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Abstract

Frequency and amplitude features of both resting-state electroencephalography (EEG) and functional
magnetic resonance imaging (fMRI) are crucial metrics that reveal patterns of brain health in aging.
However, the association between these two modalities is still unclear. In this study, we examined the
peak frequency and standard deviation of both modalities in a dataset comprising healthy young
(35.5+3.4 years, N=134) and healthy old (66.9+4.8 years, N=51) adults. Both age and sex effects were
examined using non-parametric analyses of variance (ANOVA) and Tukey’s Honest Significant
Difference (HSD) post-hoc comparisons in the cortical and subcortical regions. We found that, with
age, EEG power decreases in the low frequency band (1-12 Hz) but increases in the high frequency
band (12-30 Hz). Moreover, EEG frequency generally shifts up with aging. For fMRI, fluctuation
amplitude is lower but fluctuation frequency is higher in older adults, but in a manner that depends
on the fMRI frequency range. Furthermore, there are significant sex effects in EEG power (female >
male), but the sex effect is negligible for EEG frequency as well as fMRI power and frequency. We also
found that the fMRI-EEG power ratio is higher in young adults than old adults. However, the mediation
analysis shows the association between EEG and fMRI parameters in aging is negligible. This is the first
study that examines both power and frequency of both resting EEG and fMRI signals in the same
cohort. In conclusion, both fMRI and EEG signals reflect age-related and sex-related brain differences,

but they likely associate with different origins.
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Introduction

Understanding the effects of healthy aging on brain oscillations may help explain many of the
observed cognitive age effects. Techniques such as electroencephalography (EEG) and
magnetoencephalography (MEG) can provide measurements more closely reflecting the underlying
neuronal signals. In the alpha EEG, which is the most widely studied EEG band in aging, the effect of
age on oscillatory power has been widely studied (see review in (Ishii et al., 2017)). The age effect on
the other EEG bands, including the slow-wave delta and theta bands, and the fast-wave beta band, is
less well studied. Decline in slow-wave EEG power in aging has been associated with deficits in
perceptual speed and executive function (Vlahou et al., 2014), while enhancement in fast-wave beta
EEG power in aging is associated with reduced specificity in motor processing and imagery (Christov
and Dushanova, 2016a). EEG oscillatory frequency can also be affected by processes in aging. EEG and
MEG studies have reported a reduction of neuronal activity frequency in mild cognitive impairment
(Garcés et al., 2013). Hence, the age-associated slowing of brain activity may provide an early
indication of impending dementia. However, frequency measurements have thus far been limited to

EEG and MEG studies.

Given the limited spatial resolution of EEG and MEG, the use of resting-state functional MRI (rs-fMRI)
for brain-oscillation mapping is increasingly common. Metrics such as brain variability (Garrett et al.,
2010; Kumral et al., 2019), the amplitude of low-frequency fluctuations (ALFF) (Zou et al., 2008) and
the resting-state fluctuation amplitude (RSFA) (Kannurpatti et al., 2012) are all indicators of oscillatory
amplitude. The rs-fMRI approach offers more comprehensive spatial information that can be easily
integrated with structural MRI data. These variables are associated with vascular (Tsvetanov et al.,
2015), metabolic (Jiao et al., 2019) and cognitive influences (Garrett et al., 2017). However, the

findings have been varied, and the interpretation of these metrics remains ambiguous.

Sex differences in rs-fMRI functional connectivity have been reported in multiple studies (Hjelmervik
et al., 2014; Zhang et al., 2016), generally with males showing higher connectivity than females, but
sex effects on the underlying fMRI signal fluctuation amplitude and EEG oscillation power are scarcely
reported. Still more scarce is reporting on the interaction between age and sex in shaping the EEG and

fMRI metrics.

The above mentioned research beckon the question “what is the relationship between alterations in

electrophysiological and rs-fMRI oscillations in aging?”. Using data from the Leipzig mind-brain-body
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(LEMON) study, Kumral et al. recently published on age and sex differences in EEG and fMRI fluctuation
amplitudes in healthy adults (Kumral et al., 2019). The study produced the first direct comparison of
resting-state effects of age and sex on EEG and fMRI power metrics, acquired from the same subjects,
and concluded that age effects on fMRI amplitude were not related to those found in EEG power.
Nevertheless, some questions remain unanswered. First, shifts in EEG frequency in aging have been
reported, and it is unclear whether frequency shifts occur in rs-fMRI in aging. Second, it is unclear if
there is a difference between the sexes in how EEG and rs-fMRI frequencies vary with age. Third, it is

unclear whether age-related rs-fMRI frequency variations are mediated by those in EEG.

In this study, we address these gaps in knowledge by extending analysis of data from the LEMON
study. We hypothesize that: (1) the peak frequency of all EEG bands differ significantly across age and
sex groups; (2) the peak frequency of the rs-fMRI signal is lower in the older adults, but there should
be no difference between sexes; (3) as the neuronal contribution to the fMRI signal varies with fMRI
frequency, the age and sex effects of the rs-fMRI signal amplitude and frequency vary depending on

the fMRI frequency band in question.

Methods
Participants

The “Leipzig Study for Mind-Body-Emotion Interaction” (LEMON, publicly available at:
http://fcon_1000.projects.nitrc.org/indi/retro/MPI_LEMON.html) (Babayan et al.,, 2019) dataset
comprises 227 healthy subjects in two age groups. The older group is aged between 59-77 years old
(N=74, 37 females) while the younger group between 20-35 years old (N=153, 45 females). No
participant reported a history of cardiovascular disease, psychiatric disease, neurological disorders,
malignant disease, or medication/drug use that could affect the study. The study protocol conformed
to the declaration of Helsinki and was approved by the ethics committee at the medical faculty of the

University of Leipzig (reference number 154/13-ff).

We performed additional QC and excluded data sets that had incomplete data, mismatching sampling
rates, image artefacts, excessive head movement, or excessive background noise. The final sample
with 185 subjects used in this study included 134 young (20-35 years old, 42 females) and 51 old
subjects (59-77 years old, 23 females). Ages were only recorded by the LEMON study quinquennially
(5 year steps), thus the group means and standard-deviations of the mean are provided. For age

distributions see Figure Al in the Supplementary Materials. Furthermore, the education levels were
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provided in the German system (Hauptschule and above), and were not translatable into years of

education.

Table 1. Subject demographics.

Attributes Young old

N 134 51

Age (mean/STDEV of mean) 35.5+3.4 years 66.9+4.8 years
Male:Female (M:F) ratio 42:91 23:29

Data acquisition

All data acquisitions are described in the LEMON paper ((Babayan et al., 2019). The relevant sections

are provided below.
EEG

Sixteen minutes of resting-state EEG was recorded with BrainAmp MR-plus amplifiers using 62-
channel (61 scale electrodes and 1 VEOG electrode below the right eye) active ActiCAP electrodes
(both Brain Products GmbH, Gilching, Germany) attached according to the international standard 10-
10 system and referenced to FCz. The ground electrode located at the sternum and skin-electrode
interface impedance was kept below 5 kOhm. The EEG signal is digitized at a sampling frequency 2500
Hz and amplitude resolution was set to 0.1 micro-Volts. The EEG session included a total of 8 eyes-
closed (EC) blocks and 8 eyes-open (EO) blocks, each 60 s. Subjects were asked to fixate on a black
cross on a white background during the EO period, demonstrated using Presentation software
(Version 16.5, Neurobehavioral System Inc., Berkley, CA, USA). As rsfMRI data were collected only in

the EO condition, only EEG from EO the condition was used in the comparative analysis.

MRI

On a separate day from the EEG session, magnetic resonance imaging (MRI) was performed on a 3
Tesla scanner (MAGNETOM Verio, Siemens Healthcare GmbH, Erlangen, Germany) equipped with a
32-channel head coil. Participants were informed to keep their eyes open while focusing on a low-

contrast cross during the scan.

Structural T1-weighted image was acquired using an MP2RAGE sequence with parameters: TR=5000
ms, TE=2.921 ms, TI1=700ms, TI2 =2500ms, FA1=4 deg, FA2=5 deg, bandwidth=240 Hz/pixel, FOV=256
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mm, voxel size 1 mm isotropic, 176 slice encodes. Functional image recorded with T2*-weighted
gradient-echo EPI sequence parameters with parameters, TR=1400 ms, TE=30 ms, flip angle=69 deg,

bandwidth=1776 Hz/pixel, partial Fourier %, voxel size 2.3 mm isotropic, 64 slices.
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Figure 1. Overview of analysis procedure. Two EEG pipelines and one fMRI pipeline are used.

EEG data preprocessing and analysis

The EEG processing strategy is summarized in Fig. 1a. EEG preprocessing was conducted with EEGLAB
(version 14.1.1bl Delorme and Makeig, 2004) functions implemented in Matlab (The MathWorks Inc.
Natick, Massachusetts, USA). The raw EEG data were down-sampled from 2500 Hz to 250 Hz, band-
pass filtered within 1-45 Hz with 4™ order back and forth Butterworth filter before the split into EO

and EC conditions. 6.6% of the data were rejected by visual inspection, due to facial muscular tension
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and gross movements, artifactual channels. Furthermore, principal component analysis was used to
reduce the dimensionality of the data by including at least 30 principle components that can explain
95% of the total variance. Then, using independent component analysis (Bell and Sejnowski, 1997),
signal components related to physiological sources e.g. eye blinks, eye movements, residual
ballistocardiograph artefacts and muscle activity were rejected. Preprocessed EEG signals were re-

referenced to the common average and channel FCz was added as a normal channel.

The geometry of the source reconstruction model was based on the MNI/ICBM152 (International
Consortium for Brain Mapping) standard anatomy. eLORETA (exact low-resolution brain
electromagnetic tomography) implemented in the M/EEG toolbox of Hamburg (Haufe and Ewald,
2019; Pascual-Marqui, 2007) METH; (Haufe and Ewald, 2019; Pascual-Marqui, 2007) was used to
compute source distribution from the scalp EEG recordings. The leadfield matrix was generated to
relate 2113 source voxels and 62 scalp electrodes. Singular value decomposition of each voxel was
used to determine the dominant orientation of the source signal, followed by bandpass filters to filter
EEG signal into specific frequency bands, associated with brain oscillations: delta (1-4 Hz), theta (4-8

Hz), alpha (8-12 Hz), and beta (12-30 Hz).

For the non-epoch based approach (Fig. 1b), the peak frequency in each EEG band was calculated by
the center-of-mass approach. This approach ensured that the frequency characteristic was more
robust against noise than when identifying a single peak. The amplitude envelope of each band’s
oscillations was extracted using the Hilbert transform (Rosenblum et al., 2001) and then temporally
smoothed by a kernel of full-width at half-maximum (FWHM) 0.5 s. Power was computed as the
standard deviation (STDEV) of the each source’s smoothed time series, which are further averaged
within 106 regions of interest (ROIs) as designated according to the Harvard-Oxford subcortical and
cortical atlas (Desikan et al., 2006). For the epoch-based approach (Fig. 1c), the STDEV were calculated
for moving epochs that match the TR of the fMRI data (1.4 sec). This step attempts to further match
the temporal features in the EEG and fMRI time series, and is analogous to the epoch-wise variability
measure introduced by Garrett et al. (Garrett et al., 2010). The standard deviation and peak frequency
of each epoch was computed by the same method as the non-epoch based approach. Subsequently,
the standard deviation of each data set is calculated by the standard deviation all epoch-specific
standard deviations. Due to limited data points in epoch based approach, peak frequencies were

defined by the average of maximum power frequency in each epoch.

rs-fMRI data preprocessing and analysis
The rs-fMRI processing strategy is summarized in Fig. 1. fMRI preprocessing was implemented with

tools from FSL (Jenkinson et al., 2012) and FreeSurfer (Fischl, 2012). The following steps were included
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in preprocessing: (1) 3D motion correction (FSL mcflirt), (I1) slice-timing correction (FSL slicetimer), (ll1)
brain extraction (FSL bet2 and FreeSurfer mri_watershed), (IV) Rigid body coregistration of functional
data to the individual T1 image (FSL flirt), (V) Regress out the effect of artifacts (fsl_glm), (VI) bandpass
filtering to obtain band 1 ( 0.01-0.1 Hz) and band 2 (0.1-0.3 Hz), (VII) spatial normalization to MNI152
(Montreal Neurological Institute) standard space with spatial resolution 2mm isotropic (FSL flirt), (VIII)
the data were spatially smoothed with 6 mm full-width half-maximum Gaussian kernel (FSL fsimaths).
The two frequency bands are meant to capture fluctuations that are typically associated with neuronal
activity (lower frequency) and physiological processes (higher frequency). The bandpass filter was
implemented using Matlab (327th order Kaiser bandpass FIR filter with respective passband) to ensure

minimal overlap between the bands.

Standard deviation and peak frequency were calculated within each voxel time series then segmented
to 106 ROIs using the Harvard-Oxford subcortical and cortical atlas (Desikan et al., 2006) for the

mediation and power-ratio analyses.

Furthermore, the ratio of the rs-fMRI and EEG signal fluctuations is taken between signal pairs across
the 2 fMRI frequency bands and 4 EEG bands. This measurement is intended to produce a surrogate

of the vascular-neuronal fluctuation ratio in the resting state.

Statistical methods

To investigate age and sex effect, log-transformed EEG standard deviation and peak frequency from
each 115 ROIs were examined by non-parametric analyses of covariance (ANCOVAs, type Ill) after
outliers (data points out of 1.5 interquartile range) were removed. The significance of group
differences were further tested by Tukey’s Honest Significant Difference (HSD) post-hoc comparisons
with a significance threshold 0.05. Moreover, age-biases in the sex differences were assessed by
performing the sex-group comparisons for young and older adults separately, and sex biases in age
differences were assessed by performing age-group comparisons for men and women separately. All

analyses were implemented in Matlab (The MathWorks Inc., Natick, Massachusetts, USA).

BOLD fMRI STDEV and peak frequency were tested for effects of age and sex with the randomized
design generalized linear model (GLM) implemented in FSL (Jenkinson et al., 2012) with significance
threshold 0.05, corrected for multiple comparisons using randomise. Subcortical region standard
deviation and peak frequency were also examined by non-parametric analyses of covariance
(ANCOVAs, type Ill) and Tukey's HSD post-hoc comparisons to better investigate age and sex effects
in these ROIs.
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Two statistical approaches were used to reveal the relationship between BOLD fMRI and EEG. The first
approach used non-parametric analysis of covariance (ANCOVAs, type Ill) and Tukey's HSD post-hoc
test to analyze the age and sex effect on fMRI-EEG power ratio. The second is a set of mediation

analyses.

Mediation analysis EEG

band-specific
STDEV

Age or sex c1 > fMRI STDEV
Age or sex c2 fMRI peak
a2
EEG
band-specific b3

Peak frequenc
a3 SAEe) Model 3
c3

Age or sex

‘

Figure 2. Models for the mediation analyses. We investigate the mediating effects of EEG power
(Model 1) and EEG frequency (Models 2 & 3) on rs-fMRI amplitude (STDEV) and frequency. The
mediation coefficients a, b, and c represent indirect and direct effects. The independent variables are

age and sex.

Mediation pathway analysis (Hayes, 2013) was applied to investigate the association between EEG
frequency and BOLD frequency as well as EEG standard deviation and BOLD standard deviation. The
models, summarized in Fig. 2, were built in Matlab (The MathWorks Inc., Natick, Massachusetts, USA)
with the Variational Bayesian Analysis (VBA) toolbox (Daunizeau et al., 2014). EEG parameters were
set as a mediator while age or sex and BOLD parameters were the independent and dependent
variable, respectively. The model was first built through Baron & Kenny’s 3-step mediation analysis
(Baron and Kenny, 1986), then examined by the Sobel test (Sobel, 1982) to test if the relationship
between the independent variable and dependent variable is significantly reduced when including the
mediator. Significance was declared when the p-value from the Sobel test was lower than 0.05. A
pairwise t-test which corrected for false discovery rate was added after mediation analysis to examine

the Sobel test (Sobel, 1982) p-value of epoch based and non-epoch based mediation analysis results.
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Results

EEG Power

EEG non-epoch pipeline: EEG epoch-based pipeline
EEG STDEV: young - old EEG STDEV: young - old

F value

Figure 3. EEG power versus age. All differences correspond to young minus old, and only statistically
significant results are shown in colour. EEG power is computed as the signal standard-deviation, using
either the epoch-based or non-epoch pipeline. Delta and theta power are negatively associated with
age in the superior frontal gyrus, the anterior and posterior cingulate and the precuneus. Alpha power
is negatively associated with age only in the posterior cingulate and precuneus, while beta power is
positively associated with age, being higher in the older adults in the frontal and temporal lobes. There
was no substantial difference between non-epoch and epoch-based pipelines except for in the beta

band, where the age-affected region is expanded.
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EEG STDEV: female - male EEG STDEV: female - male

(
\

No significant group
F value difference

Figure 4. EEG power versus sex. All differences correspond to females minus males, and only
statistically significant results are shown in colour. EEG power is computed as the signal standard-
deviation, using either the epoch-based or non-epoch pipeline. In the delta band, women have higher
EEG power than men in the superior frontal and cingulate cortices. In both the alpha and theta bands,
EEG power is higher in women in the frontal and temporal regions. In the beta band, the differences
are the most widespread, covering almost the entire cortex (with the exception of the temporal
regions showing higher alpha power in women). In the epoch-based pipeline, the effects are less
pronounced. Notably, the delta band still shows higher EEG power in women in the cingulate cortex,
as in the non-epoch case, but in the beta band, this effect is limited to the posterior portion of the

cortex.

The graphical distribution of the significant cortical and subcortical age effects are shown in Fig. 3 and
Fig. 7, respectively. For the non-epoch based approach, Tukey's HSD post-hoc comparison shows that
younger subjects exhibit lower EEG signal power in the delta, theta and alpha band. Significant main
effects for the delta band are found in 31 ROls in parietal, frontal, and limbic regions and 8 ROIs in the
subcortical region, while theta band shows significant age differences in 13 ROIs in the limbic and
frontal cortex, and no significant effects in subcortical ROIs. In addition, for the alpha band, 9 ROlIs in
the occipital lobe show significant age effects but no subcortical ROI shows significant effects. The
beta band shows a different trend than the other three bands; 28 ROlIs in frontal and temporal regions

show a significant increase with brain aging.

11
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The significant cortical and subcortical sex effects are shown in Fig. 4 and Fig. 8, respectively.
Concerning sex effects, females exhibit higher EEG power in the delta band (14 ROIs in occipital and
limbic regions), theta band (28 ROlIs in frontal, limbic, and occpital cortices), the alpha band (5 ROls in

the frontal lobe), and beta band (76 ROls across the brain).

Epoch-based approach analysis shows less significant ROls for age and sex effects on EEG power than
the non-epoch based EEG time series. As with the non-epoch based results, younger participants have
higher EEG signal power than older participants in the alpha band (7 ROls in the occipital lobe), theta
band (8 ROIs in limbic and frontal regions), and delta band (19 ROIs in parietal, frontal, and limbic
lobes) inthe cortical region. Meanwhile, older subjects have higher beta power in frontal and temporal
lobes. There is no ROI that shows significant age effect for the alpha band, delta band, and theta band
in the subcortical region, while delta-band power shows a significant increase in 2 ROls. Regarding sex
differences for epoch-based EEG power, females have higher standard deviation than males in delta

band(13 ROIs), theta band (17 ROIs), and beta band (47 ROls).

EEG non-epoch pipeline EEG epoch-based pipeline
EEG frequency: young - old EEG frequency: young - old

_—/"f. %
n"'} "" ((Dw ;.'\
P 3 -
- < -

No significant group
difference

F value No significant group
difference

Figure 5. EEG frequency versus age. All differences correspond to young minus old, and only
statistically significant results are shown in colour. In the non-epoch approach, beta band is the only
band whose frequency is significantly associated with age, being higher in older adults in the cingulate,
precuneus and occipital lobe. The epoch-based approach shows more age differences in frequency,
with the delta band showing higher frequency in young adults and theta band showing lower

frequency in young adults. In the beta band, the frequency difference is higher in older adults in nearly

12
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the entire cortex (with the exception of the temporal regions showing higher theta frequency in older

adults).

EEG non-epoch pipeline EEG epoch-based pipeline
EEG frequency: female - male EEG frequency: female - male

F value

Figure 6. EEG frequency versus sex. All differences correspond to young minus old, and only
statistically significant results are shown in colour. There is minimal difference in EEG frequency

between men and women (in the frontal gyrus), using either EEG processing pipeline.

EEG Frequency

The graphical distribution of the significant cortical and subcortical age effects are shown in Fig. 5 and
Fig. 8, respectively. The beta band is the only band in the non-epoch based signal that exhibits a
significant age effect for the peak frequency, with 40 cortical ROls and 10 subcortical ROIs showing a
significant increase in peak frequency from young to old. In terms of the sex effect, females have a

higher peak frequency than males in the right parahippocampal gyrus posterior division.

EEG delta STDEV: young - old EEG delta frequency: young - old
[ Non-epoch ’ ' I Non-epoch
.| Epoch-based Hippocampus .| Epoch-based

Hippocampus

Pallidum Pallidum
Putamen Putamen
Caudate

Caudate

Thalamus Thalamus

( a) F-stat (b) F-stat

Figure 7. EEG power and frequency versus age: subcortical regions. (a) Only the delta band shows a
significant age effect in power (young > old), namely in the thalamus, caudate, pallidum and
hippocampus. (b) Delta band is also the only one to show significant age differences in EEG frequency,
found in the same four regions. Non-epoch-based age-differences are greater than epoch-based ones.

Significance is indicated by asterisks.
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Figure 8. EEG power and frequency versus sex: subcortical regions. (a) Delta, theta and beta bands
all show significant sex differences (female > male). (a) For delta band, the difference is only in the
caudate and pallidum, whereas (b) for beta band, it extends to the thalamus, putamen and
hippocampus as well. For the theta band, the difference is only in the thalamus. In all cases, non-

epoch-based age-differences are greater than epoch-based ones. Significance is indicated by asterisks.

The epoch-based approach shows significant age effect in the delta band, theta band, and the beta
band in the cortex. Delta band peak frequency shows a significant reduction in the older adults in 6
ROIs, while theta and beta band show a significant increase with brain aging in 20 ROIs and 21 ROls,
respectively. Epoch-based EEG peak frequency only shows a significant age effect in the cortical
region. There is no significant frequency age effect in any subcortical ROl for the delta and theta bands,
but beta band frequency is significantly lower in older adults in 10 subcortical ROls. Delta band is the
only band that shows a significant sex effect for epoch-based EEG peak frequency -- females have

higher peak frequency than males in the left and right frontal gyrus.
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Figure 9. Mean rs-fMRI amplitude and frequency maps in young and old groups. The amplitude is
given in units of %ABOLD. Cortical regions show higher amplitude (STDEV) than subcortical regions,

and young adults (a-d) have higher amplitude but lower frequency than older adults (e-h).

fMRI Fluctuation Amplitude

From Fig. 9, it is evident that young adults have qualitatively higher fMRI signal amplitudes and lower
fMRI frequencies than older adults. Moreover, older adult amplitude (STDEV) maps display lower
inter-regional variability than those of younger adults. rs-fMRI signal fluctuation amplitude is also
significantly lower in older adults. For the lower frequency BOLD signal (0.01 to 0.1 Hz), younger adults
show higher STDEV in the cingulate, superior frontal gyrus, middle frontal gyrus, and lingual gyrus for
the cortical region (Fig. 10). Compared with the 0.01-0.1 Hz BOLD signal, BOLD signal with frequency
0.1 - 0.3 Hz shows more ROIs with significant age effects, which covers most of the cortical regions.
For the subcortical region, both frequency ranges show a significant age effect on putamen (Fig. 12).
Concerning sex effect, only lower frequency BOLD showed females had significantly higher amplitude

and a significant region located in the frontal lobe (Fig. 11).

fMRI Fluctuation Frequency

The peak frequency for 0.01 - 0.1 Hz BOLD signal significantly increases in the superior frontal gyrus,
insula, and superior temporal cortex for the cortical region, while the peak frequency for 0.1 Hz to
0.3Hz BOLD signal significantly increases in most of the cortical region (Fig. 10). Regarding the
subcortical region, the higher frequency component of the BOLD signal shows older participants have

higher peak frequency in the thalamus, caudate, putamen, pallidum, and hippocampus than younger
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participants (Fig. 12). Males also have higher peak frequency in the occipital and parietal lobe in the
cortical region and caudate in the subcortical region for the lower frequency component of the BOLD

signal (Fig. 11).

fMRI STDEV: Young - old fMRI frequency: Young - old

Figure 10. rs-fMRI amplitude and frequency versus age. Only significant regions are shown in colour.
fMRI fluctuation amplitude (STDEV) is higher in the younger adults in both the 0.01-0.1 Hz and the 0.1-
0.3 Hz bands, with the 0.1-0.3 Hz band showing more widespread differences. fMRI fluctuation
frequency is higher in the older adults, also with the 0.1-0.3 Hz band showing more widespread

differences. All cases show significant differences in the cingulate cortex and paracentral cortex.
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0.01-0.1 Hz

No significant group difference No significant group difference

N
I
i
o
.
-
o

Figure 11. rs-fMRI amplitude and frequency versus sex. All differences correspond to young minus
old, and only statistically significant results are shown in colour. There is minimal difference in rs-fMRI

frequency between men and women.
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Figure 12. rs-fMRI amplitude and frequency versus age: subcortical regions. (a) The fMRI signal
amplitude shows significant age effects (young > old) in the putamen, in both fMRI frequency bands.
(b) The fMRI frequency is higher in the older adults in all subcortical structures, but only in the 0.01-
0.1 Hz band. Significance is indicated by asterisks.
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Figure 13. rs-fMRI amplitude and frequency versus sex: subcortical regions. fMRI fluctuation
frequency is higher in women only in the caudate, and only in the 0.1-0.3 Hz band. Significance is

indicated by asterisks.

Age-sex Interactions

As shown in Fig. 14, in terms of the EEG age effects, men exhibit greater age effects in the beta band,
while women exhibit greater age effects in the delta and theta bands. Age wise, in the beta and delta
bands, older adults exhibit greater sex differences than young adults. The sex biases in the age effects
are greater than the age biases in the sex effects. These findings are similar for non-epoch and epoch-
based approaches. We did not assess age-sex interactions on the fMRI data, as the effect of sex on

fMRI metrics was found to be negligible.
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Figure 14. Age and sex interactions in EEG results. Plotted are the numbers of ROls showing significant age and sex effects. (a) In the beta band, men exhibit
more age-group differences (higher orange bar) than women, while women exhibit more age differences in the theta and delta bands. (c) In the beta and

delta bands, older adults exhibit greater sex differences than young adults. Both epoch-based (a, b) and non-epoch pipelines (c, d) show similar effects.

fMRI-EEG Ratios
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Non-epoch based EEG

The distribution of ROls showing significant age effects refers to Fig. A2 in Supplementary Materials. The standard deviation ratio between non-epoch based
EEG and lower frequency components of the BOLD signal is significantly higher in younger subjects than older subjects in alpha (1 ROI, right inferior frontal
gyrus) and beta band (68 ROlIs in frontal, parietal, and limbic cortices). In contrast, the ratio is higher for older than for younger participants in the delta band
(1 ROI'in the thalamus). The ratio between the beta band and higher frequency component of the BOLD signal is the only ratio within 0.1-0.3 Hz BOLD signal

is significantly higher in older adults in 71 ROlIs in frontal, parietal, and limbic lobes.

The distribution of ROIs showing significant sex effects refers to Fig. A3 in Supplementary Materials. Concerning the sex effect, males shows significantly
higher BOLD/EEG standard deviation ratio in all frequency band’s combinations than females. Also, there are more ROIs showing significant sex effects for

the fMRI-EEG power ratio in the 0.01-0.1 Hz BOLD band than for in the 0.1-0.3 Hz BOLD frequency band.

Epoch based EEG

The distribution of ROIs showing significant age effects is shown in Fig. 15. Statistical analysis reveals that the fMRI-alpha power ratio in the 0.01-0.1 Hz fMRI
frequency band is associated with significant age effects (4 ROIs in frontal and parietal regions), being higher in younger adults. The same is true for the fMRI-
beta ratio in both the 0.01-0.1 Hz band (61 ROlIs in frontal, parietal, and limbic regions) and 0.1-0.3 Hz bands (73 ROlIs in frontal, parietal, and limbic regions).
The age effect is negligible for the fMRI-delta power ratio in the 0.01-0.1Hz band (1 ROI, medial frontal cortex), the fMRI-alpha band in the 0.1-0.3 Hz frequency

band (5 ROIs in frontal and parietal regions) and the fMRI-theta power ratio (1 ROI, middle temporal gyrus).

The distribution of ROIs showing significant age effects refers to Fig. 16. Similar to the ratio between BOLD amplitude and non-epoch based EEG power, with

females showing significantly lower BOLD-EEG power ratios than males in all frequency combinations.
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Figure 15. rs-fMRI-EEG power ratio versus age: epoch-based EEG. The fMRI-to-beta power ratio (STDEV ratio) exhibits the greatest age effects (young > old)
(f, h). The effects are most pronounced in the 0.1-0.3 Hz range, and the affected regions span nearly the entire anterior cortex, also including subcortical

regions such as the putamen and pallidum. The fMRI-to-theta ratio is lower in the young subjects in only the paracentral cortex.
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Figure 16. rs-fMRI-EEG power ratio versus sex: epoch-based EEG. Significant sex effects (female < male) are found in the ratios corresponding to all EEG
bands, spanning the frontal, occipital and paracentral regions. The effects are greatest for the beta band, and more widespread for the 0.1-0.3 Hz fMRI-to-

beta ratio.
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Mediation Analyses

Direct significant age effect is found in 85 ROIs for 0.01-0.1 Hz BOLD STDEV with the average 12.8817%
effect and 77 ROIs for Hz BOLD STDEV with the average 11.2038% effect. Direct significant sex effect
is found in 8 ROIs for 0.01-0.1 Hz BOLD STDEV with the average 8.2858% effect and there is no
significant sex effect for 0.1-0.3Hz BOLD STDEV. Regarding BOLD peak frequency, direct significant age
effect is found in 51 ROIs for 0.01-0.1 Hz BOLD peak frequency with the average 8.9799% effect and
95 ROIs for Hz BOLD peak frequency with the average 18.7463% effect. Direct significant sex effect is
found in 24 ROIs for 0.01-0.1 Hz BOLD peak frequency with the average 8.2836% effect and there is

no significant sex effect for 0.1-0.3Hz BOLD peak frequency.

Model 1: EEG STDEV mediating the age or sex differences in fMRI STDEV

The detailed information of ROIs with significant effect refers to Table Al in Supplementary
Materials. The mediation analysis shows non-epoch delta band SD partial mediates 7 ROls for 0.1-
0.3Hz BOLD SD, all in the cortical region. Epoch-based beta band SD partial mediate 2 ROls in the
cortical region and 1 ROls in subcortical for 0.01-0.1Hz BOLD SD. However, the percentages of
mediation are < 1% in all ROls, so the mediation effects are negligible even for the ROls indicated
as partial mediation. There is no evidence showing EEG power could mediate sex effect on BOLD

amplitude.

Model 2: EEG frequency mediating the age or sex differences in fMRI frequency
There is no evidence showing EEG peak frequency could be the mediator for the BOLD peak

frequency age and sex effect.

Model 3: EEG frequency mediating the age or sex differences in fMRI STDEV
There is no evidence showing EEG peak frequency could be the mediator for the age and sex

associations in BOLD amplitude.

Comparison between epoch and non-epoch approaches

The use of the epoch-based pipeline was motivated by the desire to match the EEG and fMRI time
scales. A comparison (using pairwise t-test) between the Sobel test (Sobel, M. E., 1982) derived
p-value of epoch based and non-epoch based EEG parameters revealed that epoch-based alpha
and beta band EEG power better mediate age effects on BOLD frequency, and delta EEG power
better mediates age effects on BOLD amplitude in the 0.01-0.1 Hz band. For peak frequency,

mediation percentages are lower in the epoch-based EEG signal between the age effect of BOLD
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low-frequency component peak frequency with the alpha band and beta band peak frequency,
but higher between theta band frequency and BOLD frequency in the 0.1-0.3 Hz band. Over all,

the mediation percentages are low and considered negligible.

Discussion

Brain-signal variability, as measured using EEG, MEG or rs-fMRI, can all be indicative of functional
integrity. Itis widely assumed that fMRI signal fluctuations represent neuronal fluctuations, and there
is still a limited amount of direct comparison of EEG and fMRI signal variability. In this work, we use
the term “power” and “fluctuation amplitude” to refer to signal variability, with the intention of
distinguishing it from age-related or sex-related variability. This study extends the previous study by
Kumral et al. in several ways: (1) in addition to only investigating the standard deviation of fMRI and
EEG signals, we also examine their characteristic frequencies; (2) we segregate the fMRI spectrum
into a high- and a low-frequency band, each with a different neuronal weighting; (3) we examine age
and sex effects on the ratio of fMRI and EEG signal power, a potential surrogate of vascular-neuronal
coupling; (4) we use mediation analyses to investigate the associations between EEG and fMRI signal

power and frequency. The main findings of this study are:

1. EEG power is generally higher in the young group except in the beta band.

2. EEG frequency is generally lower in the young group.

3. EEG power is higher in the female group across all bands, in many of the same regions that
show age effects.

4. rs-fMRI signal fluctuation amplitudes are higher in young adults, most pronounced in the
frequency > 0.1 Hz.

5. rs-fMRI signal fluctuation frequency is lower in young adults, also more pronounced in the
frequency > 0.1 Hz.

6. rs-fMRI-EEG power ratio is higher in the young adults and lower in women.

7. Neither EEG power nor EEG frequency mediates the age and sex effects found in rs-fMRI
fluctuation amplitude.

Thus, our first and third hypotheses are confirmed, but the second hypothesis is not.

EEG versus age and sex
The effect of age on EEG power
The alpha band has been the most commonly studied, in part due to the ease of identifying the alpha
peak. Slowing of alpha frequency has been associated with dementia (Garcés et al., 2013), but also

with normal aging. Our findings of alpha power decline are consistent with the literature. Babiloni et
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al. (2006) demonstrated an age-dependent power decrease in alpha waves in the parietal, occipital
and temporal regions (Babiloni et al., 2006). Magnetoencephalography (MEG) was used to report
similar findings (Tsvetanov et al., 2015). On this topic, the review by Ishii et al., the details of which
will not be repeated here, provides a broad summary of similar studies, demonstrating a largely
posterior reduction in alpha power, which has in turn been associated with reductions in cognitive
function (Ishii et al., 2017). Using the same LEMON data set, Kumral et al. reported a reduction in
alpha power in the visual region. As expected, our results are in good agreement with Kumral et al.,
although our cohort was not selected in the same manner as in the Kumral study, which, in addition,

used the finite element method for source reconstruction (in contrast to eLORETA).

Decreased delta rhythm in the occipital cortex has also been observed in aging using both EEG and
MEG (Babiloni et al., 2006; Tsvetanov et al., 2015). We, like Kumral et al., found delta decline in aging
to be found in the superior frontal gyrus, the precuneus, and the entire cingulate cortex. It should be
noted that in the subcortical region, none but the delta band shows age effects in EEG power, and the
effects cover most of the structures (including the thalamus, caudate, pallidum and hippocampus). In
the theta band, as with the delta band, we observed age-associated power reduction in the superior
frontal gyrus the precuneus, and the cingulate cortex, but with the addition of the superior parietal
lobe. This is largely consistent with the findings of Kumral’s work, in which theta power was found to
be lower in the older adults in the posterior default-mode network (Kumral et al., 2019). Frontal theta
was spared of age effects, consistent with findings by Mizukami and Katada (Mizukami and Katada,
2018). Delta and theta power were previously found to positively associated with perception and

executive function in older adults (Vlahou et al., 2014).

Our finding of age-related increase in beta power is consistent with the findings of Hashemi et al. in
the frontal region (Hashemi et al., 2016), and are likely to be the result of the rise of betal and
suppression of betal power in aging (Al Zoubi et al.,, 2018; Christov and Dushanova, 2016a).
Furthermore, Kumral et al. also found an age-related enhancement in beta power in the temporal,

pericentral and superior parietal regions, consistent with the spatial patterns identified in our findings.

The effect of age on EEG frequency

In the epoch-based approach, the delta band shows higher frequency in young adults and theta band
showing lower frequency in young adults. These observations are in part consistent with findings by
Knyazeva et al., whereby low-frequency oscillations originating from the occipito-temporal regions in
young adults move anteriorly with age (Knyazeva et al., 2018). In both epoch-based and non-epoch

approaches, the beta band shows the strongest age effects (higher in older adults) in the cingulate
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and precuneus areas, which are generally associated with the default-mode network. The aging-
related beta frequency elevation is consistent with the possible shift of sensory processing to high-
frequency stimuli, leading to an increase in high-beta oscillations in older adults (Christov and
Dushanova, 2016b). Moreover, regions showing beta frequency increases appear to not overlap at all
with regions showing beta power increase in aging. Chiang et al. reported frontal-occipital alpha
frequency differences (lower alpha frequency in frontal lobe) that may be altered by aging (Chiang et
al., 2011), which, as Knyazeva et al. described, amounts to a merging of high- and low-frequency alpha
peaks in aging (Knyazeva et al., 2018). However, this did not translate into a frequency shift for alpha.

Lastly, there is no EEG frequency age effect in the subcortical region.

The effect of sex on EEG

The literature is divided on the question of sex effects on resting EEG power (Zappasodi et al., 2006),
but the majority of studies, especially those based on large data sets (Aurlien et al., 2004; Hashemi et
al., 2016), show that EEG power is generally higher in women. In the study closest to ours, Kumral et
al. found higher delta and theta power in the occipital-temporal cortex, higher alpha power in the
frontal region and higher beta in the frontal as well as the occipital-temporal region in the female
group (Kumral et al., 2019). All of these findings were reproduced by our study. Extending Kumral’s
study, we found sex effects in all but the alpha band (female power > male), and in most of the
subcortical regions. This finding is consistent with previous findings by Wada et al. (Wada et al., 1994),
whereby the alpha band (high alpha only) also shows sex diffrences. Conversely, we found no strong

association between sex and EEG frequency in any of the bands.

Age-sex interaction

Kumral et al. reported that older adults show higher beta EEG power, driven by the female subjects.
As we used a very similar cohort, we expected the same finding. However, we found that while men
exhibit more age-group differences than women in the beta band, women exhibit more age
differences in the theta and delta bands. Conversely, in the beta and delta bands, older adults exhibit
greater sex differences than young adults. The differences with previous results could be attributed
to differences in definitions of the EEG frequency bands. In Kumral et al.’s work, delta and beta bands
are defined as 1-3 Hz and 15-25 Hz, respectively, whereas in our approach, delta is 1-4 Hz and beta is
12-30 Hz. The choice of a broader beta band is prompted by the large amount of beta power that still
exists above 25 Hz, which may underlie the greater age difference in men, and will require further

investigation in our future work.
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fMRI versus age and sex

The effect of age on fMRI amplitude

The BOLD signal fluctuation amplitude has been well studied in aging (Garrett et al., 2011, 2009;
Guitart-Masip et al., 2016). Most studies of this type focus on the 0.01-0.1 Hz range, as it is most
relevant to resting-state connectivity analysis. Like Grady and Garret (Grady and Garrett, 2014), we
showed older adults have subdued inter-regional variability in their fMRI fluctuation amplitudes. The
effect extends across the cortex as well as the putamen, similar to results illustrated by Grady and
Garrett. Furthermore, reduced BOLD fluctuation amplitude has been associated with reduced
cognitive performance and slower transition from rest to task states (Grady and Garrett, 2014). This
is the finding that prompted us to try to associate fMRI age effects to those of EEG, as will be discussed
in a later section. Unlike Mather et al. (Mather and Nga, 2013), we did not report a higher thalamic
fluctuation amplitude in older adults, but we note Mather et al. examined fractional amplitude in the

0.01-0.1 Hz band, whereas we examined the quantitative EEG power.

In our study, in addition to the typically studied 0.01-0.1 Hz frequency band, we also studied the 0.1-
0.3 Hz band. In this context, the most relevant previous study is by Yang et al. (Yang et al., 2018),
whereby the rs-fMRI signal was categorized into high (0.087+0.2 Hz), low (0.045+0.087 Hz), and very-
low (0.045 Hz) frequency bands using the Hilbert-Huang Transform (Yang et al., 2018). In the “low”
frequency band, Yang et al. found reduced fMRI amplitude in the older adults. This is similar to our
findings. As we found the fMRI signal in the 0.1-0.3 Hz frequency band to not produce the robust
functional-connectivity patterns typically produced using the 0.01-0.1 Hz band (Yuen et al., 2019), we
conclude, like Yang et al., that this high frequency band is dominated by non-neuronal effects such as

respiration and head motion.

The effect of age on fMRI frequency

The significance of BOLD fluctuation frequency has been largely uninvestigated. To date, the most
relevant study is by Yang et al. (Yang et al., 2018), who found aging-related IMF frequency increases
in IMFs 1-5, which correspond to frequencies ranging from 0.045 to 0.1 Hz. This is consistent with our
findings (for the 0.01-0.1 Hz band). However, we also found significant and widespread aging-related
increases in frequency of the 0.1-0.3 Hz band, which is typically associated with an increased
contribution from physiological processes. Interestingly, the most significant fMRI amplitude and

frequency age effects, though in opposite directions, converge in the cingulate cortex.
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Combined with the observation that overall fMRI power decreases with age in both frequency bands,
we conclude that the apparentincrease in frequency with age is due to a reduced contribution of low-
frequency fluctuations. In the 0.01-0.1 Hz band, the low-frequency contribution can result from the
contributions of arterial carbon dioxide (CO2) and heart-rate variability (HRV) to the signal. Very-low
frequency vascular oscillations measured using near-infrared spectroscopy have been found to decline
with age (Schroeter et al., 2004), and coincide in frequency with the resting vascular response to
arterial carbon-dioxide fluctuations (0.02-0.04 Hz) (Golestani et al., 2015; Liu et al., 2017). In addition,
low-frequency HRV, spanning 0.04-0.15 Hz, is found to decrease in aging (Rizzo et al., 1999),
particularly in women (Moodithaya and Avadhany, 2012). In the 0.1-0.3 Hz band, the lower-frequency
contribution is likely to stem from the neuronally-driven fluctuations centred at 0.1 Hz. This is the
frequency band typically used for functional-connectivity mapping, and a reduction in fMRI signal
amplitude in this range would be consistent with similar findings in the EEG data. Also in this frequency
band are vasomotion and Mayer waves, which are found to decline in aging as well, consistent with
reduced vascular smooth-muscle activity and increased vascular stiffening (Schroeter et al., 2004).
Moreover, it is likely that older adults may express higher head motion (van Dijk et al., 2011), adding
to the age-related shift of the fMRI signal towards higher frequency content. Like Kumral et al, we
found no significant effect of sex on fMRI amplitude (Kumral et al., 2019). We also failed to detect an

effect on fMRI frequency.

The effect of sex on fMRI amplitude and frequency measures is negligible, in contrast to findings in

EEG.

Resting-state fMRI-EEG associations

Younger adults are found to have higher fMRI-EEG power ratios. The effects are most pronounced in
the beta band, and the affected regions span nearly the entire anterior cortex, also including
subcortical regions such as the putamen and pallidum. Moreover, the age effect on the ratio is more
pronounced in the 0.1-0.3 Hz range than in the 0.01-0.1 Hz range. This can be potentially be explained
by two aspects: (1) the fMRI-EEG ratio in the 0.01-0.1 Hz band reflects neurovascular coupling ratio,
known to be lower in older adults (Tarantini et al., 2017); (2) the fMRI-EEG ratio in the 0.1-0.3 Hz band
reflects fluctuations in the fMRI signal with minimal corresponding fluctuations in the EEG signal,
suggestive of non-neuronal origins of such fMRI fluctuations. Nonetheless, the age effects on the
fMRI-EEG power ratios overlap highly between the 0.01-0.1 Hz and 0.1-0.3 Hz bands, suggesting

related mechanisms for these age effects. One possible source of this is that age-related fMRI
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reductions at 0.02-0.04 Hz (due to vascular reactivity decline) and reductions at 0.1 Hz (due to neural-

activity decline) coexist.

Significant sex effects (female < male) are found in the ratios corresponding to all EEG bands, spanning
the frontal, occipital and paracentral regions. The effects are greatest for the beta band, and more
widespread for the 0.1-0.3 Hz fMRI-beta ratio. This is to be expected, as beta power is significantly
higher in women, so long as the fMRI signal amplitude remains unaffected by beta power (as is the
case). These results also suggest that the sex differences in the 0.1-0.3 Hz band is greater than in the

0.01-0.1 Hz band, although in the study these differences were not found to be significant.

Given the general consensus that fMRI signal and evoked EEG potentials can be associated through a
hemodynamic response function (de Munck et al., 2007; Goldman et al., 2002), one might assume
that resting-state fMRI and EEG power as well as frequency to be associated. Portnova et al. reported
that resting delta power is strongly correlated with rs-fMRI signal amplitude in the bilateral
parahippocampal gyri, middle frontal gyri (Portnova et al., 2017). Specific to the effect of aging,
although both EEG and fMRI power are both lower in the older adults (with the exception of the beta
band), and both display peak age effects in the cingulate and precuneus, the mediation effect of EEG
(amplitude or frequency) on fMRI fluctuation amplitude was negligible. Consistent with this finding,
Kumral et al. found no correlation between EEG power and fMRI amplitude in the 0.01-0.1Hz band
(Kumral et al., 2019). The alternative mediator, as indicated by the study of Tsvetanov et al., would be
vascular reactivity (Tsvetanov et al., 2015). Based on observations in mild-cognitive impairment, aging
is likely to be associated with a lower and slower vascular response (Richiardi et al., 2015). Moreover,
arterial dysfunction is observed in early aging in the mouse model (Balbi et al., 2015). Nonetheless,
Garrett et al. demonstrated that rs-fMRI amplitude effects in aging are not solely due to vascular
differences between age groups (Garrett et al., 2017). Thus, we conclude that rs-fMRI amplitude is a

potential imaging marker that contains unique effects of aging.

Limitations

As the LEMON EEG data does not contain gamma band EEG, we limited our analysis to alpha, beta,
delta and theta bands. Moreover, the EEG and fMRI data were not acquired simultaneously. While
this ensured superior data quality of both modalities, it precluded us from some interesting dynamic
analyses. Finally, the sex ratios are different between young and old groups. Nonetheless, we

performed sex-specific age analysis (and age-specific sex analysis) to examine sex-related biases.
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Conclusions

To conclude, EEG power and frequency are both lower in the older adults except in the beta band,
where both are higher in the older group. There was no spatial association between power and
frequency in each EEG band, and none of the EEG metrics mediated the age or sex effects on fMRI
fluctuation amplitude. Finally, the fMRI-EEG power ratio can be an interesting marker of the
physiological process involved in brain aging, especially given its selective age sensitivity to the beta

EEG band.
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