.

Neuropsychological Assessment
A neuropsychological paper-and-pencil battery of tests was
administered by trained technicians. The overall neuropsycho-
logical assessment, which lasted about 45 minutes, is briefly
described below.
* The Trail Making Test (Part B) is commonly used to
assess executive functions, motor speed, and attention.
It consists of 25 circles numbered from 1-13 and
lettered from A—L. Participants are asked to connect
in sequence, as quickly as possible, all the circles
alternating, in increasing order, between numbers
and letters. The main outcome is seconds required to
complete the task.
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* The Symbol Digit Modalities Test is also used to
evaluate executive function, attention and motor
skills. In this test, a visual key consisting of 110
paired geometric figures and numbers is provided.
Participants are asked to apply a key to supply the
proper number that is associated with the specific
symbol. The outcome is the number of correct
responses in 90 seconds.

* The Controlled Oral Word Association Test (COWAT)
assesses both executive function and language skills.
Participants are asked to name as many words as
possible starting with a selected letter of the alphabet.
The outcome is the number of words named in 1 minute.

» The Digit Cancellation Test evaluates psychomotor
speed. Participants are asked to detect and delete, as
quickly as possible, the target stimulus among a series
of distractors. The outcome is seconds required to
complete the task.

* The Grooved Pegboard Test evaluates psychomotor
speed. In this test, participants are asked to insert, as
quickly as possible, 25 grooved pegs into randomly
oriented, slotted holes with, alternately, the right and
the left hand. The outcome is seconds to complete the
task (sum of right and left hands).

* The Auditory Verbal Learning Test assesses memory
and learning skills. It is composed of several subtests
consisting of five presentations of a 15-word list with
immediate recall (Learning), one presentation of a
second 15-word list to distract, a sixth recall trial of
the first list (Retention), a recall of the words from the
first list after 30 minutes (Delay), and circling words
in a short story (Recognition). Different outcomes
are measured for each sub-test. The Learning score
consists of the sum of recalled words in trial 1-5; the
Retention score is provided by the number of recalled
words; the Delay score is the percentage of recalled
words and, finally, the Recognition score is represented
by the number of words correctly identified.

Statistical Analyses

Participants’ sociodemographic and lifestyle characteristics,
sleep measures, medical history, use of medications, and pres-
ence of APOE4 were described by frequency and percentage
for categorical variables or with mean + standard deviation
(SD) for continuous variables. Mean scores of cognitive tests
according to AHI levels were also reported.

In order to examine the association between cognitive func-
tioning and AHI, a linear mixed effect model with repeated
measures estimation using a compound symmetry covariance
structure was fit for each cognitive test (outcome), including
both NREM AHI and REM AHI in the models as the main ex-
posure variables. Due to the skewness of the underlying distri-
bution, REM AHI and NREM AHI were logl0 transformed for
modeling purposes. All models were adjusted by the following
potential confounders: use of continuous positive airway pres-
sure in the sleep laboratory, age (years), squared age (years?),
sex (male versus female), educational level (in years of com-
pleted schooling) , body mass index (kg/m?), stroke (no versus
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yes), hypertension (no versus yes), total sleep time (h/night),
percentage of total sleep time in REM sleep, and presence
of APOE4 (carrier versus noncarrier). Finally, analyses were
stratified by the presence or absence of APOE4 to explore pos-
sible interactions between this condition and AHI on the as-
sociation with cognitive performance.

Two-sided P < .05 was considered statistically significant.
Data were analyzed with SAS software, version 9.4 (SAS Insti-
tute Inc, Cary, North Carolina).

RESULTS

Among the 1,250 studies, the mean (SD) AHI was 14.3 (15.6)
events/h. The mean (SD) REM and NREM AHI across studies
were 20.2 (21.0) and 12.1 (14.7) events/h, respectively. Selected
demographic, neuropsychological and sleep characteristics of
the sample are presented in Table 1.

Table 2 shows the estimated association between REM and
NREM AHI and each of the cognitive outcomes, adjusted for
potential confounders. Findings show that higher AHI during
REM sleep is associated with worse executive functions and
language skills as evaluated by the COWAT, and higher NREM
AHI was associated with slightly better COWAT scores.

Table 3 shows the results stratified by APOE4 status.
Among APOE4 carriers, higher NREM AHI was associated
with worse memory retention, as measured by the Auditory
Verbal Learning Test. Among APOE4 noncarriers, higher
NREM AHI was associated with worse performance on the
Digit Cancellation Test, but better performace on the Sym-
bol Digit Modalities Test, and the COWAT. No other signifi-
cant associations were found between REM or NREM AHI
and any of the cognitive assessments among APOE4 carriers
and noncarriers.

DISCUSSION

The present study is one of the first to investigate the asso-
ciation between cognitive functioning and AHI during REM
and NREM sleep, as well as whether APOE4 status modifies
these associations. Stratifying by APOE4 status, we found
that higher NREM AHI was associated with worse long-term
memory retention skills among APOE4 carriers. Unexpected
positive associations between NREM AHI and language abili-
ties and executive function were found among APOE4 noncar-
riers. Further investigations are needed in order to corroborate
or challenge our findings in both expected (more severe sleep-
disordered breathing associated with poorer cognitive func-
tion) and unexpected directions.

Among APOE4 noncarriers, we found an association be-
tween higher NREM AHI and worse performance on the Digit
Cancellation Task. Several studies suggest an association be-
tween APOE4 and OSA (for a meta-analysis see Small et al®?),
and previously published results from the WSCS are consistent
with these studies.!” In the WSCS, Nikodemova et al?® found
that while there was no association between cognitive perfor-
mance and OSA among APOE4 negative individuals, among
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Table 1—Characteristics of the sample stratified by APOE4 carrier status (n = 1,250 observations from 755 participants).

Characteristics All (n =1,250) Carrier (n = 364) Noncarrier (n = 886)
Age (years), mean + SD 62.3+8.2 62.3+8.6 62.4£8.0
Female, n (%) 552 (44.2) 141 (38.7) 411 (46.4)
Body mass index (kg/m?), mean + SD 31.7+£73 316175 318172
Education (years), mean + SD 144+25 14125 145+25
Alcohol (drinks/wk), mean + SD 38154 3749 38156
Current smoker, n (%) 102 (8.2) 33(9.1) 69 (7.8)
Sleep Measures
AHI (events/h), mean + SD* 14.3+15.6 142+ 165 14.3+15.3
REM AHI (events/h), mean + SD* 202+21.0 19.1+£20.9 20.721.0
NREM AHI (events/h), mean + SD* 121 +£14.7 12.3+15.8 11.914.2
CPAP use in the laboratory, n (%) 88 (7.0) 28 (7.7) 60 (6.8)
Medical History
Stroke, n (%) 31(2.5) 11(3.0) 20(2.3)
Hypertension, n (%) 520 (41.6) 144 (39.6) 376 (42.4)
Genetic Data
APOE4, n (%) 364 (29.1) 365 (100) 0(0)
Cognitive Test Scores
Trail Making Test Part B (seconds), mean + SD 83.0+374 85.5+451 82.0+33.6
Symbol Digit Modalities Test (# correct), mean + SD 438+9.2 49.2+9.6 48.6 9.0
Controlled Oral Word Association (# words), mean + SD 414+ 1.1 40.9+105 416+11.3
Digit Cancellation Test (seconds), mean + SD 396.4 £93.5 396.9 +£90.3 396.1£94.8
Grooved Pegboard Test (seconds), mean + SD 159.9+45.9 1579+ 37.4 160.8 £49.0
Auditory Verbal Learning Test
Recognition (# correct), mean + SD 13.7+1.8 13.7+19 13.8+1.7
Learning (# correct), mean + SD 475+94 474 +95 476 +94
Delay (% correct), mean + SD 794 +185 792181 79.6 £18.6
Retention (# correct), mean £ SD 9629 9.7+29 9629

*Excludes studies when the participant was on CPAP in the laboratory. AHI = apnea-hypopnea index, APOE4 = apolipoprotein E4 allele, CPAP = continuous
positive airway pressure, NREM = non-rapid eye movement, REM = rapid eye movement, SD = standard deviation.

Table 2—Associations between REM and NREM AHI and cognitive performance in adults.

o log10(REM AHI) log10(NREM AHI)
Cognitive Test n Beta (95% Cl) P Beta (95% CI) P
Trail Making Test Part B (seconds) 1,248 0.59 (-4.37, 5.55) 81 -1.83(-7.58, 3.92) 53
Symbol Digit Modalities Test (# correct) 1,250 -0.61(-1.53,0.31) 19 1.04 (-0.07, 2.15) .07
Controlled Oral Word Association (# words) 1,249 -1.40 (-2.65, -0.14) .03 1.93(0.41, 3.44) .01
Digit Cancellation Test (seconds) 1,245 2.02 (-8.45, 12.49) 4l 11.11 (-0.93,23.15) .07
Grooved Pegboard Test (seconds) 1,244 0.18 (-4.98, 5.34) .95 -3.69 (-9.13, 1.76) 19
Auditory Verbal Learning Test

Recognition (# correct) 1,247 0.15(-0.09, 0.39) 22 -0.23 (-0.52, 0.07) 14
Learning (# correct) 1,247 0.38 (-0.76, 1.51) 52 0.97 (-0.36, 2.29) 15
Delay (% correct) 1,244 0.87 (-1.61, 3.34) 49 -2.23 (-5.30, 0.84) 15
Retention (# correct) 1,246 0.01(-0.34, 0.36) .96 -0.12 (-0.53, 0.30) 59

Linear mixed-effects models with cognitive tests scores as separate outcomes and REM and NREM AHI as main exposures in the same model, adjusted
by use of CPAP in the sleep laboratory (no versus yes), age (years), squared age (years?), sex (male versus female), educational level (years of completed
schooling), body mass index (kg/m?), stroke (no versus yes), hypertension (no versus yes), total sleep time (h/night), percentage of total sleep time in REM
sleep, and by the presence of APOE4 (carrier versus noncarrier). Beta and 95% Cl are based on REM AHI and NREM AHI that were log10 transformed
before modeling. AHI = apnea-hypopnea index, APOE4 = apolipoprotein E4 allele, Cl = confidence interval, CPAP = continuous positive airway pressure,
NREM = non-rapid eye movement, REM = rapid eye movement.
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Table 3—Associations between REM and NREM AHI and cognitive performance stratified by APOE4 carrier status.

Carrier Noncarrier

log10(REM AHI) log10(NREM AHI) log10(REM AHI) log10(NREM AHI)

" Beta(95%Cl) | P | Beta(95%Cl) | P | | | Beta(@5%Cl) | P | Beta(95%Cl) | P

(Tsrglclol\r/llgls“)ng fostant® 364 (—10.?16?113.57) 79 (—16?35?%.77) 60 | 8a4 (—4.10 d§15.31) 80 (—7.;16',6 3.07) S

(S#y&?%g)igit Modalles Test | 364 (—3._119',4 5.25) 10 (—2._2%,313 ey | T 888 .-1%,1(()).96) 86 (0.113',4 5.77) 03

ngctg!ﬁgn%al/vvgfdrg) 363 (—3:510',2 3.92) 25 (-3.;%,723.04) 60 | 886 (—2._911',3 3.13) S e 1%8 4?.65) <01

?slglctocriggf elaton fest 363 (—123;%9.13) 42 (—25._554',319 475 B0 | 882 (—12.23%,7 p 43| (3.811%22.63) 01

gaoc%vn%dsr sgboardTest | aga (—8.010',317 073 | 18 (—12?59?77.36) 61 | 881 (—6._3%,5 5(3).36) 87 (—11._31',72.03) A7
Auditory Verbal Learning Test

Recognition (# correct) | 363 (_0.'5%'93 PR I)g',ag.ss) 30 | 884 (—o.géz,%.so) 07 (_0_;%,18_11) 22

Learning (# correct) 363 (_2__33"13_07) 91 (_2__7%"027_ 55) 96 | 884 (—O.E(S)é6,21 %) 35 (_0.3;2.95) .06

Delay (% correct) 359 (_3.1 1'?‘;89) 60 (—6_.(()),'%(.)40) 92 | 885 (-z.gé?%. w | T (_6;521%68) A1

Retention (# correct) 360 (_ngﬁ 0 | 3| .7'8"9_%.17) 02 | 86 (_0;%71326) 48 (—o.gfé.m) 2

Linear mixed-effects models with cognitive tests scores as separate outcomes and REM and NREM AHI as main exposures in the same model, adjusted
for: use of CPAP in the sleep laboratory (no versus yes), age (years), squared age (years?), sex (male versus female), educational level (years of completed-
schooling), body mass index (kg/m?), stroke (no versus yes), hypertension (no versus yes), total sleep time (h/night) and by the percentage of total sleep
time in REM sleep. Each model was run separately by the presence of APOE4 (carrier versus noncarrier). Beta and 95% CI are based on REM AHI
and NREM AHI that were log10 transformed before modeling. AHI = apnea-hypopnea index, APOE4 = apolipoprotein E4 allele, Cl = confidence interval,
CPAP = continuous positive airway pressure, NREM = non-rapid eye movement, REM = rapid eye movement.

APOE4 carriers, those with moderate OSA had worse perfor-
mance on cognitive tasks.

There is some evidence that the consolidation of long-term
memories occurs mainly during NREM sleep.?* NREM sleep
has also been found to be more fragmented by apneas and
hypopneas,* which is associated with the deposition of amy-
loid plaques.*~7 Recent studies have suggested that amyloid
accumulation disrupts NREM sleep which may contribute to
hippocampal-dependent cognitive decline.*® This would theo-
retically explain why amyloid deposition is associated with
diminished NREM sleep. Furthermore, NREM sleep fragmen-
tation would promote an increased synaptic tone and metabolic
activity in the brain that, in turn, may lead to the accumulation
of toxic metabolites (namely, the amyloid) in the nervous sys-
tem, resulting in a subsequent amyloid plaque deposition that
further worsens sleep.’’

We found that NREM AHI is a predictor of worse mem-
ory performance, particularly long memory retention, among
APOE4 carriers. Our results are consistent with other stud-
ies, 3% and provide additional evidence that there may be
brain changes due to elevated AHI during NREM sleep. Our
results suggest that encoding processes may not be damaged,
as performances in word recognition was not associated with
REM or NREM AHI. A selective deficit emerged in retention
(ie, the ability of recovering words from memory), suggest-
ing that memory loss, specifically, may be due to the NREM
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AHI fragmentation. Cosentino et al*' also described a selective
deficit for words retrieval in patients with OSA; however, these
authors did not analyze the possible differences between REM
and NREM sleep. We did not find other significant associations
between AHI levels and cognitive outcomes among APOE4; it
is possible that this may be explained, in part, by the smaller
sample size of the carrier group.

We did not find an association between REM or NREM AHI
and tests of recognition, consistent with results from other stud-
ies.”! This finding may be consistent with the hippocampal/sub-
cortical-frontal dissociation theory. According to this theory,
the hippocampus is more involved in encoding and storage pro-
cesses, while the subcortical-frontal networks are responsible
for retrieval.***!' Our results, that tasks of recognition were not
associated with higher AHI, suggest that higher AHI may not
be substantially associated with greater amounts of hippocam-
pal memory damage. Conversely, a subcortical-frontal dysfunc-
tion—well established in patients with OSA*—is consistent
with the retention deficit we see in those with OSA.

CONCLUSIONS

The present study provides the first investigation of the asso-
ciations between AHI during different sleep states and cogni-
tion. Our results showed that among APOE4 carriers, higher
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NREM AHI is associated with worse performance on a long-
term memory task. Further research could explore associa-
tions between cognition and AHI levels during different stages
of NREM sleep. In particular, stage N3 and N4 sleep, which
are characterized by slow wave sleep, could be important for
memory consolidation. Our results suggest the possibility that
exposure to AHI levels during various sleep states may affect
different cognitive domains.

These findings add to our understanding of the associations
between AHI levels during REM and NREM sleep and high-
light the importance of APOE4 carrier status in understanding
these potential relationships. Treatment for OSA to lower AHI
levels during each stage of sleep remains an important clinical
goal, perhaps especially so for those who carry APOE4.

ABBREIVATIONS

APOE4, apolipoprotein E4 allele

AHI, apnea-hypopnea index

COWAT, Controlled Oral Word Association Test
NREM, non-rapid eye movement

OSA, obstructive sleep apnea

REM, rapid eye movement

SD, standard deviation

WSCS, Wisconsin Sleep Cohort Study
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