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Abstract

Ageing-related changes in grey matter result in changes in the intensity and

topography of sleep neural activity. However, it is unclear whether these

findings can be explained by ageing-related differences in sleep pressure or cir-

cadian influence. The current study used high-density electroencephalography

to assess how grey matter volume differences between young and older adults

mediate and moderate neuroscillatory activity differences during a midday

nap following a motor sequencing task. Delta, theta, and sigma amplitude

were reduced in older relative to young adults, especially over frontocentral

scalp, leading to increases in relative delta frontality and relative sigma lateral

centroposteriority. Delta reductions in older adults were mediated by grey

matter loss in frontal medial cortex, primary motor cortex, thalamus, caudate,

putamen, and pallidum, and were moderated by putamen grey matter volume.

Theta reductions were mediated by grey matter loss in primary motor cortex,

thalamus, and caudate, and were moderated by putamen and pallidum grey

matter volume. Sigma changes were moderated by putamen and pallidum grey

matter volume. Moderation results suggested that across frequencies, young

adults with more grey matter had increased activity, whereas older adults with

more grey matter had unchanged or decreased activity. These results provide a

critical extension of previous findings from overnight sleep in a midday nap,

indicating that they are not driven by sleep pressure or circadian confounds.

Moreover, these results suggest brain regions associated with motor sequence

learning contribute to sleep neural activity following a motor sequencing task.

Abbreviations: ACME, average causal mediation effect; ADE, average direct effect; BDI, Beck Depression Inventory; EEG, electroencephalogram;
EMG, electromyogram; EOG, electrooculogram; EMM, estimated marginal mean; ESS, Epworth Sleepiness Scale; eTIV, estimated total intracranial
volume; FIR, finite impulse response; FSL, FMRIB Software Library; GMV, grey matter volume; HD-PSG, high-density polysomnography; IIR,
infinite impulse response; MEQ, Morningness-Eveningness Questionnaire; MMSE, Mini-Mental State Exam; MPRAGE, magnetisation-prepared rapid
gradient echo; MRI, magnetic resonance imaging; NREM, non-rapid eye movement; NREM2, non-rapid eye movement stage 2; NREM3, non-rapid
eye movement stage 3; OA, older adults; PSQI, Pittsburg Sleep Quality Index; REM, rapid eye movement; ROI, region of interest; SRTT, serial
reaction time task; SSS, Stanford Sleepiness Scale; TICS, Telephone Interview for Cognitive Status; TST, total sleep time; VBM, voxel-based
morphometry; YA, young adults.
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1 | INTRODUCTION

Sleep is not unitary. Rather, sleep is composed of
multiple stages: in humans, rapid eye movement (REM)
and three stages of non-REM sleep are present, with each
sleep stage serving a distinct array of cognitive and
physiological functions (Iber, 2007; Rasch & Born, 2013).
These stages are categorically classified by unique neural
activity. REM is characterised by high-frequency
electroencephalogram (EEG) activity resembling that of
wake. Non-REM stage 2 (NREM2) is predominantly
characterised by sleep spindles, discrete bursts of EEG
activity in the sigma range (11–16 Hz), and K-complexes,
discrete bursts of EEG activity in the middelta range
(�2 Hz). Non-REM stage 3 (NREM3), also known as slow
wave sleep, is characterised by large EEG oscillations in
the delta (0.5–4 Hz) and theta (4–8 Hz) ranges (Dijk
et al., 1990; Iber, 2007).

Neural activity during sleep can vary regionally. At
the extreme, distinct sleep stages or even simultaneous
sleep and wake are observed across different brain
regions, a phenomenon known as local sleep (Huber
et al., 2004; Nobili et al., 2012; Siclari & Tononi, 2017).
More commonly, the intensity of neural activity within
sleep-characteristic frequency bands varies regionally
across a single sleep stage. Regional variation in sleep
neural activity is prominent for the delta frequency band
associated with slow wave sleep (Bersagliere et al., 2018;
Nir et al., 2011; Nobili et al., 2011) and has also been
reported for theta and sigma activity (Alfonsi et al., 2019;
Andrillon et al., 2011; Nir et al., 2011; Nishida &
Walker, 2007; Vyazovskiy & Tobler, 2005). To the extent
that sleep neural activity varies regionally, ageing-related
atrophy across different brain regions will have
differential contributions to changes in sleep neural
activity. The goal of the present study is to describe how
reduced grey matter volume (GMV) across brain regions
in older adults contributes to ageing-related changes in
scalp-recorded neural activity during a midday nap.

1.1 | Changes in sleep EEG amplitude
and topography across the lifespan

The regional variation of neural activity during sleep is
reflected in topographic variations in scalp-recorded
EEG, especially along the anterior–posterior axis (Finelli
et al., 2001; Werth et al., 1997). In healthy young adults

during overnight non-REM sleep, delta and theta are
typically maximal over frontal scalp, whereas sigma is
typically maximal over frontocentral scalp (Feinberg
et al., 2011; Finelli et al., 2001; Werth et al., 1997).
However, the topographic distribution of sleep EEG
activity changes across the lifespan in a frequency
band-specific manner (Feinberg et al., 2011; Kurth
et al., 2010; Sprecher et al., 2016).

Developmentally, delta shifts from a primarily occipi-
tal distribution in early childhood to a primarily frontal
distribution by early adolescence (Kurth et al., 2010).
With typical ageing, sleep delta activity is reduced across
the entire scalp (Carrier et al., 2001, 2011; Dijk
et al., 1989; Gaudreau et al., 2001; Landolt et al., 1996;
Landolt & Borbély, 2001; Schwarz et al., 2017; Sprecher
et al., 2016), with larger reductions observed over frontal
regions (Carrier et al., 2011; Münch et al., 2004; Robillard
et al., 2010; Sprecher et al., 2016).

Theta during non-REM sleep also declines across the
lifespan, but in a manner distinct from that observed for
delta (Buchmann et al., 2011; Campbell &
Feinberg, 2009; Feinberg et al., 2011; Kurth et al., 2010;
Sprecher et al., 2016). Longitudinal work demonstrates
that non-REM theta declines steadily from 9 to 11 years
of age, while delta is unchanged across this interval
(Campbell & Feinberg, 2009), and the clear developmen-
tal increase in the relative frontality of delta is largely
absent for theta (Feinberg et al., 2011; Kurth et al., 2010).
During typical ageing, non-REM theta continues to
decline through middle and older adulthood (Carrier
et al., 2001; Dijk et al., 1989; Gaudreau et al., 2001;
Landolt et al., 1996), especially over frontocentral scalp
regions (Landolt & Borbély, 2001; Sprecher et al., 2016).

Sigma activity decreases across infancy until around
2 years of age (Scholle et al., 2007; Tanguay et al., 1975),
increases during early childhood (Kurth et al., 2010;
McClain et al., 2016; Scholle et al., 2007), then decreases
again through adolescence and early adulthood
(Buchmann et al., 2011; Gaudreau et al., 2001; Kurth
et al., 2010; Shinomiya et al., 1999). Like theta, sigma
does not undergo a developmental shift in relative
frontality and instead stays maximal over frontocentral
scalp (Kurth et al., 2010). Sigma continues to decline
through middle and older adulthood (Crowley
et al., 2002; Dijk et al., 1989; Gaudreau et al., 2001;
Nicolas et al., 2001; Peters et al., 2014; Schwarz
et al., 2017), especially over frontocentral scalp regions
(Landolt & Borbély, 2001; Mander et al., 2014; Martin
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et al., 2013; Sprecher et al., 2016), leading to an ageing-
related increase in the relative concentration of sigma
over lateral centroposterior scalp regions (Sprecher
et al., 2016).

1.2 | Relationships between sleep EEG
and GMV across the lifespan

Changes in cortical grey matter across the lifespan follow
a similar trajectory as that observed for delta. Peak GMV
and thickness are reached in occipital cortex by 8 years of
age, but frontal regions do not reach peak GMV or thick-
ness until 13 years (Giedd et al., 1999; Gogtay et al., 2004;
Shaw et al., 2008), which corresponds with increasing
delta frontality across childhood. During adolescence,
frontal and parietal cortical thinning correlates with and
partially mediates maturational declines in frontocentral
delta (Buchmann et al., 2011; Goldstone et al., 2018). In
young adulthood, frontal delta amplitude is correlated
with GMV in medial prefrontal cortical regions (Saletin
et al., 2013). Later in life, ageing-related reductions in
frontal delta are mediated by atrophy in medial frontal
cortex and other frontal cortical regions (Dubé
et al., 2015; Latreille et al., 2019; Mander et al., 2013).
These parallel spatial changes in delta activity and grey
matter over the lifespan have been interpreted as
evidence that delta reflects frontal cortical maturation
during development (Buchmann et al., 2011; Kurth
et al., 2010) and may serve as a biomarker of and
therapeutic target for frontal cortical atrophy during
typical ageing (Mander et al., 2013).

Campbell and Feinberg (2009) posited that while
developmental changes in delta reflect changes in frontal
cortex and other neocortical structures, changes in
non-REM theta may reflect development of allocortical
structures such as the hippocampus. However,
Buchmann et al. (2011) reported significant colocalisation
of maturational correlations with non-REM theta power
and cortical thickness in several neocortical regions
during adolescence, but no such relationship between
non-REM theta and grey matter in the (periallocortical)
parahippocampal gyrus. Additionally, across a cohort of
young and older adults Latreille et al. (2019) found an
inverse relationship between spectrally relative non-REM
theta and occipital cortical thickness but no relationship
between spectrally relative non-REM theta and hippo-
campal volume. However, the spectral normalisation of
theta amplitude to the broadband EEG employed by
Latreille et al. (2019) caused their theta measure to be
dependent on delta amplitude, potentially obscuring
theta-specific relationships with allocortical grey matter.
Characterising the extent to which reduced spectrally

isolated theta in older adults is mediated by atrophy in
neocortical and allocortical structures would therefore
help clarify the neural generators of theta across both
maturation and ageing.

Sigma activity is also related to grey matter in an
age-dependent manner (Fogel et al., 2017; Saletin
et al., 2013). However, the brain regions in which grey
matter influences sigma differ from those shown to
influence delta. In young adults, Saletin et al. (2013)
found that GMV in the hippocampus was related to a
dominance of fast spindle activity, whereas GMV in insu-
lar and auditory cortices was related to a dominance of
slow spindle activity. Fogel et al. (2017) also reported a
relationship between spindle activity and GMV in the
hippocampus, as well as in cingulate and parietal corti-
ces, supplementary motor area, and cerebellum; these
additional brain regions likely reflect performance of a
motor sequencing task prior to sleep. The relationships
between spindle measures and GMV reported by Fogel
et al. (2017) were moderated by age, such that GMV
correlated with spindle measures in young adults but
not in older adults. The age moderation of the relation-
ship between GMV and spindles following a motor
sequence learning task is particularly interesting
given prior evidence that ageing-related deficits in
sleep-dependent memory consolidation are evident for
motor sequence learning, but not declarative learning
(Aly & Moscovitch, 2010; Fogel et al., 2014; Sonni &
Spencer, 2015; Spencer et al., 2007; Terpening
et al., 2013; Wilson et al., 2012). Following this, in the
present study, we sought to determine whether age also
moderated the relationships between GMV and sleep
delta or theta activity following a motor sequencing task.

1.3 | Using naps to disentangle sleep
from sleep pressure and circadian timing

The majority of previous investigations of ageing-related
changes in the topography of sleep neural activity and its
relationship to GMV have focused on overnight sleep,
and those that have investigated naps have limited sleep
physiology analysis to sleep spindles (Fogel et al., 2017).
However, other aspects of sleep neural activity,
particularly delta and theta, are known to be influenced
by homeostatic sleep pressure (Münch et al., 2004;
Robillard et al., 2010). It is important to consider whether
grey matter contributions to ageing-related differences in
sleep neural activity differ under relatively lower sleep
pressure conditions, such as during a midday nap
(e.g., Borbély, 1982; Mander et al., 2017). Because
ageing-related differences in sleep pressure are reduced
at midday relative to the start of overnight sleep (Mander

7334 FITZROY ET AL.



et al., 2017), ageing-related differences in sleep neural
activity during a midday nap are less likely to be driven
by homeostatic sleep pressure than ageing-related
differences in overnight sleep neural activity. Further,
ageing-related differences in circadian rhythms interact
with nocturnal sleep pressure in ways that could
influence sleep neural activity (Münch et al., 2007, 2010).
Assessing ageing-related differences in neural activity
during midday sleep can therefore help disentangle
ageing-related changes in homeostatic sleep pressure
from ageing-related changes in basic sleep physiology
and circadian sleep governance.

Moreover, naps are of particular interest to ageing-
related sleep research, given that naps are prevalent in
older adults and have been suggested to be a possible
intervention for ageing-related changes in cognition
(Mantua & Spencer, 2017). Additionally, from a research
perspective, a nap paradigm (i.e., comparing afternoon
wake to afternoon sleep bouts) is commonly used to
study sleep function as it controls for circadian con-
founds. We have reported that naps are a microcosm of
overnight sleep with regard to ageing-related changes in
sleep architecture (Jones & Spencer, 2020; Mantua &
Spencer, 2017). Thus, an additional goal of the present
study was to understand whether this is true for the
topography and neural generators of nap sleep micro-
structure as well.

1.4 | The present study

We analysed high-density EEG collected from young and
older adults during a midday nap, in light of GMV
measures extracted from high-resolution structural MRI
scans. Our hypothesis was that ageing-related changes in
sleep neuroscillatory activity, and the relationships
thereof to grey matter, are trait-like changes in sleep
physiology rather than state-like changes due to sleep
pressure or circadian influence, and would be evident in
similar ways during a midday nap as during overnight
sleep. Based on previous overnight sleep research, we
predicted reductions in the delta, theta, and sigma
frequency bands during a midday nap in older relative to
younger adults. Moreover, we predicted that these
reductions would be largest over frontal scalp for delta,
largest over frontocentral scalp for theta and sigma, and
that these reductions would lead to an increase in the
relative concentration of sigma amplitude over lateral
centroposterior scalp. We further predicted that ageing-
related reductions in delta and theta during a midday
nap would be mediated by grey matter atrophy in frontal
cortical regions, and that ageing-related reductions in
theta and sigma would be mediated by grey matter

atrophy in the hippocampus. Lastly, following Fogel
et al. (2017), we predicted that the relationships between
nap neuroscillatory activity and GMV will be moderated
by age, such that they are stronger in young adults.

2 | MATERIALS AND METHODS

2.1 | Participants

Data were taken from a larger study on ageing-related
changes in sleep and learning; additional analyses of data
from this study are reported in Fitzroy, Kainec, Seo,
and Spencer (2021). Participants were 26 healthy
right-handed young adults (18–31 years, M = 22.42,
SD = 2.9, 12 males) and 21 healthy right-handed older
adults (58–75 years, M = 65.29, SD = 5.49, 11 males).
Participants were excluded based on the following
criteria: left-handedness; self-reported presence of neuro-
logical, psychiatric, cardiac or sleep disorders; use of
medications or supplements affecting sleep; excessive
napping; caffeine or alcohol consumption; habitual bed
time after 12 PM or wake time before 5 AM; and
implanted metal or other contraindications for the
magnetic resonance imaging (MRI) environment. All
older adults were free of self-reported cognitive decline.
Standardised cognitive assessments were available for
16 of the older adults as part of study participation within
2 years following the present study. The Mini-Mental
State Exam (MMSE; Folstein et al., 1975) was adminis-
tered to 10 older adults; scores ranged from 27 to 30, all
above the typical threshold of 24 for detecting impaired
cognition (Mitchell, 2009). The Telephone Interview for
Cognitive Status (TICS; Brandt et al., 1988) was adminis-
tered to seven older adults, all of whom scored within the
normal cognitive status range (≥30). Notably, behavioral
performance on the motor sequencing task did not differ
between those for whom cognitive assessments were
available and those for whom they were not (see
supporting information Section S1.2).

2.2 | Questionnaires

Participants completed a set of standardised question-
naires to assess typical sleep habits, sleep quality, and
chronotype. Habitual sleep (past 30 days) was assessed
using the Pittsburg Sleep Quality Index (PSQI; Buysse
et al., 1989). Typical daytime sleepiness was assessed
using the Epworth Sleepiness Scale (ESS; Johns, 1991).
Acute subjective sleepiness prior to and following the
nap was assessed using the Stanford Sleepiness Scale
(SSS; Hoddes et al., 1973). Chronotype was assessed using

FITZROY ET AL. 7335



the Morningness-Eveningness Questionnaire (MEQ;
Horne & Ostberg, 1976). Depressive symptoms were
assessed using the Beck Depression Inventory (BDI; Beck
et al., 1996). Lastly, information regarding daily life
activities affecting sleep (e.g., caffeine intake, exercise,
and prior night sleep), dexterity (e.g., musicianship and
hand skills), and self-assessed task performance was also
collected. Descriptive statistics for questionnaires can be
found in Table 1.

2.3 | Procedures

2.3.1 | General procedures

Written informed consent was obtained from partici-
pants. Procedures were approved by the Institutional
Review Board at the University of Massachusetts,
Amherst. Participants were instructed to get quality sleep
the night before experimental sessions and to abstain
from caffeine and alcohol consumption during experi-
mental days and the prior night.

On the day of the experiment, participants arrived at
the lab at approximately 9 AM. After providing informed
consent, participants received instructions for the serial
reaction time task (SRTT) and then practiced the
visuomotor aspects (i.e., random blocks only) of the SRTT
in a mock MRI scanner. Participants next completed the
SSS, were positioned in the MRI scanner and underwent
a high-resolution structural (T1-weighted) brain scan.
After the structural scan, participants performed the
SRTT in the MRI scanner while functional MRI
images were collected. After completing the morning
scanner session, participants took a short break including
30 min for lunch in the lab, then had high-density poly-
somnography (HD-PSG) applied. HD-PSG was recorded

during a 2-h nap opportunity from 1 to 3 PM, which took
place in a darkened room similar to a home bedroom
environment. At 3 PM participants were awakened, had
the HD-PSG montage removed, and were given time to
clean up. Participants then performed a second random-
only SRTT practice in the mock scanner, completed a sec-
ond SSS, and returned to the MRI scanner for another
high-resolution structural brain scan (diffusion tensor
imaging) and to again perform the SRTT during func-
tional imaging. Lastly, standardised questionnaires were
administered to assess sleep habits, quality, chronotype,
and self-assessment of task performance. Task perfor-
mance and functional imaging during the task were col-
lected as part of larger multiday protocol and are
reported in a parallel manuscript (Fitzroy et al., 2021).
Diffusion-weighted images were also collected as part of
the larger protocol and are not included in analyses here.

2.3.2 | Task

Participants performed an explicit variant of the SRTT, in
which they were aware that there was an underlying pat-
tern in the stimulus sequence but not directly informed
what the pattern was. Responses were cued when one of
four boxes on a screen display illuminated (black fill
turned white). The display was positioned behind the
scanner bore and made visible to the participant via an
angled mirror mounted to the head coil directly in front
of their eyes. Participants rested their non-dominant (left)
hand on a response box and were instructed to respond
quickly and accurately by pressing the button
corresponding to the location of the cue. The boxes
flashed at a regular interval (1000 ms) either according to
a regular repeating eight-item sequence or randomly in a
block design, with 40 flashes (trials) in each block.

TAB L E 1 Questionnaire data

Young adults (n = 26) Older adults (n = 21) Age differences

n M (SD) n M (SD) p

Prior night sleep 21 7.21 (1.01) 18 6.97 (1.36) 0.553

PSQI 23 4.78 (2.37) 19 4.58 (1.54) 0.748

ESS 22 7.95 (3.90) 21 7.38 (3.44) 0.611

SSS-1 23 2.48 (0.79) 21 2.14 (0.73) 0.150

SSS-2 23 2.39 (1.08) 21 2.05 (0.80) 0.235

MEQ 23 47.70 (10.43) 16 61.06 (10.29) < 0.001

BDI 17 7.41 (8.00) 17 4.76 (5.25) 0.264

Note: Group means and standard deviations of questionnaire data. Prior night sleep duration is reported in hours. Significant (p < 0.05) age differences are
highlighted in bold.
Abbreviations: BDI, Beck Depression Inventory; ESS, Epworth Sleepiness Scale; M, mean value; MEQ, Morningness-Eveningness Questionnaire; n, number of
participants with available data; PSQI, Pittsburgh Sleep Quality Index; SD, standard deviation; SSS, Stanford Sleepiness Scale (SSS-1: pre-nap; SSS-2: post-nap).
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Twelve blocks were presented, organised in six pairs of
alternating block types (sequence and random), with a
30-s rest period between the third and fourth block-pairs.
Block type was indicated at the start of each block, and
participants were instructed to notice and learn any
patterns they might observe on sequence blocks.

2.3.3 | High-density polysomnography

HD-PSG data were acquired with reference to FCz using
a custom 129-channel cap (Easycap, Herrsching,
Germany) and BrainAmp MR plus amplifiers (Brain
Products GmbH, Gilching, Germany). The montage
consisted of 123 scalp EEG electrodes placed at 10–10
and intermediary locations, 4 electrooculogram (EOG)
electrodes placed beside and below the eyes, and 2
electromyogram (EMG) electrodes placed over the
zygomatic major and mylohyoid muscles. Data were
recorded using a hardware bandpass of 0.1–1000 Hz and
digitised at 500 Hz using BrainVision Recorder (Brain
Products GmbH, Gilching, Germany). Scalp impedances
were reduced below 20 kΩ using high-chloride abrasive
gel before the nap.

2.3.4 | MRI data acquisition

Whole-brain images were collected using a Siemens 3T
MAGNETOM Skyra scanner (Siemens Healthcare,
Erlangen, Germany) with a 20-channel head coil.
High-resolution T1-weighted structural scans were
acquired in the sagittal plane using a three-dimensional
magnetisation-prepared rapid gradient echo (MPRAGE)
sequence (TE = 2.26 ms, TR = 1810 ms, TI = 915 ms,
FA = 9�, 224 slices, FoV = 224 � 256 � 256 mm2, voxel
size 0.8 � 0.797 � 0.797 mm3). For 12 young adults and
10 older adults T1 images were collected on the same day
as the nap; for the remaining 14 young adults and
11 older adults T1 images were collected 7 days prior to
the nap during a data collection session following an
identical experimental protocol other than having a wake
interval instead of the nap. In all cases the T1 images
were collected on the first day of participation in the
experiment.

2.4 | Data analysis

2.4.1 | Sleep staging

To identify sleep stages, FCz-referenced HD-PSG
recordings were bandpass-filtered offline (0.3 to 35 Hz

EEG, 10 to 70 Hz EMG), re-referenced to the contralat-
eral mastoid, then visually scored (30 sec epochs)
according to American Academy of Sleep Medicine
criteria (Iber, 2007) using the Hume toolbox (Saletin &
Greer, 2015).

2.4.2 | Task performance

Performance on the SRTT was quantified separately as
reaction time on sequence blocks, random blocks, and
the difference between the two (skill learning;
i.e., random minus sequence) before and after the nap.
Reaction times before the nap were quantified as the
median correct reaction time within the appropriate
block type, averaged over the final two block-pairs of the
pre-nap session. Reaction times after the nap were
quantified as the median correct reaction time within the
appropriate block type in the second block-pair of the
post-nap session. Within random blocks, reaction times
were excluded for cues that formed trills (e.g., 1-3-1), runs
of three or more (e.g., 1-2-3 or 3-2-1), or had transitional
probabilities greater than 0.33 to avoid influence of
expectancy-driven facilitation (e.g., Soetens et al., 2004).

2.4.3 | EEG amplitude processing

Motivated by prior work (Dubé et al., 2015; Fogel
et al., 2017; Latreille et al., 2019; Mander et al., 2013;
Sprecher et al., 2016) and verified by cluster-based per-
mutation analyses in the spectral domain (see supporting
information Section S1.1), we analysed time-domain EEG
amplitude separately in the delta, theta, and sigma
frequency bands. Unfiltered, FCz-referenced recordings
were re-referenced to the averaged mastoid and manually
inspected for bad channels, and channels identified as
bad for a large portion of the recording were spherically
interpolated. Bad channel interpolation was necessary for
19 younger adults (number of bad channels: M = 1.47,
SD = 0.61) and 19 older adults (number of bad channels:
M = 2.26, SD = 2.56). Amplitude envelopes were
extracted from EEG recordings in the delta (0.5–4 Hz),
theta (4–8 Hz) and sigma (12–16 Hz) frequency bands
using the filter-Hilbert method (Freeman, 2004). We
adopt the frequency-windowed time-domain amplitude
approach of the filter-Hilbert method over more
common time-windowed spectral amplitude approaches
(e.g., short-time Fourier transform) because it allows
optimisation of filter designs for each frequency band of
interest, and we find that using amplitude envelopes
facilitates artefact excision and sleep macrostructure
handling.
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EEG data were first bandpass-filtered using
band-specific filter designs: delta used a second-order
Butterworth IIR filter; theta used a Chebyshev Type II
filter requiring ≥20-dB attenuation in the stopband
(outside 4–9 Hz) and ≤2 dB attenuation in the passband
(4.5–8 Hz), and sigma used a 164th-order FIR filter after
demeaning the data. Artefactual sections of filtered
data were identified automatically for each electrode
using band-specific voltage thresholds (delta: �250 μV;
theta/sigma: �75 μV). Final artefact thresholds were
determined through visual inspection of full-recording
amplitude envelopes and iterative adjustment. Band-
specific amplitude envelopes were created for each
electrode by taking the magnitude of the complex
analytic signal produced by the Hilbert transform of the
bandpass-filtered EEG (i.e., abs (hilbert (EEG.data (ch,:)))
in MATLAB). Artefact-free regions of the band-specific
amplitude envelopes recorded during the first 60 min of
combined NREM2/NREM3 sleep were averaged into
non-overlapping 20-s epochs then averaged again across
epochs to give a single amplitude measure per combina-
tion of frequency band, electrode, and participant. EEG
analyses were limited to the first 60 min of NREM2/
NREM3 sleep to maximise potential contributions of
sleep homeostatic pressure to the sleep EEG, which are
largest early in the sleep bout (Münch et al., 2004).

2.4.4 | EEG amplitude statistical analysis

Ageing-related differences in EEG amplitude were
assessed using non-parametric cluster-based permutation
tests over the topography dimension within each
frequency band (Maris & Oostenveld, 2007; Oostenveld
et al., 2011). Between-groups independent-samples
t values were calculated for amplitude at each electrode,
and t values with magnitude greater than the threshold
values (corresponding to the 2.5th and 97.5th quantiles of
a two-tailed t-test) were considered for cluster inclusion.
Sufficiently large t values of the same sign (positive or
negative) were clustered by topographical adjacency,
defined by a triangulation algorithm applied to a 2D
projection of electrode location. Clusters were required to
contain at least two electrodes.

A mass score was calculated for each cluster by
summing all individual t values contained within. Cluster
significance was assessed empirically using a Monte
Carlo simulation with 1000 iterations; each cluster
observed in the canonical data was assigned a p-value
equal to the proportion of randomly shuffled Monte
Carlo iterations resulting in a cluster of that magnitude
or larger. Cluster significance was evaluated at α = 0.025
reflecting the two-tailed nature of the permutation test.

To capture ageing-related changes in both overall neural
activity and the relative topography thereof during a nap,
the cluster-based permutation testing procedure was
completed twice: once to assess absolute EEG amplitude
and once to assess topographically relative (i.e., divided
by the across-channel mean) EEG amplitude. Dividing by
the across-channel mean centers the relative amplitude
around 1 and scales it, creating ratios to the overall scalp
mean at each electrode and facilitating topography
comparisons across age groups with large absolute
amplitude differences (e.g., Kurth et al., 2010). EEG
amplitude analyses were completed using a combination
of EEGLAB (Delorme & Makeig, 2004), ERPLAB
(Lopez-Calderon & Luck, 2014), Fieldtrip (Oostenveld
et al., 2011) and in-house MATLAB software (PSGpower;
https://osf.io/qsryf/).

2.4.5 | GMV processing

GMV was assessed using voxel-based morphometry
(VBM). Structural (T1) images were processed with
FSL-VBM 1.1 (Douaud et al., 2007, http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FSLVBM), an optimised VBM protocol
(Good et al., 2001) carried out with FSL tools (Smith
et al., 2004). Structural images from 21 randomly selected
younger adults and all 21 older adults were brain-
extracted and grey matter-segmented, then registered to
ICBM-152 standard space using non-linear registration
(Andersson et al., 2007). The resulting images were
averaged and flipped along the x-axis to create a left–right
symmetric grey matter template (Figure 1). The
subsampling of the young adult cohort was performed to
avoid overrepresentation of young adults in the grey
matter template; the randomly selected subcohort of
21 young adults did not differ in age, sex, prior night sleep
duration, typical daytime sleepiness, pre-nap or post-nap
sleepiness, or sleep macrostructure from the full (n = 26)
cohort of younger adults (ps > 0.4). Next, all native grey
matter images were non-linearly registered to this study-
specific template and modulated to correct for local
expansion (or contraction) due to the non-linear compo-
nent of the spatial transformation (Good et al., 2001). The
modulated grey matter images were then smoothed with
an isotropic Gaussian kernel with a sigma of 3 mm.

Motivated by the broad ageing-related differences in
GMV observed in whole-brain analyses, to facilitate
comparisons with behavioral and EEG data, GMV was
extracted from several regions of interest (ROIs; Figure 1)
expected to contribute to delta, theta, and sigma activity
generation during sleep following a motor sequence
learning task (Buchmann et al., 2011; Doyon &
Benali, 2005; Fogel et al., 2017; Helfrich et al., 2018;
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Mander et al., 2013, 2014; Saletin et al., 2013). GMV was
measured separately within frontal medial cortex,
premotor cortex (BA6), anterior primary motor cortex
(BA4a), posterior primary motor cortex (BA4p),
hippocampus, thalamus, caudate, putamen, pallidum,
cerebellar hemispheres (lobules I, II, III, IV, V, VI,
Crus I, Crus II, VIIb, VIIIa, VIIIb, IX and X), and cerebel-
lar vermis (lobules VI, Crus I, Crus II, VIIb, VIIIa, VIIIb,
IX and X). GMV was measured separately in the left and
right hemispheres for all ROIs except frontal medial
cortex and cerebellar vermis. ROIs were defined using
probabilistic atlases: frontal medial cortex was defined
using the Harvard–Oxford cortical atlas (Desikan
et al., 2006); premotor and primary motor cortices were
defined using the Jülich atlas (Eickhoff et al., 2005;
Geyer, 2004; Geyer et al., 1996); hippocampal, striatal
and thalamic ROIs were defined using the Harvard–
Oxford subcortical atlas (Frazier et al., 2005); and
cerebellar ROIs were defined using the non-linearly
registered probabilistic cerebellar atlas in FSL
(Diedrichsen et al., 2009, 2011). Atlas-defined ROIs were
binarised by thresholding at a probability of 0.15 or
higher. ROI GMV was defined as the mean intensity of
non-zero voxels of the modulated, smoothed grey matter
images within each ROI.

2.4.6 | GMV statistical analyses

Ageing-related differences in GMV were first assessed
using a voxelwise whole-brain general linear modelling
approach covarying for estimated total intracranial
volume, employing cluster-based permutation analyses
with the threshold-free cluster enhancement
implemented in FSL’s randomise (Salimi-Khorshidi

et al., 2011; Winkler et al., 2014). Total intracranial
volume was estimated after automatic segmentation in
FreeSurfer v6.0.0 (http://surfer.nmr.mgh.harvard.edu/) as
a function of the determinant of the transform matrix for
atlas alignment (Buckner et al., 2004; Fischl et al., 2002).
Additionally, ageing-related differences in mean GMV
within each ROI were assessed using multiple linear
regression covarying for estimated total intracranial
volume, with each ROI analysed in a separate model.

2.4.7 | GMV contributions to ageing-related
differences in EEG amplitude

To determine the contributions of ageing-related grey
matter atrophy to ageing-related changes in nap EEG
amplitude, EEG amplitude measures found to differ with
age were entered into regression models testing whether
the Age x EEG relationship was mediated and/or
moderated by mean GMV within each volumetric ROI.
Based on where ageing-related differences in EEG
amplitude were observed in whole-scalp analyses, to
facilitate comparisons with behaviour and GMV, absolute
and topographically relative EEG amplitudes were each
averaged within a series of six laterally symmetric
spectrotopographic ROIs: frontal delta, occipital delta,
frontal theta, occipital theta, frontal sigma, and lateral
sigma. The frontal ROIs included AFF1h, AFF2h, F1, Fz,
F2, FFC1h, FFC2h and FCz for absolute delta, absolute
and relative theta, and absolute and relative sigma; the
frontal ROI for relative delta included Fpz, Fp1, Fp2,
AFp1, AFp2, AF7 and AF8. The occipital ROIs included
PPO1h, PPO2h, POz, PO3, PO4 and Pz for absolute and
relative delta and theta. The lateral sigma ROI included
electrodes TP7, TTP7h, CP5, CCP5h, CCP6h, CP6, TTP8h

F I GURE 1 Grey matter volume regions of interest (ROIs). Binarised ROI masks extracted from probabilistic atlases are plotted over the

symmetric grey matter template created as part of FSL-VBM processing
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and TP8. Mediation and moderation of ageing-related
EEG differences by GMV were assessed separately for
each EEG ROI and GMV ROI.

Mediation of a given ageing-related EEG difference
by GMV within a given ROI was first screened for using
the causal steps method (Baron & Kenny, 1986;
MacKinnon et al., 2007), covarying for estimated total
intracranial volume (eTIV), then confirmed with boot-
strap estimation (Tingley et al., 2014). For causal steps
mediation, three regression models were created: a base
model with the structure EEG = β0 + β1(Age) + β2
(eTIV), a mediator model with the structure GMV = β0
+ β1(Age) + β2(eTIV), and an outcome model with the
structure EEG = β0 + β1(Age) + β2(eTIV) + β3(GMV).
The EEG, Age, eTIV and GMV vectors were centred
before being entered into the models. Mediation required
that (1) age predict EEG in the base model, (2) age pre-
dict GMV in the mediator model, (3) GMV predict EEG
in the outcome model, and (4) the age effect estimate (β1)
be reduced in the outcome model relative to the base
model. For each mediation identified using the causal
steps method, the magnitude and reliability of the
average causal mediation effect (ACME) and average
direct effect (ADE) were empirically estimated by a
bootstrap procedure with 1000 iterations. For significant
mediation results (pACME < 0.025), the proportion of the
total effect of Age on EEG mediated by GMV (PMediated)
was calculated as (ACME + ADE) /ACME.

Moderation of an ageing-related EEG difference by
GMV within an ROI was tested using an interaction
model covarying for eTIV, with the structure EEG = β0
+ β1(Age) + β2(eTIV) + β3(GMV) + β4(Age*GMV).
Moderation required that (1) the overall F-test of the
interaction model be significant, and (2) the Age*GMV
interaction predicts EEG. Interaction p-values were
adjusted within each EEG measure using the Benjamini–
Hochberg procedure (Benjamini & Hochberg, 1995) to
hold false discovery rate at 0.05 while testing multiple
grey matter ROIs. For each significant moderation, young
adults and older adults were examined separately using
follow-up regression models with the structure EEG = β0
+ β1(eTIV) + β2(GMV). All regression analyses were
performed in R (R Core Team, 2020; RStudio
Team, 2018), using add-on packages mediation (Tingley
et al., 2014) and reghelper (Hughes, 2020).

2.4.8 | GMV and EEG amplitude
contributions to ageing-related differences in
task performance

To assess whether ageing-related grey matter atrophy
or changes in nap EEG amplitude contributed to

ageing-related changes in task performance, reaction
times on the SRTT were considered as dependent vari-
ables in mediation and moderation analyses employing
the same structure used to evaluate grey matter contribu-
tions to ageing-related changes in nap EEG amplitude.
The GMV and EEG amplitude predictors in these
analyses were the ROI-collapsed measures described in
previous sections. No GMV or EEG amplitude measures
were found to significantly mediate or moderate any of
the reaction time measures, and so these results are not
discussed further. Analyses of the behavioral data unto
themselves are reported in the supporting information
(Section S1.2).

3 | RESULTS

3.1 | Sleep macrostructure
characteristics

Young and older adults did not differ in prior night sleep
duration, habitual sleep quality (PSQI), typical daytime
sleepiness (ESS), pre-nap (SSS-1) or post-nap (SSS-2)
acute sleepiness, or depressive symptoms (BDI) (Table 1).
Young and older adults did differ in chronotype (MEQ),
with young adults typically intermediate type and older
adults typically morning type (Table 1). All participants
were able to nap, and young and older adults did not
differ significantly on nap length or time spent in individ-
ual sleep stages (Table 2). Average total sleep time was
>100 min in both groups and was not affected by age
(p = 0.27). Total and percent times spent in NREM1,
NREM2, NREM3 and REM also were not affected by
age (ps > 0.1). Although the groups did not differ
significantly on minutes or percent of the nap spent in
REM, a higher proportion of young adults reached REM
sleep than did older adults (young = 0.88, older = 0.52;
χ 2 = 5.86, p = 0.015).

3.2 | Ageing-related differences in EEG
amplitude

Ageing-related decreases in absolute EEG amplitude, and
changes in the relative distribution of amplitude across
the scalp, were observed within the delta, theta, and
sigma frequency bands during the first 60 min of
NREM2/NREM3 in a midday nap. Absolute delta ampli-
tude was lower in older adults than in young adults over
most of the scalp; a single significant negative cluster
containing 115 electrodes was identified, mass = �378.9,
p = 0.001 (Figure 2a,c). Additionally, older adults had
lower relative delta concentration than young adults over
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TAB L E 2 Sleep macrostructure statistics

Young adults (n = 26) Older adults (n = 21) Age differences
M (SD) M (SD) p

TST (min) 111.19 (14.18) 105.14 (21.33) 0.272

NREM1 (min) 16.12 (13.56) 11.52 (7.76) 0.153

NREM2 (min) 53.15 (16.15) 57.57 (19.18) 0.405

NREM3 (min) 19.08 (15.72) 15.45 (15.67) 0.436

REM (min) 10.19 (8.1) 7.02 (10.72) 0.270

NREM1 (% TST) 15.14 (12.70) 11.61 (8.41) 0.260

NREM2 (% TST) 47.72 (13.17) 54.35 (13.75) 0.102

NREM3 (% TST) 16.52 (13.27) 13.63 (13.24) 0.461

REM (% TST) 8.90 (6.71) 6.29 (9.36) 0.291

Abbreviations: M, mean value; NREM, non-rapid eye movement; REM, rapid eye movement; SD, standard deviation; TST, total sleep time.

F I GURE 2 Ageing-related differences in electroencephalogram (EEG) amplitude. (a, b) EEG amplitude in the delta (0.5–4 Hz), theta

(4–8 Hz), and sigma (12–16 Hz) frequency bands is shown separately for young and older adults. Absolute amplitude is shown in (a);

topographically relative amplitude (i.e., divided by the mean of all channels) is shown in (b). Absolute amplitude is reported in arbitrary

units (AU) because the analytic amplitude is unitless, but in the context of scalp EEG these arbitrary units are akin to μV; relative amplitude

is unitless because it is a ratio. (c, d) Group differences in time-domain absolute (c) and topographically relative (d) amplitude are plotted in

colour across the scalp. Electrodes contained in significant (p < 0.025) clusters are plotted in red (negative clusters; older < young) or dark

green (positive clusters; older > young). Electrodes contained in marginal (0.025 ≤ p ≤ 0.05) clusters are plotted in yellow (negative clusters;

older < young)
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medial frontocentral and posterior scalp, as indicated by
a single significant negative cluster containing 30 elec-
trodes, mass = �79.3, p = 0.002 (Figure 2b,d). However,
older adults also had higher relative delta concentration
than young adults over far frontal scalp, as indicated by a
single significant positive cluster containing 20 electrodes,
mass = 65.5, p = 0.005 (Figure 2b,d).

Absolute theta amplitude was lower in older adults
than in young adults over a broad scalp region; a single
significant negative cluster containing 83 electrodes
was identified, mass = �239.9, p = 0.012 (Figure 2a,c).
Additionally, older adults had lower relative theta con-
centration than young adults over medial frontocentral
scalp, as indicated by a single significant negative cluster
containing 16 electrodes, mass = �40.2, p = 0.019
(Figure 2b,d).

There was some evidence that absolute sigma ampli-
tude was lower in older adults than in young adults over
medial frontocentral scalp; a single marginal negative
cluster containing 14 electrodes was identified, mas-
s = �31.1, p = 0.031 (Figure 2a,c). Further, older adults
had lower relative sigma concentration over medial
frontocentral scalp, as indicated by a single significant
negative cluster containing 26 electrodes, mass = 80.2,
p = 0.002 (Figure 2b,d). Additionally, older adults had
higher relative sigma concentration over lateral
centroposterior scalp regions, as indicated by two
significant positive clusters: one over left lateral
centroposterior scalp containing 12 electrodes, mas-
s = 42.9, p = 0.015, and another over right lateral
centroposterior scalp containing 10 electrodes, mas-
s = 37.4, p = 0.024 (Figure 2b,d).

3.3 | Ageing-related differences in GMV

As predicted, young adults had greater GMV than older
adults across most brain regions (Figure 3). This was
reflected by a single large cluster in permutation testing
with a centre of gravity located near the thalamic
midline (Figure 3 and Table S1). Older adults had greater
GMV in small sections of dorsal right caudate and
medial right thalamus, as reflected by small clusters with
maxima located in these regions (Figure 3 and Table S1).
ROI-extracted mean GMV measures were consistent
with the cluster-based permutation results; in regression
models covarying for estimated total intracranial volume,
ageing-related reductions in mean ROI GMV were
significant for all ROIs except for right thalamus
(Table 3).

3.4 | GMV contributions to ageing-
related differences in EEG amplitude

3.4.1 | Delta

Ageing-related reductions in absolute frontal and
occipital delta amplitude were mediated by GMV loss in
frontal medial cortex, the anterior and posterior divisions
of left primary motor cortex, and left thalamus (Figure 4
and Table S2). The indirect effect via GMV loss in frontal
medial cortex accounted for 0.71 of absolute delta
reduction over frontal scalp (p = 0.006) and 0.79 over
occipital scalp (p < 0.001). The indirect effect via grey
matter loss in anterior left primary motor cortex

F I GURE 3 Ageing-related differences in grey matter volume. Effect sizes (t) for clusters identified in voxelwise whole-brain

permutation testing using the threshold-free cluster enhancement are plotted for the young > older contrast (red-yellow) and the older >

young contrast (blue-cyan). These models included estimated total intracranial volume as a covariate. Clusters are overlaid on the symmetric

grey matter template created during FSL-VBM processing
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accounted for 0.35 of absolute delta reduction over
frontal scalp (p = 0.020) and 0.37 over occipital scalp
(p = 0.010), and the indirect effect via grey matter loss in
posterior left primary motor cortex accounted for 0.51 of
absolute delta reduction over frontal scalp (p < 0.001),
and 0.49 over occipital scalp (p = 0.004). The indirect
effect via GMV loss in left thalamus accounted for 0.39 of
the reduction over frontal scalp (p = 0.004) and 0.31 over
occipital scalp (p = 0.016). Additionally, ageing-related
reductions in relative occipital delta were mediated by
GMV loss in multiple striatal regions (Figure 4 and
Table S2), specifically bilateral caudate (left: PMediated

= 0.79, p < 0.001; right: PMediated = 0.50, p = 0.010),
bilateral putamen (left: PMediated = 0.79, p < 0.001; right:
PMediated = 0.67, p = 0.004), and right pallidum (PMediated

= 0.80, p = 0.006). Similar to Mander et al. (2013), we
found that ageing-related differences in delta amplitude
were not mediated by GMV loss in the hippocampus
(ps > 0.5).

In addition to being mediated by frontal medial
cortical, primary motor cortical, thalamic, and striatal
GMV, ageing-related differences in delta amplitude were
moderated by GMV in the putamen (Figure 5a and

TAB L E 3 Ageing-related differences in mean within-ROI grey matter volume

ROI Hem EMMYA EMMOA βAge pAge

Frontal medial cortex - 0.574 0.465 0.109 <0.001

Premotor cortex L 0.383 0.325 0.059 <0.001

R 0.353 0.301 0.053 <0.001

Primary motor cortex (anterior) L 0.336 0.298 0.037 0.002

R 0.310 0.276 0.034 0.002

Primary motor cortex (posterior) L 0.349 0.295 0.054 <0.001

R 0.337 0.280 0.057 <0.001

Hippocampus L 0.567 0.531 0.036 0.027

R 0.559 0.528 0.032 0.011

Thalamus L 0.355 0.328 0.027 0.005

R 0.362 0.349 0.013 0.143

Caudate L 0.402 0.356 0.046 0.001

R 0.378 0.343 0.035 0.012

Putamen L 0.358 0.309 0.049 <0.001

R 0.394 0.344 0.050 <0.001

Pallidum L 0.162 0.137 0.026 <0.001

R 0.186 0.154 0.031 <0.001

Cerebellum (hemisphere) L 0.459 0.414 0.045 <0.001

R 0.452 0.411 0.041 <0.001

Cerebellum (Vermis) - 0.496 0.448 0.048 0.002

Note: The predictive power of age group for grey matter volume was tested separately in each ROI using linear regression models that included estimated total
intracranial volume as an additional predictor. Significant (p < 0.05) age group effects are highlighted in bold.
Abbreviations: EMM, estimated marginal mean; Hem, hemisphere; L, left; OA, older adults; R, right; ROI, region of interest; YA, young adults.

F I GURE 4 Mediation results. The proportion of the total

effect accounted for by the estimated indirect effect (i.e., total

effect/average causal mediation effect [ACME]) is plotted for each

electroencephalogram (EEG) measure in which ageing-related

changes were significantly mediated by mean grey matter volume

in the specified region of interest (ROI). For clarity, grey matter

ROIs were tested but did not significantly mediate ageing-related

changes in any EEG measures (i.e., premotor cortex, hippocampus,

cerebellar hemispheres, cerebellar vermis) are omitted
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Table S3). Specifically, absolute occipital delta was
interactively predicted by age and GMV in bilateral
putamen (left: β = 116.10, p = 0.003; right: β = 106.40,
p = 0.005), reflecting a positive relationship in young
adults only between absolute occipital delta and bilateral
putamen GMV.

3.4.2 | Theta

Similar to delta, ageing-related reductions in absolute
frontal theta amplitude were mediated by GMV loss in
the anterior and posterior divisions of left primary motor
cortex, and in left thalamus (Figure 4 and Table S2). The
indirect effect via grey matter loss in anterior left primary
motor cortex accounted for 0.36 of absolute theta
reduction over frontal scalp (p = 0.004), and the indirect
effect via grey matter loss in posterior left primary motor
cortex accounted for 0.43 of absolute theta reduction over

frontal scalp (p = 0.016). The indirect effect via grey
matter loss in left thalamus accounted for 0.29 of absolute
theta reduction over frontal scalp (p = 0.022). Addition-
ally, ageing-related reductions in absolute theta
amplitude were mediated by GMV loss in left caudate
(Figure 4 and Table S2), with the indirect effect
accounting for 0.51 of the reduction over occipital scalp
(p = 0.016). Lastly, though it did not reach our criteria
for significance, we observed some evidence that
ageing-related reductions in relative frontal theta ampli-
tude were mediated by GMV loss in left hippocampus
(p = 0.070; Table S2), with the indirect effect accounting
for 0.24 of relative frontal theta reduction. For compari-
son, ageing-related hippocampal GMV loss showed no
evidence of mediating ageing-related changes in any
other EEG measure (ps > 0.2).

In further similarity to delta, ageing-related changes
in theta amplitude were moderated by GMV in the stria-
tum. Specifically, absolute frontal theta was interactively

F I GURE 5 Moderation results. Electroencephalogram (EEG) amplitude is plotted against grey matter volume for all comparisons in

which the relationship was significantly moderated by age. EEG and grey matter volume vectors were mean-centred prior to entering into

the regression models, which is reflected here as data ranges surrounding zero. Y-axis units are arbitrary because the analytic amplitude is

unitless, but the arbitrary units are comparable with μV in the context of scalp EEG. X-axis units are the proportion of voxel volume

containing grey matter after modulation and smoothing, averaged across non-zero voxels within the specified region of interest (ROI).

YA = young adults; OA = older adults
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predicted by age and GMV in bilateral putamen
(Figure 5a; left: β = 56.37, p < 0.001; right: β = 46.89,
p = 0.001) and bilateral pallidum (Figure 5b; left:
β = 111.79, p = 0.001; right: β = 94.02, p = 0.001). These
interactions reflected positive relationships in young
adults only between absolute frontal theta amplitude and
striatal GMV (Figure 5 and Table S3).

3.4.3 | Sigma

Ageing-related reductions in sigma amplitude were not
mediated by GMV in any of the regions investigated
(ps > 0.025). However, GMV in striatal regions had
multiple moderating effects on ageing-related reductions
in sigma amplitude. Ageing-related differences in abso-
lute frontal sigma were moderated by GMV in bilateral
putamen and right pallidum (Figure 5 and Table S3),
reflecting a general pattern of negative relationships
between absolute frontal sigma and striatal GMV in older
adults but positive relationships between these measures
in young adults. The negative relationship in older
adults was significant for left putamen (p = 0.014) and
right pallidum (p = 0.020) and approached significance
for right putamen (p = 0.093); the positive relationship in
young adults was significant for right putamen
(p = 0.017) and right pallidum (p = 0.027). Absolute
lateral sigma reflected a similar crossover interaction of
age and GMV in right pallidum (Figure 5b and Table S3),
with older adults showing a negative relationship between
these measures (p = 0.016) but young adults showing
some evidence of a positive relationship (p = 0.055).

4 | DISCUSSION

Our results replicate in a midday nap previous reports
from overnight sleep of ageing-related changes in NREM
delta, theta, and sigma amplitude and topography, and
that ageing-related grey matter atrophy in frontal cortical
regions mediates a large proportion of ageing-related
reductions in sleep delta activity. These replications in a
nap design clearly indicate that these effects are driven
by trait-like ageing-related changes in the physiological
mechanisms of sleep rather than by state-like ageing-
related changes in sleep pressure or circadian rhythmic-
ity. Additionally, we novelly demonstrate that grey
matter atrophy in primary motor cortex, thalamus, and
striatal regions mediates ageing-related reductions in
NREM delta and theta activity after performance of a
motor sequence learning task, suggesting that these brain
regions contribute to delta and theta generation following
activation during motor sequence learning. Lastly, we

demonstrate an age dependence of the relationships
between putamen and pallidum GMV and NREM delta,
theta, and sigma activity, suggesting that sleep
neuroscillatory activity following motor sequence
learning in young adults is resource-bound by striatal
GMV and that older adult brains partially compensate for
striatal atrophy by increasing sigma generation.

4.1 | Ageing-related changes in sleep
physiology

As predicted, we observed ageing-related reductions in
neuroscillatory activity in the delta, theta, and sigma
frequency bands during a midday nap. In agreement with
previous research examining high-density EEG during
overnight sleep (Sprecher et al., 2016), the reductions in
absolute delta and theta amplitude were topographically
broad but largest over medial frontocentral scalp regions,
and the reduction in absolute sigma amplitude was
topographically constrained to medial frontocentral scalp
only. We likewise replicate ageing-related reductions in
topographically relative theta and sigma amplitude
constrained to medial frontocentral scalp and an
ageing-related increase in topographically relative sigma
amplitude over lateral centroposterior scalp. This
concordance between our findings during a midday nap
and Sprecher et al.’s (2016) findings from overnight sleep
indicates that these ageing-related changes in sleep delta,
theta, and sigma activity represent changes in basic
trait-like aspects of sleep physiology rather than changes
in homeostatic sleep pressure or other circadian-linked
state-like variables.

We additionally report an ageing-related reduction
in topographically relative delta amplitude over
frontocentral and posterior scalp coupled with an
increase in topographically relative delta amplitude over
the most frontal scalp. Sprecher et al. (2016), who did not
find this result, employed a correlational design across
age, revealing changes that progress linearly from 18 to
64 years old. Our point comparison between the extremes
of that age range would additionally reveal non-linear
ageing-related effects, including changes that do not
onset until later in life, especially given that our age
range extended to 75 years old. Through this lens, our
increase in relative delta frontality in older adults repre-
sents an effect of later ageing rather than a nap-specific
effect. Supporting this interpretation, an increase in
relative delta frontality for older adults relative to youn-
ger adults during overnight sleep is evident in previously
reported lower density EEG data; in the study by Dubé
et al. (2015), ageing-related decreases in slow wave
density and amplitude, both of which would contribute
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to delta-band activity, were smaller over far frontal scalp
than over frontal, central, and posterior scalp, leading to
an increase in relative frontality (Dubé et al., 2015,
Figure 2). Alternatively, it is possible that the increase in
relative delta frontality we observed in older adults
during a midday nap is due to circadian differences in
EEG amplitude. Older adults in a forced-desynchrony
paradigm showed increased broadband (including delta)
EEG amplitude during the biological day relative to the
biological night (Münch et al., 2010); it is possible that
generally higher EEG amplitudes during the midday nap
period in the present study increased signal dynamic
range in a manner that revealed an ageing-related
increase in relative delta frontality that was too small to
observe in prior overnight work. Future studies could
distinguish these trait-like and state-like interpretations
by examining ageing-related changes in relative delta
frontality during nap and overnight sleep in the same
individuals.

Interestingly, despite previous reports of altered nap
macrostructure in older adults (Baran et al., 2016; Fogel
et al., 2017; Mantua & Spencer, 2017), we did not observe
significant ageing-related differences in total time spent
asleep or in any specific sleep stage. This may suggest
that our older adult cohort was healthier than the general
ageing population, perhaps reflecting a selection bias due
to the lengthy experimental protocol. However, in
agreement with prior findings of reduced REM during
naps in older adults compared with younger adults
(Baran et al., 2016; Fogel et al., 2017), a smaller propor-
tion of older adults reached REM during their nap than
did young adults. Additionally, though the differences
did not reach significance, older adults spent less time in
REM and NREM3 and more time in NREM2, leading to
a marginal (p = 0.10) ageing-related increase in NREM2
as a percentage of total sleep time. This is consistent with
past reports of older adult naps being relatively higher in
NREM than REM compared with young adult naps
(Baran et al., 2016; Fogel et al., 2017). Moreover, our
observation of robust ageing-related differences in sleep
microstructure in the absence of clear macrostructural
differences points to the sensitivity of microstructural
measures to ageing-related changes in sleep, highlighting
the utility of these measures in assessing sleep health.

4.2 | Ageing-related changes in brain
structure

We observed clear ageing-related decreases in GMV
across the majority of the brain when controlling for
estimated total intracranial volume, as predicted by mul-
tiple previous studies (Abe et al., 2008; Good et al., 2001;

Taki et al., 2004). These decreases were evident both as a
widespread cluster in the whole-brain analysis and
individually within every ROI investigated except for the
right thalamus. Although two small regions in right
caudate and thalamus were identified in the whole-brain
analysis as having increased GMV in older adults, mean
GMV was not increased in older adults in either of these
ROIs. For this reason, and because ageing-related
reductions in caudate and thalamus volume have been
clearly demonstrated previously (Cherubini et al., 2009;
Gunning-Dixon et al., 1998; Raz et al., 2003), we do not
consider these small findings to be meaningful.

4.3 | Relationships between ageing-
related changes in brain structure and
sleep physiology

4.3.1 | Delta

In agreement with past findings from overnight sleep
(Latreille et al., 2019; Mander et al., 2013), we observed
that GMV loss in frontal medial cortex mediated a large
proportion (0.71) of ageing-related reductions in absolute
NREM delta amplitude during a nap. This is consistent
with source localisation work indicating a pre-eminent
role for frontal medial cortex in slow wave generation
(Bersagliere et al., 2018), and indicates that frontal medial
cortex involvement in ageing-related delta reductions is
not a function of ageing-related differences in sleep
pressure or circadian rhythmicity. Further, participants
in the present study performed a procedural learning task
(SRTT) prior to sleep, whereas participants in Mander
et al. (2013) performed a declarative learning task (word
pair task). The observation of frontal medial cortex
mediation of delta amplitude during sleep following these
disparate learning tasks suggests that the role of frontal
medial cortex in slow wave generation is not dependent
on the specific brain regions activated prior to sleep.

We further observed that GMV loss in left primary
motor cortex and left thalamus mediated ageing-related
reductions in absolute delta amplitude over both frontal
and occipital scalp during a nap. Such a relationship was
not observed for these brain regions in previous work
examining grey matter contributions across the entire
cortex to ageing-related changes in overnight NREM
delta-band activity (Dubé et al., 2015; Latreille
et al., 2019). No cognitive task was performed prior to
sleep in the study jointly reported by Dubé et al. (2015)
and Latreille et al. (2019), whereas a motor sequence
learning task (SRTT) was performed prior to the nap in
the current study. Given clear prior evidence of primary
motor cortex and thalamus involvement in motor
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sequence learning (Doyon & Ungerleider, 2002; Exner
et al., 2001; Nitsche et al., 2003), we interpret these
mediating relationships as being related to performing
the SRTT prior to sleep and therefore dependent on the
specific brain regions activated prior to sleep. Notably,
the sole previous study examining grey matter contribu-
tions to ageing-related changes in sleep delta activity
following a learning task (Mander et al., 2013) focused
exclusively on grey matter in frontal medial cortex,
which would have precluded observation of grey matter
contributions from other task-related brain regions.

The left-lateralisation of the thalamus delta mediation
likely reflects the left-lateralisation of ageing-related
thalamic GMV reductions observed in our cohort.
However, the left-lateralisation of the primary motor
cortex delta mediation is unexplainable by ageing-related
differences in primary motor cortex GMV, which were
bilateral. The left-lateralisation of the primary motor cor-
tex delta mediation is therefore likely to be task-related.
The lateralisation of this relationship to the left hemi-
sphere is counterintuitive; our participants used their left
hand to perform the SRTT, which would be expected to
activate contralateral right primary cortex during motor
sequence learning (Doyon & Ungerleider, 2002). Our
results may then suggest a local sleep-like increase in
sleep delta activity in the right primary motor cortex
following activation of right primary motor cortex during
the left-handed SRTT. Such a state-like increase in right
hemisphere delta activity could obscure the right hemi-
sphere component of a bilateral trait-like contribution of
primary motor cortex GMV to ageing-related absolute
delta reductions, leading to the left-lateralised mediation
that we observed.

We additionally observed mediation of ageing-related
reductions in relative occipital delta by bilateral caudate,
bilateral putamen and right pallidum GMV, and modera-
tion of absolute occipital delta by bilateral putamen
GMV. No such relationships were reported in the previ-
ous study investigating subcortical GMV contributions to
ageing-related changes in overnight sleep delta following
no cognitive task (Latreille et al., 2019), and other work
investigating grey matter contributions to sleep delta
activity has not examined subcortical GMV (Dubé
et al., 2015; Mander et al., 2013). The striatum is active
during motor sequence learning tasks like the SRTT
performed prior to sleep by participants in the present
study (Doyon et al., 1997; Doyon & Ungerleider, 2002;
Fitzroy et al., 2021; Fogel et al., 2014). The striatal GMV
contributions to ageing-related reductions in relative
occipital delta observed in the current study are therefore
likely related to performing the SRTT, rather than
nap-related differences in sleep pressure or circadian
control, reflecting contributions from striatal regions to

delta generation during sleep following a motor sequence
learning task. This interpretation would suggest that
delta generation following motor sequence learning is
resource-bound in young and older adults by striatal
GMV and that this resource limiting is stronger in young
adults for the putamen. This hypothesis is consistent with
prior evidence that young adults advance motor sequence
learning to a putamen representation more quickly
during encoding than older adults (King et al., 2017;
Fitzroy et al., 2021). Further, the observation of striatal
mediation of ageing-related differences in relative delta
topography rather than absolute delta amplitude is
consistent with qualitatively different neural generators
rather than reduced activity in identical generators, as
would be expected following qualitatively different brain
region activation due to ageing-related differences in
encoding depth. Moreover, this resource-bound hypothe-
sis is consistent with previous evidence that motor
sequence learning is impaired in Parkinson’s disease
patients with bilateral striatal disruption (Doyon
et al., 1997).

4.3.2 | Theta

Similar to previous work investigating grey matter atro-
phy contributions to ageing-related reductions in NREM
theta during overnight sleep (Latreille et al., 2019), we
observed a mediation of ageing-related reductions in
NREM theta amplitude during a midday nap by GMV.
Unlike Latreille et al. (2019), who observed mediation of
NREM occipital theta reductions by cortical thinning in
right lateral occipital cortex but not in subcortical
regions, we observed mediation of NREM frontal theta
reductions by grey matter atrophy in left primary motor
cortex, left thalamus, and left caudate. Additionally, we
provide the first evidence, to our knowledge, that the
relationship between NREM theta amplitude and striatal
GMV is moderated by age, with young adults showing a
clear positive linear relationship between absolute frontal
theta and bilateral putamen and pallidum GMV, but
older adults showing no clear relationship between these
factors. As was the case for delta, we posit that the contri-
butions of motor cortical, thalamic, and striatal GMV to
ageing-related reductions in NREM theta observed in the
present study, which included an SRTT before sleep, but
not by Latreille et al. (2019), who included no cognitive
task before sleep, reflect contributions to NREM theta by
brain regions that were activated during motor sequence
learning prior to sleep. Moreover, we interpret the
moderation results to indicate that for the putamen and
pallidum, this link between pre-sleep activation and
NREM theta activation is stronger in young adults.
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In addition to the delta-like mediation of ageing-
related reductions in NREM theta by neocortical,
thalamic and striatal grey matter, our data provide a
suggestion that ageing-related changes in theta activity
may be mediated by allocortical GMV. Specifically, we
found marginal evidence (p = 0.070) that ageing-related
reductions in relative frontal theta amplitude were
mediated by GMV in the left hippocampus. Although this
effect did not meet our significance criterion, it was closer
to that threshold than any other mediating effect of
hippocampal GMV on EEG amplitude (ps > 0.2). This
marginal ageing-related finding is consistent with the
hypothesis of Campbell and Feinberg (2009), based on
adolescent data, that NREM theta activity reflects greater
contributions from allocortical generators than does
NREM delta activity, suggesting that NREM theta may
reflect contributions from allocortical generators across
the lifespan.

4.3.3 | Sigma

Consistent with Fogel et al. (2017), we observed age-
dependent predictive relationships between GMV in
multiple brain regions involved in motor sequence learn-
ing and EEG activity in the sigma frequency band during
a midday nap following a motor sequence learning task.
However, the network of sigma-predictive regions
observed in the present study differs from that reported
by Fogel and colleagues. Fogel et al. (2017) report age-
dependent predictability of spindle duration by GMV in
the left cingulate and parietal cortices, right supplemen-
tal motor area, left hippocampus, and left cerebellum,
whereas we observe age-dependent predictability of
absolute sigma amplitude by GMV in bilateral
putamen and right pallidum. Notably, all of these brain
regions are activated during motor sequence learning
(Doyon et al., 2003; Doyon & Benali, 2005; Doyon &
Ungerleider, 2002; Janacsek et al., 2020), suggesting that
the age-dependent predictive relationships observed in
both studies reflect age-dependent contributions of these
brain regions to sigma activity after activation during
motor sequence learning.

The network differences in age-dependent predict-
ability of sigma activity by GMV observed between Fogel
et al. (2017) and the present study are likely due to the
specific motor sequence learning tasks performed before
sleep. The present study employed an SRTT in which the
sequence to be learned was not known by the participant,
whereas Fogel et al. (2017) employed a task in which the
participant was given an explicit sequence to practice. A
recent meta-analysis demonstrates that basal ganglia
activation during the SRTT is specific to sequence

learning, whereas cerebellar activation is related to other
aspects of the motor task (Janacsek et al., 2020); the
observation of striatal involvement in the present study,
which required learning an implicit sequence, and cere-
bellar involvement by Fogel et al. (2017), which required
speeded motor performance of a known sequence, maps
directly to this dichotomy. Additionally, it is possible that
consolidation of explicit motor sequence learning is
more hippocampal-dependent, which would explain why
hippocampal grey matter predicted sleep sigma after
practicing a specified motor sequence (Fogel et al., 2017)
but not after the SRTT in the present study. This
task-specificity of GMV prediction of sleep sigma activity
supports the hypothesis that regional variation in spindle
generators is a function of pre-sleep learning. Alterna-
tively, it is possible that the network differences observed
between the present study and Fogel et al. (2017) result
from different methods of quantifying sigma activity.
We took an aggregate amplitude measure of sigma
frequency activity, which reflects the duration and
amplitude of both slow and fast spindles as well as non-
spindle activity between 12 and 16 Hz, whereas Fogel
et al. (2017) separately assessed spindle duration, density
and amplitude for slow and fast spindles. Future work
could distinguish these interpretations by assessing both
aggregate and specific measures of spindle activity follow-
ing motor sequence learning tasks of varying explicitness.

The age dependence of sigma predictability by striatal
GMV in the present study was driven by a combination
of positive correlations in young adults and negative
correlations in older adults, whereas the age dependence
of sigma predictability by hippocampal and cerebellar
GMV reported by Fogel et al. (2017) was driven by
positive correlations in young adults alone. The positive
correlations observed in young adults in both studies
suggest that sigma generation is resource-bound in young
adult brains by GMV in the striatum following implicit
motor sequence learning and by hippocampal and cere-
bellar GMV following explicit motor sequence learning.
Conversely, the negative relationships observed in older
adults in the present study suggest that in the presence of
striatal atrophy, older adult brains compensate by pro-
ducing more sigma activity. Such compensation implies
that the striatum plays an integral role in the function of
sigma activity during post-motor learning sleep and also
that increased activation of sigma generators can forestall
loss of function up to at least some level of atrophy.
Future work could investigate the levels of atrophy in
these brain regions at which compensatory sigma is no
longer able to maintain function, which could explain
some of the degradative effects of ageing on sleep-
dependent memory consolidation (e.g., Fogel et al., 2014;
Spencer et al., 2007).
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4.4 | Limitations

Ageing-related changes in head anatomy and physiology
unrelated to neural activity could alter current flow in a
manner that causes changes in the scalp-recorded EEG.
We control for potential overall effects of head size on
scalp EEG by including estimated total intracranial
volume, a proxy for head size (Buckner et al., 2004), as
a covariate in our regression models. Additionally,
ageing-related changes in head conductivity as a function
of brain shrinkage and cerebrospinal fluid increases are
insufficient to explain ageing-related scalp EEG power
reductions (He et al., 2021). Further, changes in skull
and scalp thickness do not have appreciable contribu-
tions to ageing-related changes in scalp-recorded EEG, as
skull thickness does not change substantially during
healthy ageing and scalp thickness changes with ageing
are variable (Albert et al., 2007; He et al., 2021;
Lynnerup, 2001).

A recent meta-analysis does suggest that the brain-
to-skull conductivity ratio may increase, reflecting a skull
conductivity decrease, during healthy ageing (Goncalves
et al., 2003; McCann et al., 2019). This could explain
reductions in scalp EEG power in older relative to young
adults. However, separate modelling efforts have
determined skull connectivity to reach a steady state in
early adulthood and remain unchanged with healthy
ageing (Wendel et al., 2010), which would argue against
this possibility. Nevertheless, future work using invasive
methods would clarify the contributions of potential
ageing-related changes in skull conductivity to ageing-
related changes in sleep EEG amplitude as recorded at
the scalp.

5 | CONCLUSIONS

Ageing-related reductions in sleep neuroscillatory
activity, and mediation of ageing-related delta reductions
by frontal medial cortex atrophy, are driven by changes
in the physiological mechanisms of sleep rather than by
changes in sleep pressure or circadian rhythmicity.
Additionally, during sleep following a motor sequence
learning task, atrophy in cortical, thalamic, and striatal
regions supporting motor sequence learning mediates
ageing-related reductions in delta and theta activity;
striatal GMV limits delta, theta, and sigma activity in
young adults; and striatal atrophy induces compensatory
sigma activity in older adults. These findings support the
hypothesis that the regional distribution of sleep
neuroscillatory activity reflects the regional distribution
of prior-to-sleep neural activity (e.g., Huber et al., 2004),
which could represent a systems-level analogue of the

reactivation known to occur in the hippocampus during
sleep as part of memory consolidation (Eichenlaub
et al., 2020; Wilson & McNaughton, 1994). Overall, our
results illustrate clear relationships between changes in
brain structure and sleep physiology during healthy
ageing, which can serve as baseline comparisons for
future work investigating how these processes change
during pathological ageing.
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