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Study Objectives: Obstructive sleep apnea (OSA) prevalence increases with age, but whether OSA-related sleep disruption could interrupt the processing of
previously encoded wake information thought to normally occur during sleep in cognitively normal older adults remains unknown.
Methods: Fifty-two older (age = 66.9 ± 7.7 years, 56% female), community-dwelling, cognitively normal adults explored a 3-D maze environment and then
performed 3 timed trials before (evening) and after (morning) sleep recorded with polysomnography with a 20-minute morning psychomotor vigilance test.
Results: Twenty-two (22) participants had untreated OSA [apnea-hypopnea index (AHI4%) ≥ 5 events/h] where severity was mild on average [median
(interquartile range); AHI4% = 11.0 (20.7) events/h] and 30 participants had an AHI4% < 5 events/h. No significant differences were observed in overnight percent
change in completion time or in the pattern of evening presleepmaze performance. However, during themorning postsleep trials, there was a significant interaction
between OSA group and morning trial number such that participants with OSA performed worse on average with each subsequent morning trial, whereas those
without OSA showed improvements. There were no significant differences in morning psychomotor vigilance test performance, suggesting that vigilance is unlikely
to account for this difference in morning maze performance. Increasing relative frontal slow wave activity was associated with better overnight maze performance
improvement in participants with OSA (r = .51, P = .02) but not in those without OSA, and no differences in slow wave activity were observed between groups.
Conclusions: OSA alters morning performance in spatial navigation independent of a deleterious effect on morning vigilance or evening navigation
performance. Relative frontal slow wave activity is associated with overnight performance change in older participants with OSA, but not those without.
Keywords: elderly, learning, EEG, SWA, Alzheimer disease
Citation:Mullins AE,WilliamsMK, KamK, et al. Effects of obstructive sleep apnea on human spatial navigational memory processing in cognitively normal older
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Understanding the impact of obstructive sleep apnea on cognitive function in older adults is clinically important
and may shed light on biological mechanisms by which sleep serves to process previously encoded wake information.
Study Impact: This study indicates that obstructive sleep apnea can negatively impact sleep-dependent cognitive processing of a spatial navigation task,
even when obstructive sleep apnea is mild on average, without negatively impacting morning psychomotor vigilance. Slow wave activity appears to be an
important marker of the brain’s ability to process and utilize spatial information encountered during prior wakefulness in older individuals with obstructive
sleep apnea.

INTRODUCTION

Sleep is known to be important for memory processing.1,2 The
mechanisms detailing how different sleep stages contribute to
memory formation are not well delineated,3 but neural oscillations
characteristic of non–rapid eye movement (NREM) sleep such as
slowwave activity (SWA) are thought to mediate learning.4 This
theory is supported by findings showing learning-dependent
increases in SWA5 during sleep in healthy individuals.

It follows then that disorders causing sleep disruption, such as
obstructive sleep apnea (OSA), could compromise the stability of
these oscillations, and offline memory processing would be im-
paired.Duringdaytime neuropsychological testing,OSAhas been
associated with deficits in tasks involving executive functioning,6

and in older adults, OSA is associated with an increased risk of

developing Alzheimer disease7–11. Nevertheless, a causal rela-
tionship between OSA, cognitive decline, and Alzheimer disease is
not firmly established.12 Most studies investigating cognitive
function in OSA assess general cognitive abilities during daytime
testing or neurobehavioral vigilance rather than overnight memory
processing involving encoding and recall components separated by
a period of sleep.2 A small number of studies incorporating sleep-
related memory assessments in OSA patients have demonstrated
impaired processing of declarative and procedural memory tasks
compared to healthy controls,13,14 but the memory-encoding
components and implicit motor memory formation appeared
intact.15 In a series of studies showing impaired overnight
motor sequence task learning in moderately severe OSA, a
negative relationship was observed between task performance
and a polysomnographic (PSG) arousal index,16,17with the later
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study showing increasing age to be associated with fewer
overnight improvements.

Some features of sleep which are disrupted by OSA could be
important for memory processing. Slowwaves and SWA are in the
frequency range of ~0.3 to 4 Hz and encapsulate both slow os-
cillations (SOs) of ~1 Hz and delta band activity between ~1 and
4 Hz,18,19 and it may be important to functionally differentiate
SOs from delta activity, as they have been shown to have
differing impacts on both memory (in rodents)20 and cortical
amyloid deposition.21 In cognitively normal individuals, re-
ductions in SWA and SOs during NREM sleep are associated
with biomarkers of Alzheimer disease9,21–23 and impairments
in declarative memory.21,22

Spatial navigational memory is defined as the ability to recall
routes to salient targets in novel environments. This type of
memory is particularly important because impairments in
spatial navigational memory are universally present in those
with bona fide Alzheimer disease. Furthermore, impaired
spatial navigational memory in otherwise cognitively normal
older individuals is thought to be a potential risk factor for
subsequentAlzheimerdisease.24,25Muchof the researchconcerning
sleep and memory in rodents utilizes hippocampus-dependent
spatial learning paradigms where replay of hippocampal place-
cell sequences during sleep, particularly during sharp-wave rip-
ples, is thought to contribute to the offline processing of spatial
information.26–28 In humans, overnight sleep enhances perfor-
mance on a virtual maze navigation task that is not observed
after a comparable awake period in daytime.29,30 Furthermore,
overnight improvements in spatial navigation on this task are
attenuated in older compared to younger adults, and are posi-
tively associated with relative frontal SWA.31 The benefits of
overnight sleep for improvements on this task are also atten-
uated when OSA is induced specifically during rapid eye
movement (REM) sleep in continuous positive airway
pressure–treated patients.32

OSA is quite common in older individuals with several studies
reporting that up to half of older adults aged > 60 years have at
least mild OSA,33 often without significant daytime sleepiness.8

It is important to define whether such highly prevalent OSA has
an impact on immediate memory on a sleep-mediated memory
task and, if so, presents a possible risk for future cognitive
decline. Therefore, it is critical to define cognitive implications
of OSA beyond sleepiness. The present study investigates
whether OSA in older individuals results in impaired sleep-
mediated spatial navigational memory performance or influ-
ences measures of sleep continuity and slow wave activity.
Based on previously demonstrated associations between sleep
continuity and frontal slowwave activitywith overnight change
in spatialmemory performance,31we hypothesized that SWAor
slow wave continuity in older adults with and without OSA
would be predictive of overnight performance change.

METHODS

Participants
Sixty-one (61) adultswere recruited from a pool of healthy older
adults participating in National Institutes of Health–supported

longitudinal studies on normal aging and Alzheimer disease at
New York University. All participants aged between 55 and
85 years had ≥ 12 years of education, were considered cogni-
tively normal based on clinical neurological and neuro-
psychological assessment (including the Clinical Dementia
Rating scale and Mini-Mental State Exam), and were judged to
be nondepressed (as defined byGeriatric Depression Scale < 6).

Exclusion criteria were the use of any psychoactive drugs
[aside from the stable (> 8 weeks) use of a single selective
serotonin reuptake inhibitor antidepressant], the presence of
unstable comorbid conditions (stroke, uncontrolled diabetes,
traumatic brain injury, lung diseases, drug abuse, or magnetic
resonance imaging evidence of intracranial mass or infarcts), or
the presence of circadian rhythm disorder. An Epworth
Sleepiness Scale was completed by participants at this time to
assess self-reported sleepiness. TheEpworth Sleepiness Scale is
a behavioral sleepiness questionnaire using a 4-point intro-
spective self-rating scale to assess the hypothetical chance of
dozing across 8 different situations “during recent times.”
Higher values represent greater self-reported sleepiness, where
the cut-off of ≥ 10 points is accepted to indicate excessive
daytime sleepiness.34 OSA, defined as an apnea-hypopnea in-
dex (AHI) with 4% desaturation criteria for hypopnea
(AHI4%) ≥ 5.0 events/h, was present in 23 people, and no OSA
(AHI4% < 5.0 events/h) was observed in 38 individuals. All
participants provided informed consent prior to their partici-
pation in the study where they underwent in-lab poly-
somnography, maze testing, and psychomotor vigilance testing
(PVT). All procedures were approved by both the New York
University Langone School of Medicine and Icahn School of
Medicine at Mount Sinai Institutional Review Boards.

Virtual maze performance and psychomotor
vigilance test
At about 20:00 on each night of the study, participants began
training on a virtual maze task, a simple 3-D environment
designed for this research.30 After a period of general famil-
iarization with joystick controls (Thrustmaster�, Guillemot
Corporation, Carentoir, France) in a virtual Z-shaped corridor,
participants initially spent 5 minutes exploring a complex maze
designed using “Unreal Tournament 3 Editor” (Epic Games,
Cary, NC). Avatar walking speed and turning speed were re-
duced to minimize motion “cybersickness.” The game was
projected onto a screen in a darkened testing room. The viewing
area was 67 × 50 inches, and participants sat 13 feet away with
their vision corrected if they usually required it. Participants
were instructed to remember the layout of the maze environ-
ment as well as possible. Subsequently, participants navigated
through the same maze during 3 presleep test trials, in which
they were instructed to reach a specified goal point as quickly
as possible. Time to reach the goal per trial was capped at
10 minutes (600 seconds). Nine (9) participants (1 with OSA
and8withoutOSA)who failed to reach the goal after 10minutes
in 2 or more of the 3 evening presleepmaze trials were excluded
from analysis per our findings from a previous publication
showing older and younger adults encode similarly if indi-
viduals failing 2 or more trials were excluded.31 This resulted in
a total of 52 participants included in the final analysis.
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Participants performed a standardized 20-minute psycho-
motor vigilance test (AmbulatoryMonitoring Inc,Ardsley,NY)
beginning 1 hour after awakening at their habitual wake time.
Thereafter, they performed 3 postsleep test trials on the 3-D
virtual maze, again instructed to reach the same specified goal
point as quickly as possible.

The primary performance metric on the virtual maze was
completion time (CT). CTwas recorded by the software to a log
file that was saved after each trial. Additionally, the countdown
timer at the point ofmaze completionwasmanually recorded by
the technician administering the task. In addition to individual
completion time per trial, overnight change was calculated as
the difference between the average of the 3 trials before and after
sleep as a percentage change. Thismeasure has the advantage of
normalizing any differences between participants in navigation
speed (for example due to proficiency with using the joystick).
Positive values represent improvement and negative values
represent worsening after sleep.

Psychomotor vigilance test metrics included mean reaction
time (in milliseconds) and number of lapses (no response after
500 milliseconds). Participants also self rated pre- and post-
PVT sleepiness using a 1–10 scale (where 1 corresponded to
“not sleepy” and 10 “very sleepy”). A transform of the number
of lapses was done to enable parametric testing [Lapses
(transform) = sqrt (#lapses) + sqrt (#lapses+1)].35 PVT was not
completed for 3 participants without OSA. In 1 case, this was
due to a device malfunction. In the other 2 cases, the PVT was
omitted from the protocol to cater to participantswhowere short
on time in the morning before needing to leave the sleep lab.

Polysomnography
A full-night, attended in-laboratory PSG was acquired fol-
lowing standard American Academy of Sleep Medicine
criteria36 at the Mount Sinai Integrative Sleep Center using
Compumedics E-series (Melbourne, Australia). Participants
were connected to PSG and lights off was scheduled to ap-
proximate the participant’s self-reported habitual bedtime. Prior
to this a bedtime questionnaire was completed by participants
recording information on activities such as caffeine, alcohol,
and food and drug intake for that day. Signal acquisition in-
cluded electroencephalography (EEG: F3, F4, C3, C4, O1, O2),
left and right electro-oculography, all sampled at 256 Hz and
referenced to the contralateral mastoid (M1, M2), submental
bipolar electromyography, respiration by a nasal cannula/
pressure transducer and oral thermistor, effort by rib/
abdomen impedance plethysmography; single-channel elec-
trocardiography, and oxygen saturation by pulse oximetry.
PSGs were scored in 30-second epochs according to standard
criteria37 for sleep and EEG arousals. Total sleep time and
percent time spent in wake, REM sleep, non-REM stage 1
(NREM 1), non-REM stage 2 (NREM 2), and slow wave sleep
(SWS) were determined. Respiratory events were scored from
the airflow signal using American Academy of Sleep Medicine
criteria and stage-specific (Total, REM, and NREM) apnea
indices were calculated. Apneas were defined as absence of
airflow for ≥ 10 seconds. Hypopnea 4% was defined as a re-
duction in the amplitude of breathing by 30% or more for
≥ 10 seconds with ≥ 4% decline in blood oxygen saturation,

irrespective of the presence of an arousal. Hypopnea (3% or
arousal)was defined as a reduction in the amplitude of breathing
by 30% or more for ≥ 10 seconds accompanied by ≥ 3% decline
in blood oxygen saturation or EEG arousal. The AHI4% was
defined as the sum of all apneas and hypopneas with ≥ 4%
desaturation dividedby the total sleep time in hours. TheAHI3A
was defined as the sum of all apneas and hypopneas with ≥ 3%
desaturation or EEG arousal divided by the total sleep time in
hours. All PSGs were scored by 1 of 2 RPSGTs (B.C. or Z.J.R.)
and all PSGs were reviewed by a single expert (I.A.) for con-
sistent respiratory event scoring.

Sleep continuity was assessed 2 ways. Average sleep bout
length was calculated from the hypnogram by assessing the
mean length in minutes of contiguous epochs (30 seconds) of
sleep scored as that stage, terminated by one or more epochs
scored as another stage, including wake. Secondly, survival
curve analysis for sleep continuitywas performed for each sleep
stage (REM, NREM 1, NREM 2, and SWS) using a bootstrap-
based technique that accounts for the number of contiguous
epochs (30 seconds) contributed by each participant for each
sleep stage.32,38

Quantitative EEG analysis
Frontal EEG channels (active electrode referenced to contra-
lateral mastoid, ie, F3-M2 and F4-M1) were decomposed into
oscillatory and nonoscillatory or transient components using
our previously published DETOKS method.39 Absolute SWA
and SO power was calculated using the average power density
by fast Fourier transform in the 0.5–4 Hz and 0.6–1 Hz fre-
quency ranges, respectively. Relative SWA and SO activities
were defined as the absolute SWA or SO power divided by the
absolute spectral power across all frequencies (0.5–50 Hz and 0.6–
50Hz) for a given EEG derivation, allowing normalization
across participants of spectral power that may otherwise have
been influenced by interindividual anatomical differences.
Average frontal EEG measures for relative SWA and SO
power were calculated [eg, (F3-M2 + F4-M1)/2] for each
participant and used in all subsequent analyses. Where visual
inspection by an experienced PSG technologist (AEM)
indicated > 20% of the recorded EEG signal contained artifact,
that EEG derivation was removed from further analysis.
Quantitative EEG (qEEG) analysis for frontal signals were not
averaged for 1 participant without OSA due to poor F3-M2
signal quality. Instead qEEG measures from the F4-M1 signal
were used. EEG analysis were conducted blind to the partici-
pant’s OSA status and performance measures.

Data analysis
Data were analyzed and plotted using SigmaPlot version 12.0
(Systat Software, San Jose, CA), IBM SPSS Statistics for
Windows, Version 24 (IBM Corp., Armonk, NY), MATLAB
Release 2017b (The MathWorks, Inc., Natick, MA), and
RStudio Version 1.1.456 using the package ggplot2.40 Com-
parisons of sleep and psychomotor vigilance data were per-
formed between participants according to OSA status using
unpaired t tests for normally distributed data, and mean and
standard deviation values are reported. For data not normally
distributed, analysis consisted of Wilcoxon signed-rank tests

Journal of Clinical Sleep Medicine, Vol. 17, No. 5 May 1, 2021941

AE Mullins, MK Williams, K Kam, et al. Effects of OSA on memory processing
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

K
ir

st
en

 T
ay

lo
r 

on
 F

eb
ru

ar
y 

23
, 2

02
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 N

o 
ot

he
r 

us
es

 w
ith

ou
t p

er
m

is
si

on
. 

C
op

yr
ig

ht
 2

02
2 

A
m

er
ic

an
 A

ca
de

m
y 

of
 S

le
ep

 M
ed

ic
in

e.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 



and median and interquartile range values are reported. Results
for all statistical analyses were considered significant at P < .05.
Kolmogorov-Smirnov tests were used to compare survival
curve distributions of OSA vs non-OSA.

For maze performance data, OSA group differences in
percent of change overnight in completion times was assessed
with a t test. Additionally, trial-by-trial analyses of completion
time pre- and postsleep were conducted using a 2-way mixed
factorial analysis of variance with OSA status as the between-
participants independent variable and trial number as the
within-participants independent variable. Average completion
time data were natural log transformed to overcome violation of
Levene’s test of equality of variances prior to analysis.

Bivariate and partial Spearman’s correlations between
overnight change in maze completion time and sleep continuity
and relative frontal SWA/SO power measures were conducted
for all participants and according to OSA status with age and
sex as covariates.

RESULTS

Demographics, sleep architecture, and continuity
The average age of the participants was 66.9 ± 7.7 years, and 29
(56%)were female. There were no significant differences in age
or sex, but individualswithOSAhad a significantly higher body
mass index than those without OSA. Participants were majority
college-educated and displayed no global cognitive impair-
ments according to theMini-Mental State Exam. There were no
significant differences between those with and without OSA for
years of education or Mini-Mental State Exam scores. There
were no significant differences in total sleep time or sleep ef-
ficiency according to OSA status. By definition there were
significant differences in severity of OSA measured by the
AHI4% and the AHI3A criteria, and the total arousal index was
significantly increased in participants with OSA. Of note, OSA
severity in those participants with OSA was mild on average
(median AHI4% = 11.0 events/h, range 0–59.7). Participants
with OSA had a significantly higher percentage of NREM 1
sleep, butwe observed no significant difference in percentage of
NREM 2 or REM. SWS percentage in older participants with
OSA (median SWS% = 12.6, range 1.0–32.4) was also not
significantly different compared to older participants without
OSA (median SWS%= 15.2, range 3.4–39.8). These results are
summarized in Table 1.

Sleep continuity in terms of mean sleep bout length of any
sleep stage was not significantly different between the 2 groups.
However, the cumulative probability distribution curves for
REM (Figure 1A) and NREM 2 sleep (Figure 1C) in partic-
ipants with OSA was significantly left-shifted (P < .0001),
indicating smaller cumulative bout durations and thus more
REM and NREM 2 sleep fragmentation in participants with
OSA compared to those without OSA. The cumulative duration
probability distribution for SWS in participants with OSA was
significantly right shifted (P< .05), indicating larger cumulative
bout durations and less SWS fragmentation in participants with
OSA compared to those without (Figure 1D). We performed a
sensitivity analysis to ensure this effect was not driven by an

outlier with OSA who had a particularly long SWS bout
(~30 minutes), which was 3 times that of the longest SWS from
any other participant. The cumulative probability distribution of
SWS remained significantly right-shifted when this partici-
pant was excluded. There were no significant differences in
the cumulative duration probability distribution of NREM 1
sleep (Figure 1B).

Effects of OSA on spatial navigational memory and
psychomotor vigilance
Overnight percent change in maze completion time was not
statistically different between participants with and without
OSA (OSA: –6.4% vs no OSA: +5.2%, P = .35; unpaired t
test) (Figure 2).

When we tracked participants’ average maze completion
time across trials before sleep, there was no main effect of trial
number (F(1,50) = 0.3, P = .9), no main effect of OSA status
(F(5,50) = 0.02, P = .9), and no interaction between these vari-
ables (F(5,50) = 1.6,P = .16.) However, whenwe examinedmaze
completion times after sleep, we observed a significant inter-
action between postsleep trials (4–6) and OSA status group
(F(2,50) = 3.53, P = .03), such that participants without OSA
continued to get faster (shorter completion times) across
morning trials while participants with OSA took progressively
longer to find the target on successivemorning trials (Figure 3).
Holm-Sidak posthoc analysis showed that within trial 6, par-
ticipants with OSA had significantly slower completion time
compared to those without OSA (P < .05).

There were no significant differences observed in partici-
pants with OSA compared to those without for PVT mean
reaction time (OSA = 259 ms vs non-OSA = 277 ms, P = .08;
Wilcoxon signed-rank test) or PVT lapses (OSA = 3.2 vs non-
OSA = 3.7, P = .09; Wilcoxon signed-rank test) (Figure 4).

There were no significant differences between the groups in
sleepiness prior to the morning PVT (OSA = 3.5 vs non-OSA =
2.0, P = .22; Wilcoxon signed-rank test) but afterwards par-
ticipants with OSA rated themselves significantly sleepier than
those without OSA (OSA = 5.5 vs non-OSA = 2.0, P = .01;
Wilcoxon signed-rank test) (Figure 5).

Sleep architecture correlates of spatial navigational
memory performance
There were no significant associations between NREM2, REM,
or SWS bout length and overnight change in spatial navigation
maze performance. Similarly, no significant relationships were
observed between arousal index and overnight change in maze
completion time.

We did not observe any differences in relative frontal
SWA (OSA = 70.9 µV2 vs non-OSA = 71.1 µV2, P = .84;
Welch 2-sample t test) or SO power (OSA = 26.0 µV2 vs non-
OSA = 24.2 µV2, P = .11; Welch 2-sample t test) according to
OSA status.

There was no significant association between change in
overnight percent change in maze completion time and SWA
(rho = 0.2, P = .09) or relative frontal SO power (rho = –0.01,
P = .94) among all participants. However, frontal SWA posi-
tively correlated with overnight change in maze completion
time where greater relative frontal SWA was associated with
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better overnight maze performance in OSA participants only
(r= .51,P = .02) (Figure 6). This association remained the same
after controlling for age and sex.

DISCUSSION

The current work suggests OSA significantly impacts the
pattern of morning performance on a spatial navigation task
without influencing evening encoding in cognitively normal

older individuals. Although we lack a full mechanistic under-
standing of the offline processing of spatial information, hip-
pocampal place cells activated during encoding in rodents have
been found to be reactivated in a similar temporal sequence
during the depolarized up states of SOs during sleep,28 a phe-
nomenon thought to at least partially underlie sleep’s role in
memory. OSA, with its associated sleep fragmentation and
intermittent hypoxia, can short-circuit such replay phenomena,
which would be hypothesized to thus negatively impact the
subsequent recall of the information encoded before sleep.27

Table 1—Participant demographics and polysomnographic variables.

All Participants (n = 52) Non-OSA (n = 30) OSA (n = 22) Significance

Age, years 66.9 ± 7.7 66.8 ± 8.8 67.1 ± 6.3 .88

Sex, female/male 29/23 18/12 11/11 .41

Race, Black/White 8/44 4/26 4/18 .65

Ethnicity, Hispanic/non 3/49 1/29 2/20 .40

BMI, kg/m2 27.0 ± 5.4 24.6 ± 4.3 30.2 ± 5.2 < .001**

ESS/24 5 (4) 4.5 (6.8) 5.5 (3.0) .39

Education, years 16 (4) 16 (3.5) 18 (4) .87

Mini-Mental State Exam/30 29 (2) 29 (1) 29 (2) .56

AHI4% (per hour)

Total 3.1 (9.0) 0.5 (1.6) 11.0 (20.7) < .001**

REM 2.8 (16.7) 1.3 (2.6) 25.4 (31.8) < .001**

NREM 1.9 (7.1) 0.3 (1.1) 11.0 (22.7) < .001**

AHI3A (per hour)

Total 12.2 (14.9) 5.4 (4.9) 21.2 (20.3) < .001**

REM 10.8 (24.3) 7.6 (7.7) 38.3 (34.8) < .001**

NREM 8.9 (14.8) 3.7 (4.8) 20.1 (24.8) < .001**

SpO2 nadir (%)

REM 88 (8) 91.0 (5.5) 82.0 (9.3) < .001**

NREM 89 (8) 90.0 (3.8) 83.5 (8.5) < .001**

Time in bed, minutes 448.3 ± 56.4 452.2 ± 61.0 443.0 ± 50.4 .55

Total sleep time, minutes 365.1 ± 66.4 360.3 ± 71.5 371.7 ± 59.8 .53

Sleep efficiency, % 84.8 (11.1) 84.8 (10.0) 84.0 (10.6) .75

Sleep onset latency, minutes 7.2 (7.8) 6.4 (7.0) 9.0 (8.6) .92

WASO, % TSP 14.4 (10.3) 15.9 (12.1) 12.4 (6.9) .19

REM, % TST 18.8 ± 5.8 19.3 ± 6.2 18.1 ± 5.4 .49

NREM 1, % TST 17.7 (15.5) 16.4 (8.0) 23.5 (10.8) .02*

NREM 2, % TST 46.7 ± 9.4 48.3 ± 9.0 44.6 ± 9.6 .17

SWS, % TST 13.7 (11.2) 15.2 (12.6) 12.6 (7.9) .53

Arousal index, total 14.7 (10.5) 13.1 (10.5) 21.8 (17.0) < .001**

Average bout length (minutes)

REM 7.7 (7.0) 7.2 (7.4) 8.4 (2.5) .97

NREM 1 1.0 (0.3) 1.0 (0.3) 1.0 (0.4) .84

NREM 2 2.7 (1.5) 3.1 (2.1) 2.2 (1.7) .07

SWS 2.4 (4.4) 2.3 (3.2) 2.5 (3.1) .58

Values are mean ± SD or median (interquartile range). *P < .05, **P < .001. AHI3A = apnea-hypopnea index (hypopnea 3% O2 desaturation/EEG arousal
criteria), AHI4% = apnea-hypopnea index (hypopnea 4% O2 desaturation criteria), BMI = body mass index, EEG = electroencephalogram, ESS = Epworth
Sleepiness Scale, NREM 1 = non-REM stage 1 sleep, NREM 2 = non-REM stage 2 sleep, OSA = obstructive sleep apnea, REM = rapid eye movement sleep,
SpO2 = peripheral capillary oxygen saturation, SWS = slow wave sleep, TSP = total sleep period, TST = total sleep time, WASO = wake after sleep onset.

Journal of Clinical Sleep Medicine, Vol. 17, No. 5 May 1, 2021943

AE Mullins, MK Williams, K Kam, et al. Effects of OSA on memory processing
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

K
ir

st
en

 T
ay

lo
r 

on
 F

eb
ru

ar
y 

23
, 2

02
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 N

o 
ot

he
r 

us
es

 w
ith

ou
t p

er
m

is
si

on
. 

C
op

yr
ig

ht
 2

02
2 

A
m

er
ic

an
 A

ca
de

m
y 

of
 S

le
ep

 M
ed

ic
in

e.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 



Hippocampal pyramidal cells (eg, place cells) are known to be
particularly sensitive to sustained hypoxia, but effects of in-
termittent hypoxia are less studied. Since sleep is thought to be
important for the processing of memories encoded during prior
wakefulness, we argue that behavioral paradigms in which
encoding and retrieval of memories are separated by a period of
sleep that either does or does not contain significant OSA are
particularly salient for elucidating effects of OSA on memory.2

Experiments that have employed such a paradigm have dem-
onstrated a deleterious effect of OSA on visual declarative
memory,13 2-D spatial card-matching memory, verbal
memory,41 and forms of motor memory, including mirror
tracing,13 the serial reaction time test, and motor sequence
task.14,16 The 2 research groups using the motor sequence task

conducted follow-up studies investigating OSA treatment and
found longer-term use, but not a single night of continuous
positive airway pressure therapy, augmented offline sleep-
dependent motor memory consolidation.42,43

Although we speculate it is possible that OSA impacts the
processing of previously encoded information during sleep, the
difference in the pattern of morning performance could also
arise from alternative mechanisms. Even memories that are
appropriately consolidated after encoding could be altered by
the act of recall itself. Thememory reconsolidation theory posits
that reactivation of memories (which would occur on the first
morning spatial navigation trial) make the memory labile, at
which point the memory can be reconsolidated or degraded.44

Memory reconsolidation has been shown to depend on protein
synthesis, and research has shown that acute periods of sleep
disruption negatively impact key molecular pathways that
govern protein synthesis.45,46 It is therefore possible that sleep
disruption resulting from OSA negatively impacts the recon-
solidation process by limiting the protein synthesis resources
needed for such reconsolidation, leading to a continual decline
in performance after the spatialmemory has beenmade labile by
its reactivation during the first morning trial.

A deleterious effect of OSA on spatial navigational memory
has been previously demonstrated when OSA was induced by
selective continuous positive airway pressure withdrawal
during REM sleep in participants with severe OSAwhowere on
average 54 years old.32 In that work, mean bout length of REM
sleep significantly predicted overnight change in maze per-
formance, a relationship we did not observe in the current work.
While the cumulative probability distribution analysis of REM
did indicate a significant left shift, REM bout length was not
significantly different between participants with and without
OSA, a phenomenon likely related to the overallmild severity of

Figure 1—Sleep fragmentation assessed using cumulative
duration probability distribution shows stage-specific
differences according to OSA diagnosis.

Survival curves (cumulative probability distributions) of stage-specific sleep
runs in non-OSA (blue) and OSA (orange). The survival curves showed a
significant shift toward less continuousREM(A) andNREM2 (C) sleep bouts
in OSA (orange) compared with non-OSA (blue), and more continuous
SWS (D) in OSA compared to participants without OSA (***P < .00001,
**P < .0001, *P < .05, n.s. = not significant, log-rank test). No significant
difference between groups was observed in the survival curves for NREM
1 (B). NREM = non–rapid-eye movement, OSA = obstructive sleep apnea,
REM = rapid eye movement, SWS = slow wave sleep.

Figure 2—Overnight change in spatial navigation
completion time is not different according to OSA diagnosis.

Overnight change in maze completion time was not statistically different
between older participants with (orange) and without (blue) OSA.
Crossbars represent mean and standard error values. n.s. = not sig-
nificant, OSA = obstructive sleep apnea.
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Figure 3—Spatial navigation completion time changes across trials.

There were no significant differences in presleep maze completion times (trials 1–3) or postsleep maze completion times (trials 4–6) between those with
(orange) and without (blue) OSA. However, there was a significant interaction between OSA group and morning postsleep trial number (2-way repeated
measures analysis of variance). n.s. = not significant, *P < .05, OSA = obstructive sleep apnea.

Figure 4—There were no significant differences in PVT reaction time or lapses between participants with and without OSA.

There were no significant differences between participants with OSA (orange) and participants without OSA (blue) for mean reaction times (A) and lapses
(reaction time >500ms) (B) during themorningPVT. Box andwhiskers representmedian and interquartile range values. n.s. = not significant, OSA=obstructive
sleep apnea, PVT = psychomotor vigilance testing.
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OSA in thosewith OSA.An additional possible reason for these
differentfindings is the differing research designs. The previous
finding of a relationship between REM sleep consolidation and
maze performance was a within-participants design where

apnea-induction was specific to REM sleep and the degree of
recapitulated OSA in REM was severe. The importance of
REM sleep for forms of spatial memory is underscored by work
in rodents, where optogenetic suppression of hippocampal theta
rhythm during REM (but not NREM) impaired learning of
spatial object placement.47When disruption ofREMstems from
OSA, there may be indirect effects on cognition stemming from
adverse cardiovascular and metabolic outcomes in addition to
direct impacts on neurophysiology.

OSA is very common in older individuals: About 50% of
participants aged > 60 years have an AHI3A ≥ 15 events/h,
though often without the same associated daytime sleepiness
seen in younger individuals.8 It bears noting that the individuals
in this study were recruited from the community, rather than a
sleep clinic, had few sleep complaints, and in most cases were
unaware of OSA diagnosis. They also reported low levels of
sleepiness (average Epworth Sleepiness Scale 5/24), and al-
though OSA is often associated with daytime sleepiness, par-
ticipants with OSA in this study were not significantly more
sleepy than those without OSA. We did not observe any sig-
nificant differences in morning PVT performance in those with
OSA compared to those without OSA. The PVT is an important
control measure, and the results of this study indicate impaired
vigilance or inattention resulting from OSA is unlikely to ex-
plain the observed differences in morning performance of the
spatial navigation task. However, there is the possibility of
increased sleepiness or fatigue related to time on task in those
with OSA, as indicated by the significantly higher levels of self-
reported sleepiness reported on average by these participants
after but not before completion of the PVT in spite of equivalent
mean reaction time and number of lapses during the PVT itself.

Figure 5—More self-reported sleepiness in participants with OSA after 20-minute psychomotor vigilance testing.

Participants with OSA (orange) reported significantly greater sleepiness after PVT (B) but not before PVT (A) than participants without OSA (blue). Box and
whiskers represent median and interquartile range values. n.s. = not significant, *P <.05, OSA = obstructive sleep apnea, PVT = psychomotor vigilance testing.

Figure 6—Greater SWA in OSA is associated with better
overnight maze completion time performance.

Greater relative SWA (0.5–4 Hz) during NREM sleep at frontal electro-
encephalogram positively correlates with better overnight maze perfor-
mance improvements in participants with OSA (r = .51, P = .02) but not in
those without OSA. A negative value for overnight change indicates
slower, on average, postsleep maze completion times compared to
presleep completion times. NREM = non–rapid eye movement, OSA =
obstructive sleep apnea, SWA = slow wave activity.
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This possibility of increased fatigue with time on task is po-
tentially supported by the observation that the pattern of per-
formance in participants with OSA shows a worsening of
performance across the postsleep trials. Perhaps thosewithOSA
experienced greater working memory resource depletion after
the PVT and the higher cognitive load of the maze task directly
following this48 resulted in both diminishing motivation and
capacity for the level of effort required to find the target.49

However, support for this explanation is found only in youn-
ger individuals without sleep disorders.

The fact that OSA was mild on average in the cohort of older
participants (with only 8/22 participants having moderate to
severe OSA) is worth emphasizing. Debate remains about the
need to treat mild OSA, particularly when common symptoms
of OSA such as daytime sleepiness or snoring are absent. The
currentfindings suggest at least that theremay be a consequence
of OSA on memory in cognitively normal older individuals
without sleep complaints. We acknowledge it is difficult to
determine whether the findings would generalize to those in-
dividuals seeking treatment for OSA in a clinical setting. Such
individuals often have daytime sleepiness, which could po-
tentially worsen performance on morning memory testing even
beyond what is observed here. That said, there is evidence that
older participants experience less sleepiness from equivalent
levels of OSA than younger participants do.50 Whether such an
effect of OSA on spatial memory can be ameliorated by
treatment of OSA with continuous positive airway pressure or
other means remains to be explicitly tested.

Slow wave sleep may be important for spatial navigation
memory processing. We previously observed a positive asso-
ciation between relative frontal SWA and overnight maze
performance in younger and older cognitively normal adults
without OSA,31 and the degree of blood flow to the right hip-
pocampus during SWS predicted offline change in a spatial
navigation task.51 Here we observe a positive association be-
tween overnight percent change in completion time and relative
frontal SWA in those with OSA, a relationship which did not
change markedly after controlling for age and sex. While re-
duced SWS and SWA can be observed in OSA, the relationship
betweenOSAseverity andmeasures of slowwave sleep is likely
to be nonlinear, and cortical EEG responses (including
K-complexes) to respiratory events during sleep within indi-
viduals have been variable.52 Indeed, large-scale studies where
EEGmicrostructure is well characterized in OSA are lacking.53

In this study, we feel the likelihood is low that OSA-mediated
changes in measures of slow wave sleep account for the dif-
ferences in spatial navigation performance, given that we did
not observe significant differences in SWS duration or bout
length. We also observed a small but statistically significant
right shift in the cumulative probability distribution for SWS in
participants with OSA, indicating increased probability for
midrange SWS bout duration; we feel this would be unlikely to
negatively impact memory processing but may be involved in
these participants’ resilience to sleepiness.

Acknowledged limitations of the study include the lack of a
priori case-control design or counterbalance between the
order of the morning PVT and maze task administration.
Although only a single spatial navigation memory task (plus

PVT) was assessed at the time of the in-laboratory PSG, the
intention was to avoid the potential for interference frommultiple
tasks.Amajor strength of the study is the sex balance (50% female
with OSA), which is in contrast with the existing literature con-
cerning sleep and overnight memory in OSA.

In summary, this study shows that in older adults, OSA can
negatively impact sleep-dependent cognitive processing of a
spatial navigation task, even when OSA is mild on average,
without negatively impacting morning psychomotor vigilance.
Slow wave activity appears to be an important marker of the
brain’s ability to process and utilize spatial information en-
countered during prior wakefulness, but whether and howOSA
may impact slow wave sleep to influence memory are questions
that can guide future work delineating the mechanistic links
between OSA, SWA, forms of memory, and potential risk for
cognitive decline in aging.

ABBREVIATIONS

AHI, apnea-hypopnea index
EEG, electroencephalography
NREM, non–rapid eye movement
OSA, obstructive sleep apnea
PSG, polysomnography
PVT, psychomotor vigilance testing
REM, rapid eye movement
SO, slow oscillation
SWA, slow wave activity
SWS, slow wave sleep
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