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Purpose: Quantification of nocturnal EEG activity has emerged as a promising extension to
the conventional sleep evaluation approach. To date, studies focusing on quantitative sleep
EEG data in relation to age and sex have revealed considerable variation across lifespan and
differences between men and women. However, sleep EEG power values from elderly
individuals are still rare. The present secondary analysis aimed to fill this gap.
Participants and Methods: Sleep EEG data of 30 healthy elderly males (mean age + SD:
69.1 + 5.5 years), 30 healthy elderly females (67.8 £ 5.7 years), and of 30 healthy young
males (25.6 + 2.4 years) have been collected in three different studies with the same
experimental design. Each individual contributed three polysomnographic recordings without
any intervention to the analysis. Sleep recordings were performed and evaluated according to
the standard of the American Academy of Sleep Medicine. Sleep EEG signals were derived
from 19 electrode sites. Sleep-stage specific global and regional EEG power were compared
between samples using a permutation-based statistic in combination with the threshold-free
cluster enhancement method.

Results: The present results showed pronounced differences in sleep EEG power between
older men and women. The nocturnal EEG activity of older women was generally larger than
that of older men, confirming previously reported variations with sex in younger individuals.
Aging was reflected by differences in EEG power between young and elderly men for lower
frequencies and for the sleep spindle frequency range, again consistent with prior studies.
Conclusion: The findings of this investigation complement those of earlier studies. They
add to the understanding of nocturnal brain activity manifestation in senior adulthood and
show how it differs with age in males. Unfortunately, the lack of information on young
women prevents a similar insight for females.
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Introduction

Polysomnography (PSG) is a sleep recording technique, which is used in sleep
research and as a diagnostic tool in sleep medicine. Electroencephalography (EEG)
is the most essential component of a PSG. These EEG signals along with recordings
of eye movements (electrooculography; EOG) and of activities from the chin
muscle (electromyography; EMG) provide the basis for the assignment of sleep
stages in healthy and sleep-disturbed individuals." Visual and computer-assisted
sleep scorings yield a hypnogram from which various variables can be derived that
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describe the macrostructure of sleep. It is well documented
that many of these variables change over the lifespan and/
or exhibit sex differences at specific stages of life. Marked
age-related variations have been reported, eg, for the total
sleep time (decrease with age) and the associated wake
time after sleep onset (increase with age), resulting in a
reduced sleep efficiency index.”> Sex differences in the
macrostructure of sleep are less pronounced affecting pre-
dominantly variables related to sleep stage proportions.
Amongst others, the amount of stage N1 sleep has been
shown to be lower in women compared to men,> > while at
the same time stage N3 sleep was higher in women.*”
However, older adults are underrepresented in the respec-
tive study samples, hence most of the currently known
variations with age and sex are more robust for individuals
up to an age of 60 years. To address this lack of informa-
tion on possible sex differences in the elderly, Danker-
Hopfe et al® performed a secondary analysis on macro-
structural data that had been collected with the purpose of
investigating a possible impact of radiofrequency electro-
magnetic fields (RF-EMF) on sleep in 60-80-year-old
healthy men and women (note that only data recorded
under an experimental condition without RF-EMF expo-
sure were considered for the present analysis). For vari-
ables related to sleep architecture in elderly, Danker-Hopfe
et al® observed a statistically significant reduced propor-
tion of stage N1 sleep in women compared to men, which
was in line with the other studies mentioned above. The
amount of rapid eye movement (REM) sleep was also
significantly lower in females, whereas stage N2 sleep
was increased. Furthermore, sex had a significant effect
on sleep parameters related to sleep-wake times (reduced
total sleep time, sleep period time, and sleep efficiency in
women), related to sleep initiation (longer sleep onset
latency and REM sleep latency in women), and related to
sleep maintenance (less awakenings and sleep stage shifts
in women), respectively. A corresponding comparison of
sham data between the senior and young adult male sam-
ples is described in Eggert et al.” They reported age-
related differences in objective sleep parameters that
were prominent in 22 of the 30 variables analyzed.
Besides the standard evaluation of PSGs, quantitative
analyses of the EEG are gaining importance in research as
well as in clinical settings. Quantification of EEG (qEEG)
is achieved eg, by spectral analysis, a method that converts
data from the time domain into the frequency domain. The
resulting spectral power values can then be summed and
categorized according to commonly accepted frequency

ranges. In general, parameters based on EEG spectra
have been shown to change with demographic variables
such as age.®® Specifically, sleep qEEG analyses, for
instance, (a) play an increasingly important role in phar-
maco-sleep studies (ie, in preclinical research and in all
phases of clinical drug development),'® (b) can be used to
estimate a “brain age index”'" that has the potential to be a
biomarker associated with dementia,'? (c) partly contribute
to the clarification of the pathophysiology of sleep disor-
ders like insomnia,"? (d) can help to understand the under-
lying brain activities characterizing inertia and awakenings
during NREM sleep stage N2 and REM sleep,'* and (e)
are influential in elucidating the functionality of the dif-
ferent oscillatory EEG activities during sleep. For exam-
ple, EEG activities in the low-frequency range have been
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shown to be related to the homeostatic sleep drive and

power values in the sigma frequency range are assumed to
be associated with sleep spindle quantity and dynamics.'®
Furthermore, RF-EMF exposure is discussed to affect
EEG power during sleep, specifically in the sleep spindle
frequency range.'” The qEEG analysis technique also
includes the possibility of a topographical evaluation of
sleep, which allows for the detection and visual represen-
tation of any regional features of the sleep EEG.?° Though
these examples underline the usefulness of this quantifica-
tion technique when applied to sleep EEG, comparability
as well as interpretation of outcomes between laboratories
sleep qEEG

methodologies.'**' Hence, establishing recording and ana-

is hampered due to non-standardized

lysis guidelines, such as those developed for pharmaco-
sleep studies,'® are of particular importance.

To what extent sleep qEEG variables vary with age and
sex has already been examined in some studies.>**2® As
for the macrostructure of sleep, changes in EEG power
values during the lifespan as well as EEG power differ-
ences between the sexes have been shown to be complex,
but as data from elderly individuals are similarly sparse,
these effects are again more robust for young and middle-
aged adults. Thus, it is still poorly understood whether the
age-related changes in sleep EEG power progress into the
elderly and if so, how qEEG sleep parameters differ
between men and women in this stage of late adulthood.

The present study pursued therefore the following two
goals: First, to elaborate sex differences in sleep EEG
power for the underrepresented age group of 60+ years,
and second, to revisit the age aspect by taking into account
quantitative sleep EEG parameters from elderly (60-80
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years) men while comparing them with EEG power values
from young male adults (18-30 years).

Materials and Methods
General Information About the Included

Datasets

The present work represents a re-analysis of sleep data
collected in several research projects on health effects of
RF-EMF exposure, sponsored either by the German
Federal Office for Radiation Protection or the Federal
Agency for Public Safety Digital Radio. In total, four
research projects were carried out at the Competence
Centre for Sleep Medicine, each with the aim to examine
possible acute effects of RF-EMF exposure on the central
nervous system. These randomized, double-blind experi-
mental cross-over studies differed with respect to the type
of RF-EMF exposure under investigation and the demo-
graphic characteristics of the participants. One aspect
addressed in these studies was whether an all-night expo-
sure to RF-EMF in comparison to a placebo condition
without any RF-EMF intervention (in the following
referred to as sham condition) affects the sleeping brain.
In the present analysis, the sham data of studies in elderly
women (study 1), elderly men (study 2) and young men
(study 3) were used. All studies were approved by the
ethics committee of the Charité — Universititsmedizin
Berlin (EA4/122/13 for studies 1 and 2; EA4/115/09 for
study 3) and performed in accordance with the Declaration
of Helsinki. All participants gave their written informed
consent prior to the eligibility screening and received a
monetary compensation for their efforts.

Enrolment Process and Participation

Requirements

Individuals screened for eligibility were recruited via
Internet and/or word-of-mouth advertising. In all studies,
eligibility criteria were evaluated following a four-stage
enrolment process: telephone interview, questionnaires, in-
person visit to the sleep centre for a medical inspection,
and a screening night in the sleep laboratory. During the
telephone interview, information about age, sex, profes-
sion, handedness, medical conditions, allergies, medica-
tion use, sleep/wake rhythm, (subjective) sleep quality
and presence of sleep disturbances, electrically conductive
implants, tattoos, excessive caffeine/alcohol consumption,
drug use, visual and hearing impairments, and the smoking
status was collected. At the next stage of eligibility

screening, self-reports based on the following six ques-
tionnaires were assessed: Pittsburgh Sleep Quality Index
(PSQI),>”  Epworth (ESS),*®
Morningness-Eveningness Questionnaire (MEQ),*® sleep-

Sleepiness  Scale
wake diary,’® and Self-Rating Scales for Depression
(SDS),*! and Anxiety (SAS).*? The medical inspection
included a neurological-psychiatric-internistic examina-
tion, an electrocardiogram, and an ambulatory registration
of respiratory parameters, the latter only in case to exclude
a suspected sleep-related breathing disorder. Finally, a
cardiorespiratory PSG was performed in the sleep labora-
tory to check for possible sleep disorders (screening
night). Exact study-specific inclusion and exclusion cri-
teria are listed in Tables S1 and S2 in the supplement,

respectively.

Study Samples

Total numbers of individuals who were contacted with
study information, screened for eligibility, and ultimately
enrolled in a study are reported in participant flow dia-
grams provided in the appendices of other publications.®’
Baseline characteristics of each sample are presented in
Table 1. In each study, 30 healthy individuals were
included. In all three samples, the apnea-hypopnea index
(AHI) was <15 per hour total sleep time. Although the
upper cut-off limit for the MEQ was set to <69 in all three
studies, MEQ scores >69 were allowed for elderly indivi-
duals (studies 1 and 2) if they were not reflected by
exceedingly early bedtimes in the sleep-wake diary.
There were also a few exceptions made to the selection
criteria for sleep latency in the older participants.

Study Procedures

The experimental set-up was practically the same in all
studies. After arrival in the sleep laboratory participants
were equipped with the necessary sensors for sleep record-
ing. The participants spent altogether 10 nights in the sleep
laboratory, of which the first one was the abovementioned
screening night. This night served further as adaptation to
the laboratory environment. During the remaining nine
experimental nights, the participants slept three times
each either under one of two different RF-EMF exposure
conditions or under the sham condition. Thus, three dif-
ferent sham data sets per individual could be considered
for the present analyses. A graphical illustration of the
protocol is shown in Figure 1. More details on the study
procedures can be found elsewhere.®’
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Table | Demographic Features and Baseline Screening Parameter Characteristics of the Three Different Samples

Study | - Elderly Women | Study 2 - Elderly Men Study 3 - Young Men P

(EW; N=30) (EM; N=30) (YM; N=30)

Mean SD Mean SD Mean SD EW vs EM | YM vs EM
Age 67.8 5.7 69.1 5.5 25.6 2.4 0.3875 <0.0001
BMI 253 34 253 2.6 248 3.0 0.9932 0.4359
PSQI 3.6 1.6 29 1.2 3.0 1.3 0.0767 0.8399
ESS 4.7 22 5.3 23 7.1 1.7 0.2524 0.0017
SAS 25.6 4.1 248 4.0 239 3.3 0.4482 0.3430
SDS 28.0 39 26.2 4.4 26.8 47 0.1132 0.6330
MEQ 59.0 8.9 62.9 6.7 55.7 6.8 0.0616 0.0001
SOL [min] 17.8 14.2 10.1 74 10.9 6.3 0.0113 0.6468
SEI [%] 83.3 6.8 85.3 72 923 37 0.2691 <0.0001
PLMAI [per h sleep] | 6.3 6.4 2.8 48 0.6 1.1 0.0176 0.0236

Note: Statistically significant results are marked in bold.

Abbreviations: BMI, body-mass-index; PSQI, Pittsburgh Sleep Quality Index; ESS, Epworth Sleepiness Scale; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression
Scale; MEQ, Morningness-Eveningness Questionnaire; SOL, sleep onset latency; SEl, sleep efficiency index; PLMAI, periodic limb movement arousal index.

Polysomnographic Recordings

While a cardiorespiratory PSG according to the standard
of the American Academy of Sleep Medicine (AASM)
introduced by Iber et al>’ was performed on the first
night, only those signals necessary for the assignment of
sleep stages were recorded during the experimental nights,
ie, also during the sham nights considered here. For EEG
recordings, electrode sites on the participant’s head were
prepared using cotton swabs and abrasive peel gel. Cup

* * * *

electrodes were fixed to the head using gaze pads soaked
with collodion. Face and body electrodes were fixed using
adhesive tape. Electrodes were filled with a conducting
gel. Biosignal electrode impedances were kept below 10
kQ. In the study in young men (study 3) gold-plated
electrodes were used, while for the studies in elderly
women and men (studies 1 and 2), Ag/AgCl coated elec-
trodes were applied. The different low-frequency impe-
dances resulting from different electrode materials can be

* * * * *

Visit #1 —> Visit #2 —» Visit #3 —> Visit #4 —» Visit #5 —> Visit #6 —> Visit #7 —» Visit #8 —> Visit #9 —> Visit #10
Al bl bl b b b el A bl A bl Il Al

Lab night #1 | T
(AN/SN)
Lab night #2 TOTOTOTOTION Block #1
(EN) — i

Lab night #3
(EN)

Lab night #4
(EN)

Lab night #5
(EN)
Lab night #6
(EN)

Lab night #7
(EN)

Lab night #8
(EN)

Lab night #9
(EN)

Lab night #10
(EN)

Exposure conditions:

#3023%¢  Sham (Study 1 and 2)

W%%%%  RF-EMF #1 (Study 1 and 2)
RF-EMF #2 (Study 1 and 2)

s Sham (Study 3)

e RF-EMF #1 (Study 3)
RF-EMF #2 (Study 3)

* approx. two weeks later
AN/SN = Adaptation / Screening night
EN = Experimental night

Figure | lllustration of the study procedures. The figure shows example visit schedules obtained from studies | and 2 (top row) and from study 3 (bottom row), after the
three exposure conditions were randomly assigned to the nine EN. Randomization of exposure conditions was performed at the level of experimental night triplets (blocks)
with the restriction that each exposure condition could occur only once per block. Participants went to bed at their habitual bedtimes on both the AN/SN and the EN [in
the present examples, a lights-off time of 10:00 p.m. for an older individual (studies | and 2) and |1:00 p.m. for a younger study participant (study 3) was chosen] and slept
for 7.5 h (studies | and 2) or 8 h (study 3), respectively. When scheduling the visits, it was further attempted to keep the day of the week as constant as possible for each

individual.
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neglected as they are still small compared to the high input
impedances of EEG recorders used. EEG signals were
assessed from the standard 19 locations Fpl, Fp2, F7,
F3, Fz, F4, F8, T3, C3, Cz, C4, T4, TS, P3, Pz, P4, To,
01, 02 and the mastoid positions Al and A2 according to
the 1020 System.>* Physical reference for the recording
was Cz in study 3 and the internally generated mean of C3
and C4 in studies 1 and 2, respectively. Two EOG signals
were recorded from locations according to the AASM
standard.®>® Bipolar mental and submental EMG were
also recorded.

A Varioport-based system (Becker Meditec, Karlsruhe,
Germany) was used in study 3, whereas a Nihon Kohden/
Polysmith EEG2100 system (Nihon Kohden, Tokyo) was
used for recordings in studies 1 and 2. In all three studies,
the EEG sampling rate was 200 Hz. The frequency
response for biosignals was linear up to 70 Hz. For
lower frequencies, the effective high pass was Ist order
at a time constant of several seconds for studies 1 and 2,
hence having a neglectable effect on any biosignal ana-
lyzed. As the recorder used in study 3 had a hardware high
pass of a shorter time constant, this was compensated
numerically in the preprocessing of the data to reach
similar properties as in the other two studies.

Sleep scoring, ie, the assignment of sleep stages to
epochs of 30 s each, was needed for the artifact manage-
ment in the spectral analysis. A validated and FDA
approved computer-assisted
24x7) as described in Anderer et a

sleep scoring. This greatly reduces interrater variability.>®

algorithm
135:36

(Somnolyzer
was used for

Scoring was done according to the AASM standard.>*

EEG Spectral Analysis

The idea of spectral analysis arises from the observation
that processes in different frequency ranges are found in
EEG signals. Spectra are based on a decomposition of
signals into components of different frequencies. By aver-
aging spectra over time and/or in the frequency domain
(eg, over frequency ranges), a data reduction is achieved
while presenting an alternative view onto the data. Signal
properties corresponding to the strengths of processes in
different frequency ranges of the EEG become easily
accessible. Spectral analysis of the EEG usually uses
power values (hence power spectra), ie, signal strength
metrics that are proportional to the squared amplitude.
These are best suited for averaging signals of technically
random character. For harmonic (sinusoidal) signals of

different frequencies, a linear superposition of the signals
themselves results in the power values adding up. And the
average amplitude over time is the square root of the mean
of the squared amplitude. Power spectral values are pre-
ferably provided as power spectral densities, ie, power
content per frequency width, expressed, for instance, in
(uV)*/Hz. These remain comparably independent from the
resolution of spectra. For fixed frequency ranges, the
power for the respective frequency band is given (mean
power spectral densities are useable as well). Practically,
spectra are calculated using a discrete Fourier transform;
the respective algorithms are called FFT (fast Fourier
transform). The transform delivers a spectrum for a fixed
segment of time, and this spectrum describes a process that
would be the infinite repetition of that segment of time.
This repetition is only a limited approximation of the real
EEG of the segment, especially for the beginning and the
end of the segment, where the repetition creates disconti-
nuity. To overcome this, the segments are multiplied by
taper functions that softly attenuate the beginning and the
end of the segments before the transform is done. Spectra
of segments are averaged then. An overlap of the segments
helps to equally weigh the signal over time despite of the
taper. The power reduction caused by the taper can be
corrected for to yield power values corresponding to the
real EEG amplitudes. The correction depends on the signal
characteristics, EEG can be treated like a random signal,
here.

Power spectra were calculated for each 30-second PSG
epoch. Within epochs, Welch’s method®’ was used:
Overlapping segments of 4 s each were cut from the
epoch (overlap was 2 s), resulting in 14 segments. After
applying a von-Hann taper to the segments, power spectra
of the segments were calculated, power corrected and
averaged. Artifact exclusion was performed at the level
of segments. Two criteria were used: An amplitude criter-
ion (A) and an upper frequency range power limit (B).

(A) The difference of the absolute maximum and the
absolute minimum of the signal in the segment was calcu-
lated. This was done on the original signal before tapering.
If the difference exceeded a specific limit (see below), the
segment was excluded. A limit had to be set in order not to
exclude segments due to strong delta waves or
K-complexes while maintaining sensitivity against arti-
facts. Empirically a value of 300 uV (peak-to-peak) was
selected. For sleep stages free of delta waves and
K-complexes a higher sensitivity of the artifact detection
was desirable. So after several tests, a second threshold of
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150 pV was introduced and the hypnograms were included
into the artifact exclusion mechanism to select the thresh-
old depending from the sleep stage: 300 pV for stages N2
and N3 and 150 pV for stages N1, REM, and Wake.
Disturbances outside of the EEG frequency range would
shift the sensitivity as the maximum amplitudes of bio-
signals and disturbing signals add linearly. This would
result in a systematic exclusion of higher amplitude
EEG. To prevent that, a notch filter (infinite impulse
response, IIR, 2nd order, Q=5) for the power grid fre-
quency of 50 Hz was applied to all EEG data. The filter’s
influence in the analyzed EEG frequency range can be
neglected.

(B) Similar to an approach by Adamczyk et al,*® the
spectral content in the upper frequency range (from 19.8
Hz to 45.5 Hz) of the EEG was calculated from the spectra
of the segments. A mean amplitude (root of the mean
square) of 5.75 puV was set as a threshold. Real EEG
this
Segments exceeding the threshold were excluded. The

amplitudes for frequency range are smaller.
criterion detects eg, muscle artifacts.

The segment length of 4 s results in a frequency reso-
lution of 0.25 Hz. The frequency range from 0.5 Hz to
21.75 Hz was included in the analysis (86 frequency bins).
Spectra of epochs were individually averaged for sleep
stages. In this averaging, spectra derived from less than
10 artifact-free segments of the epoch were excluded. In
addition, frequency bands were computed almost identical
to the frequency range specifications defined by the
AASM': slow wave activity [0.50-2.00 Hz), delta activity
[0.50—4.00 Hz), theta activity [4.00-8.00 Hz), alpha activ-
ity [8.00-13.00 Hz), broad sleep spindle or sigma activity
[11.00-16.00 Hz), narrow sleep spindle or sigma activity
[12.00-14.00 Hz) and beta activity [13.00-22.00 Hz).
Power spectra were computed from all-night sleep EEG
recordings at all 19 EEG electrode sites, each referenced to

the averaged mastoid signals.

Statistical Analysis
Absolute frequency bin and band EEG power values were
transformed using the natural logarithm function.*® For
group-level statistics, this was done after the computation
of robust means (arithmetic mean) of spectra from the
three sham nights at the participant level. Pooling of the
individual data was intended to reduce random variance.
To test for age or sex differences in EEG power, the
threshold-free cluster-enhancement (TFCE) technique‘m’41

was applied. The TFCE method has been shown to be

statistically integer and sensitive to several types of EEG
signals.40 It is a special version of cluster-based permuta-
tion testing that aims at finding clusters of any dimension-
ality in the data sets by combining the information about
the magnitude of an effect at a given data point with the
information on its support from the neighboring data
points. In order to circumvent the thresholding criticism
related to classical cluster-based approaches, ie, the use of
a single arbitrary threshold to define a cluster, numerous
cluster-forming thresholds are considered instead. For each
threshold, cluster height and cluster size are determined,
and specific weights are assigned to these factors. As a
consequence, the EEG signal parameters will be enhanced
or weakened, resulting in a newly computed TFCE para-
meter. Differences in TFCE values between groups are
then examined by performing permutation-based statistics
together with a maximum-statistic correction method to
address the multiple comparison problem. The TFCE algo-
rithm employed in the present study is a MATLAB tool-
box that is freely available on the internet.*” MATLAB
version 9.70 (R2019b, The MathWorks, Inc. Natick, MA)
was used to run this toolbox. The number of permutations
was set to 10,000, and the default values of 0.6 and 2 were
chosen for the two weighting parameters E (extent) and H
(height), respectively. Coordinate information specifying
the channel positions was needed to determine the degree
of adjacency and thus the correlation between electrodes.
For more details on this statistical procedure, see the
corresponding research article by Mensen and Khatami.*’

Analyses were performed separately for the non rapid
eye movement (NREM) sleep stages N1, N2, N3, for
NREM sleep as a whole, for REM sleep as well as for
the time spent awake between lights out and lights off. To
allow for comparisons between data of young and old
men, the duration of sleep recordings used for analysis of
the young adults was restricted to 7.5 hours. Statistical
testing was first carried out for global EEG power, ie,
averaged EEG power over all 19 electrodes, at the fre-
quency bin level. To account for regional variations, test-
ing was then expanded to every single electrode. For these
electrode-wise analyses, however, differences in EEG
power between groups were evaluated at the level of
frequency bands. Since both sleep spindle frequency
ranges and the slow wave frequency range are sub-bands
sharing frequencies with other frequency bands, the fre-
quency domain would no longer be continuous if they all
had been treated as equal. Therefore, these sub-bands were
analyzed separately.
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For illustrative purposes, original, uncorrected t-values
were first converted to p-values and then transformed by
calculating the negative logarithm to the base 10. The
maximum scale of the negative log values was set to 4,
which corresponds to a p-value of 0.0001.

To get an idea of the magnitude of the observed effects
and its associated uncertainty, Cohen’s d for independent
group comparisons and the corresponding 95% confidence
intervals (CI) were computed from original, uncorrected
t-values. Two-sample t-tests were performed to test for
differences between the samples at baseline. The latter
was conducted using SAS software, version 9.4 (SAS
Institute, North Carolina, USA). A p-value of less than
0.05 was considered statistically significant.

Results

Sample Characteristics at Baseline

Comparisons of baseline data between samples revealed
some imbalances (Table 1), but with one exception, these
could either be explained by the inclusion criteria or at
least had been expected because of known age- and sex-
specific differences for certain screening parameters of
interest. Elderly individuals of either sex were by defini-
tion older than young men. Elderly men also differed from
the other two samples with respect to the periodic limb
movement arousal index (PLMAI). The PLMAI was lower
compared to older women but was larger compared to
young men. Sleep onset latency was slightly longer in
elderly females as opposed to both male samples. The
MEQ score was higher in the elderly, pointing towards a
more pronounced morning type in old age, but it also
varied slightly between older men and women. Sleep
efficiency was largest in young men. The ESS score was
also highest in young men, indicating that they felt sleepier
during daytime than the participants of the older samples.

Differences in EEG Power Spectra

Age and sex differences in global spectral sleep EEG
power are summarized in Figure 2A-7A for the stages
NREM sleep, REM sleep, Wake, N1, N2 and N3, respec-
tively. The corresponding regional results are shown in
Figure 2B—7B. Descriptive statistics that summarize the
data sets of elderly women, elderly men and young men in
addition to Cohen’s d effect size estimates are presented in
Supplementary Tables S3 and S4. Information about local

intensity maxima within the clusters are presented in

Table 2 (for continuous frequency bands) and in

Supplementary Table S5 (for the three frequency sub-
bands).

EEG Power Spectra Variations with Sex
For NREM sleep (Figure 2A), TFCE analysis revealed
sex-dependent global EEG power variations with higher
values in elderly women than in elderly men, driven by
two clusters of connected frequency bins. The first cluster
included frequency bins within the delta and lower theta
frequency ranges. The other cluster stretched from higher
alpha to beta frequency ranges. When the topography was
taken into account, these two clusters were found to be
connected. The cluster spanned over almost all locations
for the delta and beta frequency ranges, whereas the dif-
ferences in the EEG power of the theta and alpha fre-
quency bands were restricted to central and posterior
regions. EEG power of the slow wave and the two sigma
frequency bands differed at (almost) all electrode positions
(Figure 2B; Table 2 and Supplementary Table S5).

The global spectral power of the EEG during REM
sleep showed less sex differences than the EEG recorded

during NREM sleep (Figure 3A). Overall, however, a
similar pattern of affected frequency ranges emerged.
The TFCE approach yielded two separate significant clus-
ters of larger EEG power values in older women than in
older men, which encompassed parts of the delta fre-
quency band and the entire beta frequency range, respec-
tively (Figure 3A). At the electrode level, this cluster was
merged and was reflected by significant differences at all
electrodes for the beta frequency range, significant differ-
ences at less electrodes for the delta frequency range and
significant differences at only the most posterior electrodes
for the theta and alpha frequency bands. The three sub-
bands also showed variations with sex, but at fewer elec-
trode positions than the frequency bands to which they
(partially) pertain (Figure 3B; Table 2 and Supplementary
Table S5).

The sex-dependent global EEG power spectral value
differences for the time spent awake in bed between lights
out and lights on were less pronounced than during sleep
(Figure 4A). The TFCE method showed statistically sig-
nificant differences restricted to a cluster observed for the
higher frequencies of the beta band. A closer look at the
regional distribution revealed that this cluster comprised
electrodes located in parietal and occipital regions only.
The same applied to the two sigma frequency bands
(Figure 4B; Table 2 and Supplementary Table S5).
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Figure 2 Age and sex effects on global (A) and regional (B) sleep EEG power recorded during NREM sleep. The top graph of (a) displays all-night log-transformed power
spectral densities averaged across all |9 electrodes for elderly women, elderly men, and young men. The middle and bottom graphs of (A) show transformed p-values
resulting from the comparisons of global sleep EEG power between elderly women and men, and from the comparisons of global sleep EEG power between young and
elderly men, respectively. Black lines represent the transformed significance threshold of p = 0.05. Shaded areas under the curve indicate statistical significance of the original,
uncorrected test statistic. The areas marked with diagonal lines highlight the differences that remained statistically significant after multiple comparison correction (MCC),
based on the threshold-free cluster enhanced (TFCE) statistic. For the sake of clarity, frequency bands are depicted below the abscissa. Top row of (B) shows topoplots of
statistically significant differences between sleep EEG power values of elderly women and men for all frequency bands of interest. Colored markings point to a statistical
significance of the original, uncorrected test statistic; an additional black border indicates a significant difference after MCC based on the TFCE statistic. Corresponding
topographical differences between sleep EEG power values of young end elderly men are displayed at the bottom row of (B). Red, blue, and green markings highlight higher
sleep EEG power values in elderly women, elderly men, and young men, respectively. Ranges of the frequency bands are given as half-closed intervals, ie the interval contains
one endpoint (squared bracket) but not the other (round bracket).
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Table 2 Local Intensity Maxima of the Identified Clusters Within the Continuous Frequency Bands by Sleep Stage Separately for Sex

and Age
Factor | Sleep # Peak Peak Frequency T-Statistic at TFCE-Statistic at P-value at
Stage Cluster | Channel Band Peak Peak Peak
Sex Wake | Té6 Beta 3.95 67.95 0.0201
NI | Ol Beta 5.18 214.44 0.0009
N2 | Té Beta 5.16 270.08 0.0006
N3 | 02 Delta 5.73 347.01 0.0002
NREM | ol Beta 5.13 270.26 0.0003
REM | Ol Beta 5.04 168.67 0.0018
Age Wake | Té Delta 6.62 412.26 <0.0001
2 Ol Beta 3.60 52.60 0.0402
NI | Ol Delta 7.60 491.89 <0.0001
2 Té Beta 4.20 66.55 0.0235
F7 Alpha -3.90 —55.09 0.0364
N2 | Cz Delta 10.06 1512.94 <0.0001
N3 | Pz Delta 16.40 6904.74 <0.0001
NREM | Pz Delta 11.84 2739.67 <0.0001
REM | Pz Delta 8.28 1002.31 <0.0001

Abbreviation: TFCE, threshold-free cluster enhanced.

When NREM sleep stages were considered separately,
sleep stage N2 was the one with the most pronounced sex
differences in global EEG power (Figure 6A). Even after
correction for multiple comparisons, a significant cluster
of higher EEG power in elderly women compared to older
men was observed encompassing all frequency bins.
Results for global EEG power during sleep stage N3
essentially reflects those observed for sleep stage N2.
Since the lower alpha frequency range was omitted, two
separate significant clusters were identified (Figure 7A).
The pattern of global EEG power values significantly
affected by sex during sleep stage N1 resembled that of
sleep stage REM; the analysis revealed a significant cluster
encompassing the entire beta and a second cluster that
included parts of the delta frequency band (Figure 5A).
At the regional level, the number of electrodes contribut-
ing to the significant clusters increased with sleep depth.
The differences between sleep stages N1 to N3 were most
pronounced for the theta frequency band. While significant
sex differences were found only at the most posterior
channels in sleep stage N1, this effect spread over the
entire cortex during sleep stage N3. A similar propagation
of effects was observed from sleep stage N1 to N2 for the

alpha frequency band, but cluster expansion in anterior
direction did not cover the frontal regions of the cortex.
In sleep stage N3, however, the effect on the EEG power
in the alpha frequency range was again less widespread.
The significant topographical cluster detected during sleep
stage N1 comprised also several electrode locations show-
ing sex differences in EEG delta power. This effect
remained quite stable during sleep stage N2 but extended
to the entire cortex during deep sleep. Regardless of
NREM sleep stage, all electrodes contributed to the sex
differences observed in the beta frequency range
(Figure 5B-7B). The widespread significant clusters
found for both sigma frequency ranges differed with
respect to frontal electrodes between the three NREM
sleep stages, but in any case, frontal sites were included
during sleep stage N2. For the slow wave frequency range,
the cluster increased considerably in size from sleep stage
Nl and N2 to N3 (Figure 5B-7B; Table 2 and

Supplementary Table S5).

In general, sex effects were of such magnitude that the
overall outcome before and after multiple comparison
correction (MCC) was virtually the same for all sleep
stages. The only exception was stage wake, which showed
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Figure 3 Age and sex effects on global (A) and regional (B) sleep EEG power recorded during stage REM sleep. For a detailed figure description, see the caption of Figure 2.
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Figure 4 Age and sex effects on global (A) and regional (B) sleep EEG power recorded during the time spent awake between lights out and lights off. For a detailed figure

description, see the caption of Figure 2.
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Figure 5 Age and sex effects on global (A) and regional (B) sleep EEG power recorded during stage N1 sleep. For a detailed figure description, see the caption of Figure 2.
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some test statistics related to global and regional sleep
EEG power that did not survive the MCC, especially in
the delta and sigma band frequencies (Figure 4A and B).

EEG Power Spectra Variations with Age

TFCE permutation analysis revealed significant differ-
ences in global EEG power for NREM sleep between
young and elderly men (Figure 2A). Two different clusters
could be identified. The first cluster encompassed several
affected frequency bins in the delta and the lower part of
the theta frequency range. Furthermore, statistically sig-
nificant age differences were observed for frequency bins,
which fall into both sigma frequency ranges. Visual
inspection of the results of the analysis by frequency
bands and region demonstrated that the statistically sig-
nificant higher spectral power in young men in the lower
frequency bands was present at almost all electrodes.
Significant EEG power differences in the alpha frequency
range showed a midline-parietal, occipital distribution.
Although the affected frequency bins at the global level
were restricted to the lower frequency range of the beta
band, significant EEG power differences for the entire
frequency range were again observed for almost all chan-
nels. TFCE corrected age differences in the slow wave as
well as in the two sigma frequency ranges were statisti-
cally significant at all electrodes (Figure 2B; Table 2 and
Supplementary Table S5).

Statistically significant age differences in the global
spectral power of the REM sleep EEG were restricted to
delta (including slow wave) and lower theta frequencies
following TFCE analysis (Figure 3A). Younger men have
higher values than older men. This is also reflected by
results at the regional level. The significant cluster encom-
passed all electrodes in the delta frequency range, a
reduced number of electrodes in the theta frequency
range (some frontal and temporal electrodes did not con-
tribute anymore) and only occipital electrodes in the alpha
frequency range. For the beta frequency range, the cluster
included also electrodes located over the right temporal
lobe. All variations in the spindle frequency ranges were
not statistically significant. Statistically significant differ-
ences in the slow wave frequency band, however, spanned
again over the entire cortex (Figure 3B; Table 2 and
Supplementary Table S5).

For the time spent awake during time in bed, the
pattern of age-dependent differences in global EEG
power is very similar to the one observed during REM
(Figure 4A). The same was true for the regional results.

The main difference to the results of the REM sleep was
that the spectral power of alpha and theta during wake did
not at all vary with age, thus the topographical TFCE
analysis identified two distinct clusters for the time spent
awake. Variations in the spindle frequency ranges were
only statistically significant at most posterior electrode
locations (Figure 4B; Table 2 and Supplementary
Table S5).

When NREM sleep stages are considered separately,
age differences in the global spectral power during stage
N3 are consistently much higher in young men as com-
pared to older men except for the frequencies in the alpha
range (Figure 7A). At the regional level, this is reflected
by a wide-spread cluster of statistically significant effects
omitting only frontal areas in the alpha frequency range
(Figure 7B; Table 2). The pattern of age-dependent differ-
ences in global EEG power during sleep stage N2 also
exhibited two different clusters, but the one observed at
higher frequencies was restricted to the sleep spindle fre-
quency ranges (Figure 6A). Regional EEG power during
sleep stage N2 resembled that observed during NREM
sleep (Figure 6B; Table 2). Likewise, the significant clus-
ters identified for the global and regional EEG power
differences between young and older men during sleep
stage N1 and stage Wake were also pretty much the
same. However, in sleep stage N1, TFCE analysis also
detected another small cluster in the alpha frequency
range, indicating an increased alpha power in older men
compared to young men (Figure 5A+B; Table 2).
Statistically significant clusters could also be identified
for all three sub-bands during sleep stages N1, N2 and
N3 (Figure 5B-7B; Table 2 and Supplementary Table S5).

In contrast to the sex-specific effects, MCC had a

greater impact on age-related outcomes. This was particu-
larly evident for the increased alpha sleep EEG power
observed in the old men during sleep stage N1, which
originally extended across several electrodes of the frontal
and central cortex but appeared to be too weak in total that
only a few effects survived the correction (Figure 5A
and B).

Discussion

The present results stressed the importance of the factors
age and sex with respect to brain activities measured
during sleep. Aging was dominated by a decline in EEG
power. Differences between young and older men have
been found to be most pronounced for lower frequencies
and for the sleep spindle frequency range. In old age,
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Figure 6 Age and sex effects on global (A) and regional (B) sleep EEG power recorded during stage N2 sleep. For a detailed figure description, see the caption of Figure 2.
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Figure 7 Age and sex effects on global (A) and regional (B) sleep EEG power recorded during stage N3 sleep. For a detailed figure description, see the caption of Figure 2.
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females had an overall larger sleep EEG power than males.
Strong effects covering a wide range of the frequency
spectra were observed for sleep stages N2 and N3 as
well as for the NREM sleep.

The more pronounced sleepiness in the sample of
young men assessed by the ESS might indicate that
young men show a high sleepability without sleepiness,
which according to Harrison and Horne** might reflect the
ability to relax and to switch off very efficiently. The
observed differences in MEQ scores indicate that prefer-
ences for the timing of sleep, which are reflected in the
chronotype, change slightly with age and are slightly dif-
ferent between men and women. With increasing age,
sleep timing changes towards earlier times.***> Randler
and Engelke*® reported that sex differences in chronotype
decline with increasing age, yet older women were less
morning oriented than older men. The increase of the
PLMAI with increasing age in the present study agrees
with results from healthy subjects described by Frauscher
et al.¥” While these authors®’ did not observe sex differ-
ences in a sample of one hundred 19-77-years-old sub-
jects, a significantly higher PLMAI could be found in
elderly women as compared to elderly men in the present
samples.

Previous studies evaluating spectral characteristics of
the sleep EEG in healthy samples consistently identified
age and/or sex as sources of variation.** ¢ The literature
pertaining to sex effects provides strong evidence that,
irrespective of age, females have overall higher sleep
EEG power values than males.>**?*?® In general, the
present results regarding an overall larger sleep EEG
power in women are in line with those observed in these
earlier studies, even though some outcomes at the fre-
quency bin and/or band level differ slightly between inves-
tigations. Hertenstein et al® reported that sex was a
significant factor in all but one of the considered frequency
bands (gamma during stage REM sleep). Carrier et al*?
observed a higher spectral power density in women in
delta, theta, low alpha and high sleep spindle frequency
bins of NREM sleep. In the study by Svetnik et al,”® EEG
power was significantly increased in female good sleepers
compared to male good sleepers at all ages and for all
frequency bands under investigation. The sex-related dif-
ferences in NREM and REM sleep EEG power observed
by Dijk et al*® deviated most from the present results.
However, this discrepancy might be explained by the
large age differences between the two groups of study
participants.

Aging has been found to affect low- and high-fre-
quency sleep EEG power differently.»?*?*2¢ Age-related
changes in sleep EEG power towards a lighter sleep with
increasing age were observed by Hertenstein et al,®> show-
ing an increased EEG power for sigma and beta frequency
ranges during stage REM as well as a decline in EEG
power for the slow delta and slow sigma frequency bands
during stage N2 sleep. Carrier et al** reported an associa-
tion of increasing age with an increased sleep EEG power
in the beta frequency range but also with a reduction in
slow-wave, theta and sigma activity. Svetnik et al*
reported that the absolute power in the delta, theta and
sigma frequency range during NREM sleep declines with
increasing age in good sleepers of either sex. Sprecher

et al®®

found that sleep EEG power in the slow wave and
low theta frequency ranges during NREM sleep was sig-
nificantly lower in older age groups compared to younger
age groups, whereas it was the opposite for the EEG
power in the gamma frequency band. Schwarz et al**
observed age-related reductions in delta (stage N3 and
NREM sleep) and sigma (NREM sleep) EEG power.
While the age effects observed in the present study regard-
ing a reduced power in the lower EEG power spectrum as
well as in the spindle frequency range in older males agree
well with the literature, some inconsistencies exist for the
impact of age on the power in the higher frequency ranges.

Following Carrier et al,> the findings regarding a
decrease of sleep EEG power in lower frequency ranges
(slow oscillatory and delta activities) with increasing age
may be interpreted as a less pronounced homeostatic sleep
drive in the elderly. The homeostatic sleep drive reflects
the sleep pressure that has built up as consequence of
continuous wakefulness.*® At present, however, it is
assumed that the homeostatic sleep drive is not lower,
but rather that its sensitivity is decreased because of a
widespread decline in adenosine receptors in the aged
brain.*’

Given that sigma band activity includes sleep spindle
quantity'® which has been shown to decline with advan-
cing age,”® the diminished EEG power peaks in the sigma
frequency range of elderly men and women (Figure 6A)
seem to reflect this reduced sleep spindle activity.
Moreover, as sleep spindles are further assumed to be
one of the key actors in sleep-dependent memory
consolidation,”’ an attenuated sigma band activity might
also be related to an impaired memory consolidation pro-
cess in old age. Unfortunately, as the present study
assessed neither discrete sleep spindles nor memory
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performances, it was not possible to prove these potential
relationships.

Apart from such functional attributions, differences in
EEG activities may also be anatomical. Amongst others,
properties of the tissue structures involved in volume con-
duction, most importantly the cranial bone,”* determine the
electrical potential differences measured at the surface.
Variations of these properties with age and/or sex could
therefore account for the differences in EEG power between
young and old men as well as between elderly men and

1?° considered differences in

women. For example, Dijk et a
skull thickness as a likely reason for the overall greater sleep
EEG power in young women compared to young men. The
human skull is a three-layered bone with a cancellous, fluid
filled layer in the middle (diploe) flanked by two layers of
compact bone. Tang et al’®> were able to show that the
resistivity and the thickness of the skull depend on the con-
crete bone composition, with a better conductivity in bone
specimens showing a higher diploic layer component percen-
tage. A recent study evaluated changes in thickness of com-
pact cranial bone layers with age and sex at homologous
locations by means of 123 high-resolution clinical computed
tomography scans obtained from participants aged between
20 and 99 years.>* These authors found in both sexes a trend
towards an increase in average full skull thickness across age,
but only in females a statistically significant age-related
thinning of the two compact bone layers; the corollary is a
thickening of the diploic layer in females during the lifespan,
while it remains almost stable in males at all ages. These
anatomical differences might have affected the conductive
properties of this particular tissue and thus the brain activities
collected from the surface. On the other hand, Hagemann

et al,>

who examined the relationship between skull thick-
ness and magnitude of EEG alpha activity in a resting situa-
tion, observed only a few modest associations between these
two variables, leading the authors to conclude that other
sources of variation than skull thickness seem to contribute

more to the variance of surface EEG. Tan et al®®®’

even
argued against skull impedance as a potential cause for age-
related sleep EEG power variations, because they found that
wave incidence is as reliable as wave amplitude if period
amplitude analysis is performed.

Another anatomical aspect that could have contributed
to the differences in sleep EEG power is cortical thinning,
a well-known phenomenon that proceeds during adulthood
but appears to vary in its extent between the sexes.”® With
regard to the brain activities during sleep, cortical thinning
might be responsible for the decline of sleep slow waves

throughout aging.”” Since the impedances of skull and skin
structures are constant over the EEG frequency range, the
influence of anatomy only leads to a constant factor for the
power values of all frequencies (for a given location).
Therefore, to minimize the influence of anatomical altera-
tions of the brain and skull, normalized brain activity
measures such as relative spectral sleep EEG power can
be used instead.®® This, on the other hand, increases the
dependency in the data.

Since different equipment was used to record the EEG
in the studies of young and older men, it could be sus-
pected that the observed differences in sleep EEG power
between these two samples could also be due to technical
reasons. However, the calibration (representation of EEG
amplitudes) of all equipment was checked using external
signals and, as already mentioned in the methods section,
EEG data of the young and elderly men were harmonized
during preprocessing to allow for outcome comparisons.
To test the effectiveness of the adjustment measures, data
from the present younger sample were contrasted to other
data from young male individuals that were collected with
the same EEG recording system as in the study on elderly
men. Figure S1 demonstrates that these two spectra of
young men match very well, therefore technical reasons
can most likely be ruled out.

Given the sex and age-related differences in EEG power,
approaches to investigate the effect of any intervention on the
quantitative sleep EEG should always take these two factors
into account. This can be done eg, by stratified analyses,
which, however, reduce sample size and thus statistical
power, or by eliminating the factors sex and/or age from
analyses using standardized values such as z-scores.

A strength of the present study is that the reported
values are based on three nights per participant, offering
the possibility to calculate robust statistics in order to
minimize random variance in group analyses. The present
analysis is limited by the lack of any data from young
women; therefore, it was unable to determine how aging
affects sleep EEG power in females. However, ovarian
hormones are known to have a significant effect on female
sleep during the reproductive years,®' implying that it is
critical to control for the phase of menstrual cycle when-
ever the sleep of younger women is the outcome of inter-
est. If this aspect were to be taken into account, it would
be a logistical challenge to collect data from young women
in the same way as it has been done for the other three

samples.
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Conclusion

A key problem with much of the literature regarding age
and sex differences in sleep EEG power is that senior adults
are mostly underrepresented. The present work was set out
to fill this gap. These findings will prove useful in expand-
ing our understanding of sleep in the elderly and in deter-
mining when changes in quantitative sleep EEG variables
appear to deviate from the “normal” aging process. They
further provide important additional insight into the brain
processes during sleep and will therefore not only contri-
bute to a better understanding of certain sleep disorders but
may also be helpful in finding any particular sleep EEG
patterns that may serve as disease-specific biomarkers. The
study confirmed earlier results regarding age and sex differ-
ences in nocturnal EEG activities. Aging, as assessed by
differences between young and elderly men, was predomi-
nantly associated with a decrease in sleep EEG power
values, while females showed an overall larger sleep EEG
power than males. The present study is limited by the lack
of information on young women; therefore, it is unfortu-
nately not possible to make predictions about age-related
changes in sleep EEG performance in women based on the
available data. A further study that collects this outstanding
information could compensate for this deficiency.
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