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Abstract

Study Objectives: To compare overnight declarative memory consolidation and non-rapid eye movement (NREM) sleep electroen-
cephalogram (EEG) oscillations in older adults with obstructive sleep apnea (OSA) to a control group and assess slow-wave activity
(SWA) and sleep spindles as correlates of memory consolidation.

Methods: Forty-six older adults (24 without OSA and 22 with OSA) completed a word-pair associate's declarative memory task before
and after polysomnography. Recall and recognition were expressed as a percentage of the morning relative to evening scores. Power
spectral analysis was performed on EEG recorded at frontal (F3-M2, F4-M1) and central (C3-M2, C4-M1) sites. We calculated NREM
absolute slow oscillation (0.25-1 Hz) and delta (0.5-4.5 Hz) EEG power, and slow (11-13 Hz) spindle density (number of events per
minute of N2 sleep) and fast (13-16 Hz) spindle density.

Results: There were no significant differences in overnight recall and recognition between OSA (mean age 58.7 + 7.1 years, apnea-
hypopnea index (AHI) 41.9 + 29.7 events/hour) and non-OSA (age 61.1 + 10.3 years, AHI 6.6 + 4.2 events/hour) groups. The OSA group
had lower fast spindle density in the frontal region (p = 0.007). No between-group differences in SWA were observed. In the Control
group, overnight recognition positively correlated with slow spindle density in frontal (rho = 0.555, p = 0.020) and central regions (tho
=0.490, p = 0.046). Overnight recall was not related to SWA or spindle measures in either group.

Conclusions: Older adults with OSA had deficits in fast sleep spindles but showed preserved overnight declarative memory consoli-
dation. It is possible that compensatory mechanisms are being recruited by OSA patients to preserve declarative memory consolida-
tion despite the presence of sleep spindle deficits.
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Graphical Abstract

OLDER ADULTS WITH OSA HAVE SLEEP SPINDLE DEFICITS

BUT PRESERVED OVERNIGHT MEMORY CONSOLIDATION
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Statement of Significance

Prior studies have shown impaired overnight declarative memory consolidation in patients with untreated obstructive sleep apnea
(OSA). Other studies have also reported deficits in sleep spindles and altered slow-wave activity. However, no prior studies have
examined associations between overnight declarative memory and both sleep spindles and slow waves in older adults with OSA.
Our findings suggest that overnight memory consolidation is intact in older adults with OSA despite deficits in sleep spindles. Few-
er sleep spindles but intact memory consolidation in the OSA group suggests potential compensatory mechanisms may preserve
favorable conditions for overnight consolidation of declarative memories.

Introduction

Obstructive sleep apnea (OSA) is a common sleep breathing
disorder affecting an estimated 23.4% of women and 49.7%
of men with evidence suggesting an elevated prevalence with
increasing age [1, 2]. Untreated OSA has adverse consequences
on daytime functioning and cognition with impairments
observed across several cognitive domains such as attention,
processing speed, memory, visuospatial abilities, and execu-
tive functions [3, 4]. Using conventional neuropsychological
assessment to explore the impact of OSA on different aspects
of memory, synthesized findings from a meta-review demon-
strated deficits in delayed verbal and visual long-term mem-
ory [3]. However, there are limited studies employing tasks to
examine overnight memory consolidation in OSA, particularly
in older adults. Given the high prevalence of OSA in older
populations [2], and growing evidence suggesting OSA is asso-
clated with an increased risk for developing dementia [5, 6],
it is crucial to understand the potential cognitive impact of
untreated OSA in the older population.

OSA disrupts sleep architecture due to associated sleep
fragmentation and intermittent hypoxia. Deficits in non-rapid
eye movement (NREM) sleep electroencephalogram (EEG)
oscillations including reduced sleep spindles [7, 8] and altered
slow-wave activity (SWA) [9, 10] have been previously reported
in OSA. These EEG oscillations are putatively involved in over-
night memory consolidation processes [11-13], potentially
serving as sensitive electrophysiological markers of memory
impairment in OSA [14, 15]. In healthy young adults, sleep
spindle density and slow frequency EEG activity (<1 Hz) are
enhanced during sleep after intense associative learning of
word pairs, as compared with a non-learning control condi-
tion [16, 17].

Relative to the body of work examining overnight memory
consolidation in young healthy adults, there is limited work
examining this process in OSA. Four OSA case-controlled stud-
ies assessed procedural memory using a motor sequence task
[18, 19], mirror tracing task [20], and an alternating serial reac-
tion time task [21]. They found that overnight consolidation
was impaired in both young [18] and middle-aged patients with



moderate OSA [19-21], relative to controls. These findings suggest
that overnight procedural memory consolidation is impaired in
people with untreated OSA.

Of the case-controlled studies that have assessed overnight
declarative memory in OSA [20, 22-25], two studies in children
aged 16 years and younger [22, 25] found that children with OSA
performed poorer on overnight recall and studies in adults with
OSA reported deficits in verbal memory [20, 23, 24|, but not visu-
ospatial memory [20].

Of the studies that have examined the relationship between
sleep architecture and overnight declarative memory consol-
idation in untreated OSA, poorer overnight consolidation was
related to deficits in N2 sleep spindles (12-15 Hz) in children
[25] and reduced time spent in slow-wave sleep (SWS) in adults
[23, 24]. However, there is a paucity of research exploring over-
night declarative memory consolidation and its relationship with
NREM sleep microarchitecture in older adults with OSA. To the
best of our knowledge, no prior studies have explored declarative
memory consolidation in relation to slow-wave activity and slow
and fast sleep spindles in adults with OSA, despite the demon-
strated spindle deficits in this population. The two types of sleep
spindles appear to have topographical and functional differences
with slow spindles (11-13 Hz) primarily observed in the frontal
brain region, and fast spindles (13-16 Hz) prominent in the cen-
tral and parietal regions [26]. In healthy young adults, slow sleep
spindles were associated with overnight declarative memory per-
formance [27] and fast sleep spindles positively correlated with
procedural memory [28].

Therefore, this study aims to examine overnight declarative
memory consolidation and sleep spindles and SWA in older peo-
ple with and without OSA and examine associations between
these NREM sleep EEG oscillations and memory. We hypothe-
sized that patients with OSA would have poorer memory consol-
idation, reduced sleep spindles, and SWA (slow oscillation [SO]
and delta power) relative to controls, and that worse overnight
memory performance would correlate with greater NREM sleep
EEG deficits.

Methods

Participants

OSA participants over the age of 50 years were recruited from the
Woolcock Sleep Clinic, Woolcock Institute of Medical Research,
Sydney, NSW, Australia. OSA was defined by an apnea-hypo-
pnea index (AHI) of >15/hours diagnosed by attended in-labora-
tory polysomnography. OSA participants were newly diagnosed
and were not receiving OSA treatment while participating in
the study. Controls aged over 50 years were recruited from the
Healthy Brain Ageing Clinic, Sydney or in response to a commu-
nity advertisement.

Participants were excluded if they had major depression, bipo-
lar disorder, schizophrenia, neurological disorder (e.g. Parkinson’s
disease), previous head injury with loss of consciousness for more
than 30 minutes, dementia or a mini-mental state examination
(MMSE) score less than 24, transmeridian travel within the past
week, alcohol or illicit drug misuse or were currently/ regularly
taking sedatives, and hypnotics and other sleep-affecting med-
ications. All procedures were approved by University of Sydney
Human Research Ethics Committee (protocol number: 2016_410)
and were carried out at the Woolcock Institute of Medical
Research. All participants provided written informed consent in
accordance with ethical guidelines.
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Procedure

Participants arrived at the sleep laboratory in the early evening
(between 06:00 pm and 07:00 pm) for an overnight polysomnog-
raphy. Lights out time was scheduled at 10: 00 pm and lights on
time was at 06:00 am.

Participants completed the Pittsburgh Sleep Quality Index,
Epworth sleepiness scale, and insomnia severity index ques-
tionnaires and the MMSE. The Karolinska sleepiness scale was
administered prior to lights out and after lights on.

The learning phase of the memory task occurred in the evening
1-2 hours before lights out. Morning memory testing occurred 1
hour after lights were on.

Word-pair associates task

Declarative verbal memory was measured using a 32-item word-
pair task which incorporated 16 semantically related (e.g. actor-
movie) word pairs that would facilitate pre-sleep encoding as well
as 16 semantically unrelated (e.g. salt-call) word pairs [29, 30].

The words comprising the pairs ranged from three to eight
letters and one to three syllables in length. Two lists were pre-
pared, which made up set 1 and set 2 of the task, respectively.
Half of the participants completed each set to control for any
retention effects related to the pairs themselves. In both sets, for
the semantically related pairs, half of the 32 words were paired
with their second most frequently produced target. The most fre-
quently produced target served as a foil (distractor) in the multi-
ple-choice testing (recognition) phase of the task. The other half
of the 32 words were paired semantically unrelated words, also
taken from Nelson et al. (2004) [29] and paired together using a
random number generator but checked to ensure no semantic
association between pairs. The targets most frequently produced
in response to all first words of the pairs served as foils in the
recognition phase.

Encoding phase.

Participants were randomly presented with each word-pair on a
computer screen. During each learning trial, a word-pair was dis-
played for 5 seconds and following the presentation of the word-
pair, participants were asked to count and say out loud how many
syllables in each of the word-pair for one-half of the word-pairs
then put the two words into a sentence for the other half of the
word-pairs. This was aimed to manipulate the depth of process-
ing with syllables representing a shallower level of processing and
formation of sentences representing a deeper level of processing.

Evening testing phase.

This consisted of two parts: cued recall and recognition (multi-
ple-choice test). Immediate recall was tested after all 32-word
pairs were presented whereby participants were shown the
first word of the pair and asked to say aloud the second word.
Participants were given 12 seconds to respond. For the rec-
ognition multiple-choice test component, the first word of
each pair was presented on the computer screen alongside
four options for the corresponding word: the correct word, a
semantically related but incorrect word, an unrelated word,
and a word containing the same number of syllables as the
correct pair. Participants were asked to say the correct word
and were given 8 seconds to respond. Following the response,
participants were shown the correct pair for 3 seconds. Both
encoding and evening testing phases were repeated until a
criterion of 60% (19 pairs) was met or participants completed
both phases four times.
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Morning testing phase.

Both recall and recognition tests were performed once in the
morning following the overnight sleep opportunity and after
being awake for one hour.

Memory outcome measures.

The evening pre-sleep scores for recall and recognition were cal-
culated as the total number of correct answers in the last recall
and recognition test. The morning post-sleep score was calcu-
lated as the total number of correct answers in the recall and
recognition test. The memory consolidation outcomes were per-
cent overnight recall (morning recall score divided by evening recall
score multiplied by 100) and percent overnight recognition (morning
recognition score divided by evening recognition score multiplied
by 100).

Sleep recording

Polysomnography data were collected using a standardized mon-
tage (six-channel electroencephalogram recorded referentially at
scalp positions: F3-M2, F4-M1, C3-M2, C4-M1, 01-M2, and 02-M1);
electrooculogram (left and right outer canthi); and chin elec-
tromyogram, electrocardiogram , nasal airflow pressure (nasal
cannula), thoracic and abdominal respiratory effort, finger pulse
oximetry, body position, and leg electromyogram. EEG data were
sampled at 200 Hz (Alice 5) or 512 Hz (Embla Titanium) and a 50
Hz notch filter was applied to reduce mains interference. EEG and
electrooculogram electrodes were referenced to the contralateral
mastoid electrode and impedances were below 5 k() at the start of
the recording. Sleep stages and respiratory events were manually
scored by trained sleep technicians according to standardized
AASM 2.2 criteria [31].

EEG artifact processing

All polysomnographic recordings were exported into standardized
digital European Data Format prior to artifact detection and all
subsequent quantitative EEG analyses. All night polysomnogra-
phy recordings were subjected to automated EEG artifact process-
ing. An algorithm identified artefactual EEG data at a resolution
of 5-second epochs based on previously validated artifact detec-
tion threshold parameters [32]. The automatic algorithm devel-
oped was based on a statistical distribution of standard deviation
(SD)s of EEG amplitudes in each 5-second epoch where two opti-
mal artifact detection threshold parameter values (A1 for S1, S2,
REM and WASO, and A2 for SWS) were systematically determined
and subsequently tested with a high level of accuracy when com-
pared to a reference standard manual artifact detection method
[32]. Contaminated 5-second epochs were subsequently excluded
from EEG analysis.

EEG spectral analysis

Artifact-free epochs were analyzed for power spectra using a
standard fast Fourier transform with a rectangular weighted win-
dow [33] for each non-overlapping 5-second epoch of EEG for each
individual frontal (F3-M2 and F4-M1) and central (C3-M2 and
C4-M1) channel, using a technique previously described [32]. This
routine requires the total number of data points in each epoch
to be in the form of a power of two, i.e. 512 (2°) data points. For
EEG data sampled at a rate of 200 Hz, i.e. 1000 data points for a
5-second epoch, the fast Fourier transform was performed twice,
to 512 data points selected from the beginning and end of each
epoch. The resulting mean value for the epoch gives a greater
weight to the middle data points.

We calculated absolute spectral power (uV?) by summing the
binned values within the frequency ranges of 0.25 to 1 Hz inclu-
sive, and 0.5 and 4.5 Hz inclusive for the SOs and delta bands,
respectively for each 5-second epoch. The absolute EEG power
for each sleep-staged 30-second epoch of the polysomnography
recording was calculated by averaging data from up to six arti-
fact-free 5-second epochs of EEG that comprised that 30-second
recording segment. The weighted-average spectra power within
the defined frequency bands was then computed for NREM (N2
and N3) sleep stages by averaging the absolute spectral power for
all 30-second epochs for the given sleep stage.

Automated sleep spindle detection algorithm

The automated sleep spindle detection tool was developed and
written in Java, version 1.6 (Oracle, Santa Clara, CA, USA). First, a
128-order band-passing Finite-Impulse-Response filter (11-16 Hz)
is applied to the raw EEG signal. Then, a Hilbert transformation
was applied to extract envelopes (duration) of spindles based on
amplitude thresholds. The resulting output included sleep spin-
dle density (expressed as the number of spindles per min of N2
sleep) which comprises slow (11-13 Hz, events p/min) and fast
(13-16 Hz, events p/min) spindle densities. The automated spin-
dle detection algorithm has been validated in sleep apnea and
other clinical populations [30, 34].

Statistical analysis

All statistical analyses were conducted using Statistical Packages
for Social Sciences (SPSS v25.0.0; IBM Corp, 2020). A P-value of <
0.05 was considered significant. Outcome and demographic varia-
bles were inspected visually to check for normality and potential
outliers (points that extend more than 3 times the interquartile
range from the edge of the box plots). Log transformations were
performed where applicable. Independent samples t-test was
used for between-group comparisons of demographic, memory,
PSG, and sleep EEG measures when variances between the two
groups were equal, Mann-Whitney U test was used for unequal
variances, and the Chi-square test for categorical variables. Effect
sizes and 95% confidence limits were also calculated to provide a
common standardized scale to quantify the difference in declara-
tive memory between groups. The formula for the effect size was
calculated as the difference between the group means (mean of
OSA group - mean of Control group) divided by the square root
of the pooled SD. As there were unequal group sizes, the pooled
SD was calculated as follows: (SD x (N pna — 1) + (SDyg,? %
(nOSA_l))/ (ncontrol +oss — 2).

A mixed model analysis of variances (ANOVA) with the
repeated measurement factor test session (evening and morn-
ing), between-subject factor group (OSA patients and controls)
was used to test for differences in memory performance. To
assess the relationships between sleep EEG measures (SO and
delta EEG power, and sleep spindle densities) and the memory
outcomes (memory consolidation: percent overnight recall and
percent overnight recognition) Pearson’s correlation coefficient
(r) was used for normally distributed variables and Spearman’s
rank order correlation (rho) for non-normally distributed varia-
bles. Correlations with a P-value < 0.05 were further examined
using partial correlation to control for the confounder of age. No
adjustments were made for multiple comparisons. Quantitative
EEG measures computed for the individual channels of C3-M2
and C4-M2 were averaged to derive central brain region measures
of SO power, delta power, slow spindle density and fast spindle
density, and EEG measures from F3-M2 and F4-M1 were averaged
to derive frontal brain region measures.

2
control



Results

Participant demographics

Forty-six older adults over the age of 50 years were enrolled in
this study. Demographic data for the OSA and Control groups
are shown in Table 1. Groups were not significantly different in
age, gender, body mass index, MMSE, Pittsburgh Sleep Quality
Index, and subjective sleepiness ratings (Karolinska sleepiness
scale) in the evening and morning. However, the OSA group
had significantly higher subjective sleepiness (Epworth sleepi-
ness scale) and greater insomnia symptoms (insomnia severity
index).

Word-pair task
Two participants from each group were excluded from the
analysis of the word-pair task during the recall phase as they
failed to reach a criterion of 60% correct and did not complete
4 trials in the evening and one further participant from the
control group was excluded from the recognition phase as that
participant declined to be assessed. As such the total sample
analyzed for the primary outcome of percent overnight recall
was 22 Controls and 20 OSA patients, and the total numbers
assessed for percent overnight recognition was 21 Controls and
20 OSA patients.

Percent overnight recall and percent overnight recognition
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-0.012, p = 0.990 vs. t (39) = —-0.090, p = 0.93, Table 2 and
Figure 1. There were no between-group differences in the
number of word pairs learned in the evening (evening score)
or in the number of word pairs recalled or recognized in the
morning. For morning recall, the Control group on average
recalled 20.9 words (SD = 4.7) which were not statistically dif-
ferent from the OSA group who on average recalled 20.8 words
(SD = 4.5) (p = 0.94) (Figure 1). A mixed model ANOVA revealed
no main effects for group (Controls vs. OSA: F = 0.000, p =
0.998), main effect for test session (evening vs. morning: F =
3.209, p = 0.081), or interaction between group x condition (F
= 0.057, p = 0.813). The effect sizes for the memory measures
are shown in Table 2.

Polysomnography

There were no significant between-group differences in total sleep
time, WASO, sleep efficiency, or sleep stage distribution (see Table
3). As expected, the OSA group had worse OSA disease severity
metrics with a higher AHI and arousal index, and lower minimum
oxygen saturation levels.

NREM sleep microarchitecture

Fast spindle density during N2 was lower in the OSA group
in the frontal region (OSA vs. controls: 0.06 + 0.16 vs. 0.17 +
0.25, p = 0.007) but did not reach significance in the central

did not differ between Controls and OSA groups: t (40) = region (0.19 + 0.65 vs. 0.57 + 1.01, p = 0.130). No significant
Table 1. Participant Demographics

Control OSA Test statistic P-Value
n (M/E)° 24 (11/13) 22 (8/14) 0.3 0.235
Age (years) 61.1 = 10.3 (53-79) 58.7 + 7.1 (58-73) 0.7 0.442
Body mass index (kg/m?) 25.2 + 12.6 (18.7-46.2) 27.5+ 8.5 (23.1-34.2) 34 0.505
Mini-mental state examination?® 30.0 = 1.0 (26-30) 30.0 = 0.0 (29-30) 188 0.077
Pittsburgh sleep quality index 5.0 + 2.9 (2-10) 5.5+ 2.4 (3-12) 07 0.480
Epworth sleepiness scale 5.7 £3.1(2-12) 9.0 + 3.9 (2-17) -3.1 0.003*
Insomnia severity index 6.8+47 (1-12) 9.8+ 5.1 (2-19) -2.0 0.047*
Karolinska sleepiness scale, evening 3.7 +2.1(1-7) 3.2+ 1.9 (1-7) 08 0.376
Karolinska sleepiness scale, morning 46+17 (2-7) 43+1.3 (3-5) 06 0.524

Data presented as mean+SD (min-max). *

p < 0.05. Independent samples t-test was used for all variables unless stated otherwise. *Mann-Whitney U test, ®Chi-

square goodness of fit test was conducted, ‘Median (interquartile range) presented due to non-normally distributed data.

Table 2. Between-Group Comparisons of Declarative Memory Performance (Word-Pair Task)

Control OSA af Effect size (95% Cls) P-Value
Evening recall /32 21.6 + 2.8 (19-28) 21.7 2.7 (19-27) 40 0.04 (-0.59, 0.66) 0.90
Morning recall,/32 20.9 = 4.7 (10-27) 20.8 = 4.5 (14-30) 40 -0.02 (~0.65, 0.60) 0.94
Evening recognition, /32 28.6 + 2.1 (24-32) 27.9 + 2.6 (24-32) 40 -0.30 (-0.93,0.33) 0.31
Morning recognition,/32 28.6 = 2.7 (22-32) 27.9 = 3.2 (22-32) 39 -0.24 (~0.87, 0.40) 0.41
Percent overnight recall 96.0 = 14.6 (52.6-114.4) 96.0 = 15.6 (66.7-129.4) 40 0.00 (-0.62, 0.62) 0.99
Percent overnight recognition 99.8 + 6.4 (86.2-110.7) 100.0 + 7.9 (68.0-116.7) 39 0.03 (~0.60, 0.66) 0.93
Overnight related recall (%) 100.5 + 13.7 (69.2-127.3) 96.5 + 10.0 (76.9-114.3) 40 -0.33 (-0.96, 0.29) 0.29
Unrelated recall (%) 90.4 + 30.6 (25.0-137.5) 98.2 + 35.0 (50.0-200.0) 40 0.24 (~0.39, 0.86) 0.45
Deep recall (%) 96.5 + 12.3 (66.7-120.0) 96.1 + 14.5 (62.5-123.1) 40 -0.03 (-0.65, 0.59) 0.94
Shallow recall (%) 99.8 + 22.8 (40.0-150.0) 97.0 + 19.5 (66.7-130.0) 40 -0.13 (-0.76, 0.49) 0.67

Data presented as mean+SD (min-max). df, degrees of freedom; CIs, confidence intervals. Independent samples t-test was used for all variables.
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Figure 1. Frequency distribution of percentage of word-pairs
recalled for both OSA and Control groups. There were no differences
between groups. Some participants from both groups demonstrated
enhancement of recall performance post-sleep (greater than 100%
recall).

Table 3. Overnight Polysomnography

between-group differences were observed in slow spindle den-
sity during N2 in the frontal region (OSA vs. control: 0.53 +
0.96 vs. 0.92 + 0.80, p = 0.135) or in the central region (0.28 +
0.38 vs. 0.38 + 0.52, p = 0.152). No between-group differences
in SO or delta EEG power during NREM sleep were observed
(see Table 4).

Associations between sleep microarchitecture
measures and overnight memory consolidation

In the Control group, overnight percent recognition positively
correlated with slow spindle density in the frontal (Spearman’s
rho = 0.555, p = 0.020) and central regions (tho = 0.490, p =
0.046), Figure 2. There was also a moderate sized, but trend
association observed with frontal fast spindle density (rtho =
0.429, p = 0.076). The association between central slow spindle
density and percent overnight recognition remained significant
after adjusting for age (see Table 5). There were no signifi-
cant associations between percent overnight recall and slow
or fast spindle density. Overnight memory outcomes were not

Control OSA P-value
Time in bed (min) 426.3 = 31.6 (375.7-532.0) 435.5 + 34.8 (394.5-634.0) 0.355
Sleep efficiency (%) 80.0 + 11.6 (43.6-92.0) 76.5+17.2 (40.8-97 4) 0.420
Total sleep time (min) 3441 545 (175.0-418.5) 337.2 +79.2 (187.5-451.0) 0.734
Wake after sleep onset (min) 70.2 + 41.5 (23.0-219.5) 76.4 + 56.6 (9.5-205.0) 0.673
N1 (min) 18.2 + 18.2 (1.5-80.0) 27.5 +20.7 (6.0-92.50) 0.119
N2 (min) 168.0 + 49.5 (60.0-261.0) 177.5 + 57.0 (97.5-280.6) 0.557
N3 (min) 87.2 + 42.6 (1.5-180.5) 68.3 +30.1 (10.0-121.0) 0.095
NREM (min) 275.5 + 40.3 (136.0-313.5) 274.8 + 56.8 (143.0-332.5) 0.958
REM (min) 67.9 = 27.0 (10.0-124.5) 62.9 = 26.3 (22.5-103.5) 0.526
AHI (events/hour) 6.6+ 4.2 (1.2-14.1) 41.9 +29.7 (15.0-128.4) <0.001"
Minimum oxygen saturation (%) 89.2 + 3.7 (81.0-95.0) 79.7 +12.8 (34.0-92.0) 0.001™
Total EEG arousal index (events/hour) 13.4 5.2 (3.3-24.5) 39.4 +27.5 (9.4-120.1) <0.001"*

NREM, non-rapid eye movement; REM, rapid eye movement; AHI, apnea-hypopnea index. Data presented as mean+SD (min-max). ** p < 0.01, **p < 0.001.

Independent samples t-test was used for all variables.

Table 4. Between-Group Comparisons of Absolute EEG Power in the SO (0.25-1.0 Hz) and Delta (0.5-4.5 Hz) Frequency Ranges During

NREM Sleep, and Fast and Slow Spindle Densities During N2 Sleep

EEG sleep measures Control OSA P-value
Frontal Slow oscillation EEG power in NREM (n = 39) 187.05 = 132.91 (36.05-378.04) 216.11 + 236.14 (31.59-1049.09) ~ 0.920
Delta EEG power in NREM (n = 39) 284.96 + 206.06 (46.39-929.95) 308.39 + 166.08 (93.87-520.06) 0.800
Slow spindle density in N2** (n = 39) 0.92 + 0.80 (0.27-2.09) 0.53 + 0.96 (0.09-2.22) 0.135
Fast spindle density in N2** (n = 39) 0.17 = 0.25 (0.03-2.76) 0.06 = 0.16 (0.00-0.67) 0.007*
Central Slow oscillation EEG power in NREM (n = 41) 183.41 = 124.73 (37.58-330.67) 176.48 + 206.18 (30.94-975 42) 0.679
Delta EEG power in NREM (n = 41) 246.98 + 136.42 (68.19-634.84) 283.87 +171.14 (87.71-732.52) 0.667
Slow spindle density in N2** (n = 40) 0.38 + 0.52 (0.02-1.57) 0.28 + 0.38 (0.06-0.99) 0.152
Fast spindle density in N2** (n = 40) 0.57 + 1.01 (0.14-3.54) 0.19 + 0.65 (0.03-1.29) 0.130

*p < 0.05, **p < 0.01. Data presented mean+SD unless stated otherwise. Independent samples t-test was used unless stated otherwise. ®Median (interquartile
range) presented due to non-normally distributed variables. "Mann-Whitney U test was used.
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Figure 2. Scatterplots of associations using Spearman’s rho between percent overnight recognition and frontal slow spindle density (panels a and b);
central slow spindle density (panels c and d); and frontal fast spindle density (panels e and f) in control and OSA groups. Spearman’s rho was used for

all correlations.

associated with SWA (NREM SOs and delta EEG power) in the
control group.

There were no significant associations between any sleep
microarchitecture measures of interest and overnight memory
outcomes within the OSA group.

Exploratory analysis
Post hoc analysis was conducted within groups to explore corre-
lations between the duration spent in both SWS (mins and %) and
overnight memory outcomes. Neither percent overnight recall
nor percent overnight recognition were associated with SWS in
the Control or OSA groups.

We conducted a post hoc sensitivity analysis on memory
measures by changing the demarcation of OSA cases and con-
trols using the criterion of AHI > 10; however, the results did not
change from those using the predetermined cut point of AHI >
15 with no between-groups differences in memory performance
observed.

Discussion

This study assessed overnight declarative verbal memory consol-
idation and key aspects of NREM sleep microarchitecture puta-
tively involved in memory consolidation in older people with and
without OSA and examined associations between memory and
NREM EEG oscillations. Contrary to our hypothesis, overnight
memory consolidation assessed using a verbal word-pair task was

not different between the OSA and age-matched control groups.
However, the OSA group had deficits in sleep spindles with lower
N2 fast spindle density in the frontal region. No between-group
differences in NREM SO or delta EEG power were observed. Higher
slow spindle density in central and frontal regions was associated
with better overnight recognition in the control group, but not
in the OSA group. Overnight recall was not significantly associ-
ated with sleep spindle or slow-wave EEG measures within either
group.

In contrast to the studies investigating non-declarative mem-
ory in OSA [18, 19] which show deficits in procedural memory, our
study shows that in moderate to severe OSA patients, overnight
consolidation of declarative verbal memory appears to be intact.
Our findings in older adults with OSA differ from the decrements
observed in overnight declarative memory in a smaller study of
15 middle-aged (average age 46 years) patients with moderate
OSA [20]. This discrepant finding may be explained by the differ-
ent memory tasks used where our study adopted a 32-item verbal
paired associate task compared to a visual and verbal memory
task where participants were required to memorize a line-drawn
path on a map [20]. Others that employed similar word-pair tasks
have also shown OSA patients to perform more poorly than con-
trols on overnight recall [23, 24]. However, in those studies, the
OSA group spent a significantly shorter amount of time in N3
slow-wave sleep than the control group, a difference not evident
in our OSA group. Moreover, morning retention on the verbal
paired associate task correlated with the amount of slow-wave
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Table 5. Associations Between NREM Microarchitecture Metrics and Overnight Percent Recall and Recognition on the Word-Pair

Associates Task.

Overnight recall

Control 0SA
Frontal Region Slow oscillation EEG power in NREM (n = 32) r=0.266 r=0.261
p=0271 p=0.328
Delta EEG power in NREM (n = 37) r=-0025 r=0.098
p=0.918 p=0.719
Slow spindle density in N2 (n = 35) rho = 0.281 rho = 0.232
p=0.243 p=0.388
Fast spindle density in N2 (n = 35) rho = 0.177 rho=0.171
p = 0.469 p=0526
Central region Slow oscillation EEG power in NREM (n = 37) r=0.269 r=-0.036
p=0.281 p=0.884
Delta EEG power in NREM (n = 37) I =0.048 r=0.070
p=0.851 p=0.777
Slow spindle density in N2 (n = 37) rho = 0.359 rho = 0.325
p=0.143 p=0.175
Fast spindle density in N2 (n = 37) rho = -0.062 rho = 0.326
p =0.807 p=0.173
Overnight recognition
Frontal region Slow oscillation EEG power in NREM (n = 36) r=-0.189 r=0.081
p=0.452 p=0.766
Delta EEG power in NREM (n = 36) r=0.125 r=-0.138
p=0.622 p=0.610
Slow spindle density in N2 (n = 34) rho = 0.555 rho = -0.261
p=0.020' p=0.328
partial rho = 0.432
p=0.108
Fast spindle density in N2 (n = 34) rho = 0.429 rho =-0.191
p=0.076 p=0.478
Central region Slow oscillation EEG power in NREM (n = 36) r=-0.129 r=-0.012
p=0.623 p=0.962
Delta EEG power in NREM (n = 36) r=0101 r=0.035
p=0.970 p=0.888
Slow spindle density in N22 (n = 36) rho = 0.490 rho =-0.011
p = 0.046" p=0.965
partial rho = 0.728
p =0.002*
Fast spindle density in N2 (n = 36) rho = 0.280 rho = -0.070
p=0.276 p=0.777

*p <0.05, *p < 0.01. Spearman’s correlation coefficient (rho) was used for spindle densities due to non-normal distribution and Pearson’s correlation coefficient
(r) for normally distributed SO EEG power and delta EEG power after log transformation. *Associations remained significant after accounting for age using partial

correlation. SO, frequency range 0.25-1 Hz; delta, 0.5-4.5 Hz.

sleep in the prior work, possibly accounting for the discordant
findings between studies. Another possible explanation for the
lack of significant differences in memory performance between
groups in the current study is the small sample size which was
only powered to reliably detect a large effect size. It is also possible
that the preserved overnight declarative memory performance
observed in older adults with OSA in our study may be due to

preconditioning and tolerance in the brain in response to repeated
exposure to intermittent hypoxic insults [35]. Furthermore, brain
adaptive responses in untreated OSA including hypertrophy of
the hippocampus suggesting hippocampal neurogenesis [36],
may compensate for brain injury in other regions and act to pre-
serve cognitive function. Future studies investigating overnight
memory consolidation in carefully matched older adults with



and without OSA should employ neuroimaging to further eluci-
date the brain’s compensatory responses.

We did not observe a difference in SWA (NREM SO or delta EEG
power) between OSA and control groups. Deficits in SWA in OSA
patients have previously been observed [36] and greater SWA
has been related to improved spatial memory in OSA [14], and
declarative memory and procedural learning in healthy adults
and people with schizophrenia [37]. Concordant with our find-
ings, other OSA case-controlled studies did not show any signif-
icant differences in SWA during NREM between groups [7-9, 14].
Similar to previous work [25, 38], we observed deficits in sleep
spindles in the OSA group. These findings suggest that loss of
sleep spindles during N2 may be a trait NREM EEG marker in OSA
patients [39].

Slow sleep spindle density during N2 was positively associated
with overnight recognition in healthy older adults, similar to pre-
vious research investigating the relationship between overnight
retention of declarative word pairs and slow sleep spindles in
younger adults [11, 16] and children [25]. Despite the similarity
of the memory task used in our study as compared to previous
studies, our results demonstrate the complexity and importance
of a differentiation between overnight recognition and recall in
declarative verbal associate memory and their relation to sleep
spindles. It has been unclear in the literature whether sleep
spindles represent individual traits associated with learning and
memory functions or whether they play a causal role in mem-
ory consolidation. Supporting trait-like features of sleep spindles,
Hoedlmoser et al. [40] reported that N2 slow spindle activity was
associated with general baseline cognitive abilities and learn-
ing capabilities on a declarative memory task but not overnight
declarative memory consolidation. Our study cannot exclude
the possibility N2 slow sleep spindles reflect baseline cognition
because we did not measure intelligence quotients.

Contrary to our hypotheses, we did not observe any association
between sleep spindles and overnight memory consolidation in
OSA. Although there are numerous studies that report associa-
tions between spindle activity and declarative memory in healthy
sleepers, this relationship in OSA patients is less clear. It is possi-
ble that sleep spindle density is a poor biomarker of declarative
memory consolidation in this population and other morpholog-
ical characteristics such as spindle event duration or frequency
variation may be more sensitive measures [41]. The issue of
whether sleep spindle subtypes are differentially associated with
memory consolidation in OSA also remains unclear. Slower fre-
quency spindles have been observed in OSA [7, 42] and though
our slow spindle events were detected within the 11 to 13 Hz fre-
quency range it is possible that a lower bound for this range may
more reliably capture individual spindle events and measures of
spindle densities in this population. Given the different spatial
and temporal distributions of fast and slow spindles, it is possi-
ble that they play different roles in sleep-related memory pro-
cesses. Increased slow sleep spindles correlated with improved
verbal declarative memory performance in healthy young adults
[11,27]. A study on healthy children failed to replicate those find-
ings. For instance, Hoedlmoser et al. [40] found a relationship
between slow sleep spindle activity and general cognitive abilities
(intelligence scores) and initial acquisition rate during encoding
sessions (learning efficiency). However slow sleep spindle activ-
ity in this study was not associated with overnight improvement
in declarative memory performance. The utility of metrics that
quantify the multidimensional aspects of sleep spindles (e.g. slow
vs. fast frequency spindles and spindle amplitude and duration),
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their topography and coupling with SOs in relation to declara-
tive memory consolidation in OSA is unclear and future studies
employing high-density EEG and advanced signal processing
techniques are required to address this gap.

There are several limitations to this study. The absence of
impaired declarative memory in the current sample may result
from the selection criteria of the study which excluded significant
comorbidities as secondary causes of cognitive deterioration, and
the presence of mild OSA in the control group. However, there is
no clear evidence that supports an association between mild OSA
and neurocognitive function [43]. Furthermore, the number in
each group was relatively small for our sample size despite being
comparable to other published sleep EEG studies in patients
with sleep disorders and as such, we did not adjust our statisti-
cal analysis for multiple comparisons. We did not measure sleep
spindle activity during a baseline night and are unable to evalu-
ate whether those with greater sleep spindle activity at baseline
had better memory consolidation, and therefore could not adjust
for any potential differences between groups. It is possible that
compensatory mechanisms that may have been recruited by OSA
patients to explain the preservation of declarative memory con-
solidation, a phenomenon that has been observed when assess-
ing performance in other cognitive domains [44]. Recent studies
have demonstrated that memory consolidation during sleep
relies on the precisely timed interaction between SOs and sleep
spindles [45, 46]. Specifically, the tight precision of fast sleep spin-
dles and SOs coupling is key to enhance memory consolidation.
We did not examine spindle and slow-wave coupling in our study
[47], and future studies that investigate the distinct temporal
coordination of slow waves and spindles and its correlation with
overnight declarative memory consolidation in OSA are required.
In addition, it is noteworthy that the daytime neuropsychological
cognitive profile of the current sample is unknown. In patients
with OSA, as assessed in the current sample, it is possible that
poor memory consolidation in OSA could co-occur with more
general neuropsychological dysfunction as observed in a study by
Beaudin et al. [48], where they reported the presence of mild cog-
nitive impairment in 55.3% of patients with moderate and severe
OSA. This notion was further supported in another study show-
ing that participants who exhibited daytime neuropsychological
impairment (i.e. mild cognitive impairment) had poorer overnight
memory consolidation [30]. The presence of other confounders
such as duration of disease, cognitive reserve, and continuous
positive airway pressure use may act as a mediator or protection
against cognitive decline.

Conclusion

Despite the sleep fragmentation and hypoxemia associated with
sleep-disordered breathing, overnight declarative memory con-
solidation appeared to be preserved in this small group of older
adults with untreated OSA. However, larger studies that are
adequately powered are required to confirm this. Moreover, we
observed deficits in sleep spindle activity but not SWA in the OSA
group. In healthy older adults, we provide further evidence that
indicates sleep spindles play a role in the consolidation of declar-
ative memories, highlighting the potential of targeted interven-
tions to boost spindles to enhance cognitive outcomes in older
adults without OSA. Future studies should examine the temporal,
spatial, and dynamic characteristics of sleep spindles and slow
waves to better understand sleep-dependent declarative memory
processes and possible compensatory mechanisms in OSA.
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