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ARTICLE INFO ABSTRACT

Keywords: Recent studies have emphasized the changes in large-scale brain networks related to healthy aging, with the ul-

EEG timate purpose to aid in differentiating normal neurocognitive aging from neurodegenerative disorders that also

Resting state network arise with age. Emerging evidence from functional Magnetic Resonance Imaging (fMRI) indicates that connectiv-

gzz:ctfx;;g];emmy ity patterns within specific brain networks, especially the Default Mode Network (DMN), distinguish those with

Memory Alzheimer’s disease from healthy individuals. In addition, disruptive alterations in the large-scale brain systems

Aging that support high-level cognition are shown to accompany cognitive decline at the behavioral level, which is com-
monly observed in the aging populations, even in the absence of disease. Although fMRI is useful for assessing
functional changes in brain networks, its high costs and limited accessibility discourage studies that need large
populations. In this study, we investigated the aging-effect on large-scale networks of the human brain using
high-density electroencephalography and electrophysiological source imaging, which is a less costly and more
accessible alternative to fMRI. In particular, our study examined a group of healthy subjects in the age range
from middle- to older-aged adults, which is an under-studied range in the literature. Employing a high-resolution
computation model, our results revealed age associations in the connectivity pattern of DMN in a consistent man-
ner with previous fMRI findings. Particularly, in combination with a standard battery of cognitive tests, our data
showed that in the posterior cingulate / precuneus area of DMN higher brain connectivity was associated with
lower performance on an episodic memory task. The findings demonstrate the feasibility of using electrophysio-
logical imaging to characterize large-scale brain networks and suggest that changes in network connectivity are
associated with normal aging.

1. Introduction

With advances in medical science and health care, the world is
changing into a rapidly aging society (Beard et al., 2016). Neurodegen-
erative disorders, such as Alzheimer’s disease (AD), have an enormous
impact on the quality of life in millions of aging adults and bring a
daunting financial burden to the society. Although several hypotheses
are currently being pursued (Du et al., 2018; Edwards, 2019; Ittner and
Gotz, 2011; Karran et al., 2011), the lack of accurate clinical biomark-
ers for differentiating these disorders from normal aging has slowed
the progress in establishing treatments that can be delivered early in
the disease process (Crous-Bou et al., 2017; Cummings et al., 2016;
McDade et al., 2021; Sperling et al., 2014).

Cognitive decline is commonly observed in aging even in the absence
of diseases, affecting the functions of memory, execution, and attention
(Ferreira and Busatto, 2013; Hedden and Gabrieli, 2004; Peters, 2006;
Whalley et al., 2004). However, because the aging-related cognitive de-
clines at non-pathological stage overlap with early symptom of cog-
nitive deficit at preclinical or prodromal stage of AD (Ferreira and
Busatto, 2013), early diagnosis of Alzheimer’s disease remains difficult
(Dubois et al., 2016; Fiandaca et al., 2014; Porsteinsson et al., 2021;
Sperling et al., 2011). Therefore, in order to elucidate the pathogen-
esis of Alzheimer’s disease, an augmenting attention has been raised
to understanding normal aging (Cavedo et al., 2014; Ferreira and
Busatto, 2013; Sperling et al., 2011).
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One of the first critical steps is to devise screens capable of dif-
ferentiating age-related neurocognitive declines from cognitive deficits
seen at preclinical or prodromal stages of a neurodegenerative disor-
der (Cummings et al., 2016; Porsteinsson et al., 2021; Sperling et al.,
2014). Well-designed experimental tasks and clinical batteries are
widely deployed to detect the age-related differences in cognitive func-
tion (Donohue et al., 2014). In addition, cognitive deficits have been
observed in fMRI studies of cognitive tasks tapping into wide-ranging
domains of episodic memory (Tromp et al., 2015), working memory
(Luo and Craik, 2008), attention (Madden, 1990), and executive task-
switching (Cepeda et al., 2001). Nevertheless, the interpretation of task-
based fMRI responses can be confounded by differences in task perfor-
mance (Sheline and Raichle, 2013). Furthermore, task-based assessment
of cognitive function may be biased by a number of factors that are
bonded to the task design yet beyond the cognitive domains of interest
(Grady, 2012; Healey et al., 2008). for example, older adults are rec-
ognized to be more susceptible to the effects of distracting interference
during memory tasks (Grady, 2012; Healey et al., 2008), which suggest
that a task-free strategy may be able to provide new insights.

Modern functional neuroimaging tools have dramatically shaped our
knowledge of age-related changes in cognitive function. Recently, the
use of task-free, resting-state functional connectivity imaging has re-
sulted in rapidly growing literature on the nature and extent of net-
work disruptions, which suggest the potential utility of functional con-
nectivity as a biomarker for disease diagnosis, prognosis, and risks
(Sheline and Raichle, 2013; Sperling, 2011). In particular, emerging
evidence illustrates that brain connectivity within specific brain net-
works, especially the default mode network (DMN) (Buckner et al.,
2005; Greicius et al., 2004), demonstrates patterns that characterize the
trajectory of aging and distinguish healthy aging from Alzheimer’s dis-
ease in both task-specific and task-free fMRI models (Eyler et al., 2019;
Ibrahim et al., 2021).

DMN is composed of several regions which are known to be as-
sociated with various cognitive functioning (Buckner et al., 2008;
Mevel et al., 2011): posterior cingulate cortex is associated with episodic
memory encoding (Natu et al., 2019), the medial prefrontal cortex is
linked with social cognition (Amodio and Frith, 2006), the medial tem-
poral lobe is reported to contribute to episodic memory and episodic
future thinking (Race et al., 2011), and the parietal cortex is associated
with attention function (Behrmann et al., 2004). Notably, amyloid-beta
plaques, one of Alzheimer’s disease pathologies, are initially deposited
in DMN subsets, such as posterior cingulate cortex and hippocampus
(Buckner et al., 2005). Furthermore, disruptive alterations in the large-
scale brain networks that support high-level cognition are shown to ac-
company cognitive decline at the behavior level, which is commonly
observed in aging even in the absence of disease (Andrews-Hanna et al.,
2007; Damoiseaux et al., 2007).

Although functional connectivity of DMN has been suggested as
a biomarker for disease diagnosis and risks, fundamental limitations
exist regarding the use of magnetic resonance imaging. The blood-
oxygenation-level-dependent (BOLD) signal measured by fMRI is not
a direct measurement of neuronal activities (Logothetis, 2008). There-
fore, the interpretation of fMRI outcomes is confounded by non-neural
cerebrovascular alterations associated with the disease (Chen, 2019;
D’Esposito et al., 2003). Furthermore, fMRI imaging incurs high cost
and has limited accessibility. However, understanding the early patho-
logical process related to AD, especially in the preclinical stage, requires
that a large population be studied. Power analysis for the prevention tri-
als in Alzheimer’s Disease usually yielded more than 1000 individuals
are needed (Hsu and Marshall, 2017). Therefore, a more economic op-
tion for assessing the integrity of cognitive function via neuroimaging
is demanded to enable more studies in large populations (Cavedo et al.,
2014).

Electroencephalography (EEG), in contrast, measures neuronal ac-
tivity of neural ensembles at hundreds of Hz, which is a significantly
higher temporal resolution than fMRI. Recent studies from our group
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(Chen et al., 2021; Chen et al., 2019; Li et al., 2018; O’Keeffe et al.,
2017; Yuan et al., 2016; Yuan et al., 2018; Yuan et al., 2014; Yuan et al.,
2013; Yuan et al.,, 2012) and others (Custo et al., 2017; Liu et al.,
2017) have demonstrated that network-level analysis of EEG signals
reveals the functional connectivity of large-scale brain networks, in-
cluding the default mode network. Our previous work has developed
a method to reconstruct resting state brain networks by combining a
high-resolution cortical model, electrophysiological source imaging, and
analysis of the temporally independent EEG microstates (Yuan et al.,
2016). Such EEG-derived DMNs have been validated with the fMRI
resting state networks via simultaneous EEG and fMRI in human par-
ticipants (Chen et al., 2021; Chen et al.,, 2019; Yuan et al., 2016;
Yuan et al., 2018; Yuan et al., 2012). Furthermore, the large-scale net-
works reconstructed from EEG have been shown to detect the disease-
modifying connectivity changes induced by a brain stimulation inter-
vention (Chen et al., 2021; Chen et al., 2019; Li et al., 2018). Be-
cause EEG directly samples electrical neural activity, connectivity de-
rived from EEG will not be subject to vascular coupling. Thus, the neural
contribution to the fMRI derive network connectivity can be delineated
separately from the vascular contribution using our EEG techniques.

In addition, as compared with fMRI, EEG provides supplementary
features of economic efficiency, broad accessibility, and compatibility.
Therefore, the current study aimed to examine age-related alterations
in DMN in normal aging adults, towards the long-term goal of estab-
lishing an effective and economical biomarker to empower prevention
studies. In our investigations, we tested the feasibility of reconstruct-
ing electrophysiological default mode network based on high-density
EEG data recorded from the participants at an eyes-open resting state.
Next, we compared the connectivity derived from the posterior cingu-
late/precuneus region of DMN with memory performance assessed by a
standard cognitive battery. Our analysis tested the feasibility of creat-
ing a neuroimaging algorithm based on brain connectivity to assess the
risk of pathological cognitive decline during normal aging, which may
pave the way towards an objective, low-cost and accessible technology
to detect cognitive impairment at an early phase.

2. Methods and materials
2.1. Participants

The study protocol (shown in Fig. 1) was approved by the Institu-
tional Review Board at the University of Oklahoma Health Sciences Cen-
ter. Middle-aged and older adults were recruited from the local commu-
nity. All were initially screened by telephone screen to excluded persons
with significant neurological, neuropsychiatric, sleep, substance abuse,
or cardiopulmonary disorders. After obtaining their written informed
consent, they next underwent a physical examination (including blood
pressure, temperature, pulse oximetry, heart rate) and neurophysiolog-
ical assessments administrated by a registered nurse to ensure that they
were cognitively intact and with no significant chronic disease.

A total of 190 subjects were initially screened by telephone and 32
underwent clinical screening. Of the 30 who met our eligibility criteria,
all of them were recruited and completed the study procedure, including
a battery of cognitive tests and EEG recording. Data from one subject was
removed due to the poor quality of the neuroimaging data, resulting a
final sample size of twenty-nine subjects. The resulting groups consisted
of 15 middle-aged adults (9 Female / 6 Male, 33.5 + 4.9 years old, range
28 - 46 years old) and 14 older adults (12 Female / 2 Male, 55.3 + 4.8
years old, range 48 - 62 years old).

2.2. Experimental paradigm

All subjects completed a standardized battery of clinical neurocog-
nitive tests, which included both subscales of the immediate and de-
layed memory recall subscales of the Wechsler Logical Memory Test
(Wechsler, 1987), the Symbol-Digit Modalities Test (Smith, 1982),
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Phone Screening (n=190)
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Fig. 1. Experimental procedure.

Excluded (n=158)

0 Other reasons (n=18)

O Not meeting inclusion criteria (n=138)
0 Declined to participate (n=2)

A 4

Clinical Screening (n=32)
0 physical examination
0 neurophysiological assessments

Excluded (n=2)

0 Not meeting inclusion criteria (n=2)

Recruited and completed the study procedure
(n=30)

0 Pre-Nap Cognitive Tests

0 45-minute Nap

0 Post-Nap Cognitive Tests

Analysed (n= 29)
0 Excluded from analysis (poor quality) (n=1)

North American Reading Test (Uttl, 2002), Stroop Color-Word Test
(Stroop, 1935), Clock-Drawing Test (CLOX 1) (Royall et al., 2000;
Royall et al., 1998), and the Free and Cued Selective Reminding Test
(Wenger et al., 2010). During the cognitive tests, the subjects sat still on
arecliner in a quiet, well-lit experiment room and the recliner was put in
the upright position. A voice recorder was put 30 cm in front of subjects
and turned on to record all answers from subjects for future scoring. The
experimenters sat alongside the subjects to instruct them to complete the
memory task and recall sessions. The test battery was administered by a
trained experimenter under a standard protocol to ensure both the con-
sistency and accuracy of test administration and scoring. We employed
the Immediate Recall score on the Logical Memory II from the Wechsler
Memory Scale Fourth Edition (Wechsler, 1987) as the main score to as-
sess the episodic memory performance, which has been well established
to detect decline in prodromal dementia (Rabin et al., 2009) and detect
early decline in the preclinical stages (Donohue et al., 2014).

2.3. Resting EEG data acquisition

Upon completing the cognitive test battery, a 64-channel whole-
brain EEG cap based on the international 10-5 system was prepared
in each participant. Conductive gel was added to all electrodes and the
impedance was kept below 20 kQ throughout the recording session. To
ensure a secure fit, the front edge of the EEG cap was taped to the fore-
head and the distance between the edge of EEG cap and each subject’s
eyebrow was measured twice to verify the cap position at the beginning
and the end of the recording.

Subjects were instructed to keep still and allowed to fall asleep dur-
ing a 45 min recording of resting state, while subjects lied supine in an
adjustable recliner with a neck-supporting pillow. While in position and
before the resting recording started, impedance checking was performed
to ensure that the impedance of all electrodes was below 20 kQ, or con-
ductive gel was re-applied if needed. The recording began and ended
with bio-calibration, which were used to identify artifacts in the EEG
recordings. The bio-calibration procedure was performed in a standard
order of instructing subjects to (1) open and close their eyes, (2) blink,
(3) perform lateral eye movements, (4) take deep breaths, (5) clench
their teeth, and to (6) speak.

EEG data were recorded using a 64-channel ActiCHamp recording
system (Brain Products, Munich, Germany), which consisted of two 32-
channel amplifiers powered by a rechargeable battery unit. All the EEG
datasets were digitized at a sampling rate of 500 Hz with a band-pass
filtering of 0.1 Hz - 250 Hz. The onset and offset of the rest period were
marked on the raw EEG.

2.4. EEG data processing

2.4.1. Selection of EEG recordings for connectivity analysis

The 45 minute recording was reviewed and manually scored into
sleep stages by a certified expert B.W.C.), using standard scoring crite-
ria by the American Academy of Sleep Medicine (AASM) (Berry et al.,
2017). Briefly, EEG data were first segmented into epochs of 30-second
length. Based on the frequency and amplitude of the signal, each seg-
ment was assigned of awake, non-rapid-eye-movement sleep (Stage 1
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Fig. 2. The schematic diagram for data processing.
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NREM, Stage 2 NREM), Slow Wave Sleep (Stage 3 NREM, Stage 4
NREM), or rapid-eye-movement sleep (REM). Only one participant re-
mained awake for the entire 45 min. In the remaining 28 subjects, all
had periods of wakefulness interspersed with sleep states. In order to
differentiate awakening from sleep, we only selected segments of wake-
fulness before the onset of any sleep (regardless of where and how many
times sleep states occurred in the rest of the recoding). We used multiple
segments of wakefulness within an individual as test and re-test data, to
verify the reliability of the EEG-derived networks. The sleep data were
acquired for a separate purpose and thus not analyzed in the current
study.

2.4.2. Preprocessing

Fig. 2 illustrates the analysis steps of our study. Preprocessing was
performed with BrainVision Analyzer 2.0 (Brain Products, Munich, Ger-
many) and MATLAB® 2015a (Mathworks Inc., Natick, Massachusetts,
United States). Bad channels and segments were removed based on
impedance checks and visual inspection. Based on the sleep staging,
we truncated 3 minute resting-state recording of wakefulness before any
sleep onset in each subject, as the default mode network has been shown
to reach a stable pattern in a minimum of 2-3 min (Van Dijk et al.,
2010). Five subjects fell asleep in less than 3 min and all recordings be-
fore sleep onset was kept. The resulting recording lengths for all subjects
ranged from 35 s to 180 s (mean =+ std = 169.1 + 30.5 s). Next, the EEG
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data was re-referenced to the common-average reference. The continu-
ous EEG data in each channel were band-pass filtered from 0.1 Hz to
70 Hz with an extra notch filter at 60 Hz to eliminate powerline noise.
Lastly, Independent Component Analysis (ICA) was applied to remove
physiological artifacts, including vertical and horizontal ocular artifacts
and muscle activity. These sources of artifact were further verified by
comparing the recordings against the bio-calibration recordings.

2.4.3. Electrophysiological source imaging

Preprocessed EEG data were subjected to reconstruction of electro-
physiological sources using a high-resolution cortical current source
model. A template brain model in the MNI305 space was used as a com-
mon brain model for all subjects. The full segmentation and surface re-
construction of structural MRI was performed using the Freesurfer suite
(https://surfer.nmr.mgh.harvard.edu/), resulting in a high-definition
cortical layer and the brain, skull, and scalp boundary surfaces. These
surfaces were then used to construct a three-compartment Boundary El-
ement Method (BEM) model. Conductivity values were assigned to each
compartment (Zhang et al., 2006). A standard profile of electrode posi-
tions in the 64-channel montage was digitized and co-registered to the
fiducial points on the template brain. The high-density cortical layer
mesh was down-sampled to 10,240 vertices per hemisphere and used
as the source space. Each vertex corresponded to a dipole source ori-
ented perpendicular to the surface. A lead-field matrix was then com-
puted via a forward calculation using the cortical source space and the 3-
layer BEM model. The calculation of source imaging returned the source
matrix of Nggyrce X Ngample, Where the Nggpc. is the number of dipole
source points and Ny, is number of data points in time domain. The
minimum norm method (Dale and Sereno, 1993; Hamalainen and II-
moniemi, 1994) was used to solve the inverse problem.

2.4.4. Electrophysiological resting state network and connectivity

Based on the reconstructed source images, electrophysiological rest-
ing state networks were derived using the method established in
Yuan et al. (2016). Considering that the participants enrolled in the
study span across middle-age (28 - 46 years) and older age range (48 - 63
years), each individual’s electrophysiological network was derived prior
to group-level analysis, similar to the approach in Greicius et al. (2004).
Specifically, source images of each individual at the down-sampled EEG
microstates (Lehmann et al., 1987) were temporally concatenated. Af-
terwards, ICA was utilized to decompose the absolute values of source-
level data into 25 independent components (ICs) for every subject, with
each IC representing one distinctive brain network of the corresponding
subject. The number of 25 ICs was chosen as it was shown to yield a
reasonable representation of resting state networks in EEG that are also
cross-modal validated in concurrent fMRI (Yuan et al., 2016; Chen et al.,
2019; Chen et al., 2021). The time courses of brain networks were back-
projected from the ICs, resulting in an activity matrix of Ng;mple X Nig,
where the Ny, is number of data points in time and Ny¢ is the number
of source-level ICs. After calculating the source matrix and activity ma-
trix, we further calculated the Pearson correlation coefficients between
source matrix and activity matrix, resulting a matrix of Ny, ... X Nic. The
connectivity value of brain networks was defined as the z-transformed
correlation coefficient matrix.

For all 25 ICs, we depicted the source points on a standard brain
model. Assuming each source-level IC represents one brain network, we
focused on the DMN by searing for the best matched IC with a pre-
defined DMN template. Specifically, the match was selected based on the
spatial correlation calculated between the un-thresholded connectivity
values of an EEG-derived network and the un-thresholded connectivity
values of the template DMN derived from fMRI data in a separate group
of healthy subjects (Yuan et al., 2016). One best match IC of highest
spatial correlation coefficient was selected for every subject, which we
referred as the individual-level DMN derived from EEG.For group-level
analysis, individually derived network was smoothed before averaging
to mitigate the anatomical discrepancy among individuals. Connectivity
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values of the network matched to DMN were smoothed by employing
a Gaussian filter with Full Width Half Maximum of 9 mm in FreeSurfer
software. Then, the one sample t-test was used to determine the signif-
icance of DMN at the group level. Bonferroni correction was employed
to control for multiple comparison problem.

2.4.5. Association between EEG network connectivity, memory and age

In order to assess the association between network connectivity and
memory function, a region of interest (ROI) analysis was used. In brief,
the group-level EEG DMN was obtained by performing a one-sample,
two-sided t test on all subjects for every single dipole source point, as
described above. In addition, the EEG network map was corrected by ap-
plying Bonferroni correction. The yielded EEG network was then further
contained by intersection with a well-established Yeo template based on
fMRI data from 1000 subjects (Yeo et al., 2011), also resulting in ROIs
of EEG DMN for later analysis.

Episodic memory performance was quantified as the ratio of the
number of first-time immediately recalled items from the Wechsler Log-
ical Memory test over the total number of immediate recall items from
that same test. The Immediate Logical Memory Subscale is a standard-
ized test that generates three scores based on the recall of two short
stories. The stories involve the Anna (story 1) and Joe (story 2), each
of which are divided into 25 phrases. Each story is read aloud and im-
mediately afterwards, the subject is asked to repeat as many details of
the story as possible. The second story also serves as a distraction for
the first, and so, after the second story about Joe, the subject is then
asked to state as much as they can about the first story (Anna’s Story).
Due to its demonstrated sensitivity for detecting prodromal dementia
(Donohue et al., 2014; Rabin et al., 2009), we calculate the ratio of
summed scores from the first administration of Story 1 (Anna) over the
total immediate memory score as a measure of episodic memory per-
formance. In the Stroop task, subjects were given a sequence of 100
words and the correct percentage and total time length were recorded.
We used a ratio of total length (sec.) and correct percentage (%) to as-
sess the performance of Stroop (word only). The CLOX1 were scored by
using a 15-column questionnaire (Royall et al., 1998) to assess how the
subject draw the clock (the higher score, the better performance).

Then, the EEG network connectivity averaged within the ROI was
compared to the corresponding logical memory score across all sub-
jects. The partial correlation coefficient between connectivity values and
memory scores was calculated. Furthermore, the network connectivity
was compared with participants’ age. The Pearson correlation coeffi-
cient between averaged connectivity values in the DMN ROI and ages
was calculated.

As control analysis, we have investigated the visual network based
on the reconstructed EEG source images, since functional connectivity
of the visual network has been shown to be preserved in aging in the
fMRI study (Andrews-Hanna et al., 2007). In a similar analysis strategy
of the DMN, we have first identified the EEG visual network based on
an fMRI template of the visual network. Individual EEG network of the
highest spatial correlation with the template was selected. The EEG vi-
sual network of averaging individual maps was threshold at the q < 0.05
(one-sample, two-sided t test, with Bonferroni correction), resulting in
a ROI for the EEG visual network. Then, individuals’ EEG network con-
nectivity within the ROI was extracted, averaged, and compared with
the memory scores and ages across all subjects.

3. Results

Table 1 summarizes the demographic characteristics and perfor-
mance on the cognitive battery. Subjects were recruited into two non-
overlapping groups, i.e., a middle-aged group (range from 28 to 46 years
old) and an older group (range from 48 to 63 years old); but the cogni-
tive performance of the two age groups did not differ. The WMS Logical
Memory score as the primary memory function performance did not
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Participant demographics and performance variables.

Middle-Aged adults (n = 15)

Older adults (n = 14)

Age, years
"Female / Male
MMSE, total score
WMS Logical Memory, immediate recall ratio
FCSRT, immediate recall ratio
Digit Symbol Modalities Test, total score
Stroop (word only), sec/correct%
CLOX1, total score

33.5 (4.9)
9/6 13/2
29.4(0.2)
0.53 (0.03)
0.49 (0.04)
59.2 (2.3)
52.6 (2.7)
12.5 (0.5)

55.3 (4.8)

29.3(0.2)
0.45 (0.03)
0.43 (0.04)
53.6 (2.1)
48.6 (2.2)
12.4 (0.3)

Mean and standard error (in parentheses) for participant demographics; MMSE: Mini-Mental State
Examination; WMS: Wechsler Memory Scale; FCSRT: Free and Cued Selective Reminding Test;
CLOX1:The executive clock drawing task. Gender difference was analyzed by using chi-square

test

*

shows significance difference between middle-age and older adult group, p < 0.05.

T shows significant difference between middle-age and older adult group, p < 0.05; the remain-
ing variables were analyzed by using unpaired t-test.

EEG network,
Un-Thresholded

DMN Template

differ significantly between the middle-aged and the older adults, al-
though the older group was associated with marginally lower memory
performance (t(27) = 1.88, p = 0.07). Supplemental Fig. 1 shows the
WMS Logical Memory scores against individual ages in the middle-aged
and older subjects. The two age groups overlap in the range of memory
scores but follow distinctive trends in aging-related memory changes.
Meanwhile, FCSRT score as the ratio of immediate recall did not differ
between the two age groups (t(27) = 1.12, p = 0.27), while the FCSRT
scores highly resembled the WMS Logical Memory scores (correlation
coefficient = 0.42, p = 0.02). In addition, other cognitive scores did not
differ between the age groups and are listed in Table 1. The digital sym-
bol modality test as an assessment of working memory only marginally
differed among two groups (t(27) = 1.81, p = 0.08).

The electrophysiological DMN obtained from all the subjects is
shown in Fig. 3. The averaged and un-thresholded brain connectivity
map is depicted in Fig. 3B. After thresholding and correcting for mul-
tiple comparison (Fig. 3C), the EEG DMN identified the posterior cin-
gulate / precuneus area and the inferior parietal lobule, which are part
of the key regions of DMN. Notably, the posterior region of EEG DMN
presents stronger connectivity than the anterior regions. In addition, the
un-thresholded maps of the EEG DMN showed that connectivity pattern
extends to regions in the medial prefrontal cortex yet did not reach a
group-level significance (Fig. 3B) . The maps of EEG DMN are consis-
tent between the test and re-test data, as shown in Supplemental Fig.
2. The un-thresholded maps from test and re-test data yielded a spatial
correlation coefficient of 0.84. The connectivity values from ROI were
also consistent between the test and re-test data (r = 0.62, p < 0.001,
Supplemental Fig. 2C). Furthermore, Supplemental Fig. 3 shows the sep-
arately reconstructed consistent maps of DMN from the sub-group of
older adults and the sub-group of middle-aged adults, which yielded a
spatial correlation coefficient of 0.66. However, the comparison of the
connectivity patterns between the two age groups via an unpaired t-test
with multiple comparison correction did not identify any regions with
significant difference.

Because neither the cognitive performance nor the electrophysiolog-
ical DMN differed significantly between the two age groups, our later
analysis in seeking a relationship between the DMN connectivity, age

EEG network,
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AN

Fig. 3. Group-level average of the default
mode network obtained from electrophysiolog-
ical source images. (A) shows the template
DMN parcellation from Yeo et al., 2011. (B) and
(C) show maps of EEG DMN connectivity aver-
’ aged across all subjects in (B) un-thresholded
/,y w@; \\ and (C) thresholded manner by one sample
<« R two-sided t test, corrected for multiple compar-
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Fig. 4. Functional brain connectivity is correlated with memory performance
across all subjects. The insert shows ROI regions defined from EEG DMN analy-
sis. Brain connectivity values are calculated as the z-transformed correlation co-
efficients between individual’s source time course and IC time course, averaged
within the ROI. Each dot represents one individual’s Brain connect. and the cor-
responding Wechsler Memory Scale Immediate Recall (WMSI) score. Red dots
indicate middle-aged subjects and blue dots indicate older adults. Black trend-
line represents linear relationship between these two variables among all pooled
subjects (r = -0.47, p = 0.01).

and memory performance has consolidated the two groups as one group.
Fig. 4 shows the ROI analysis comparing individuals’ brain connectivity
values and their memory performance. The insert plot of Fig. 4 illus-
trates the ROI identified by a conjunction analysis of the group-level
EEG DMN and the Yeo template, i.e. the conjunction of Fig. 3A and
C. The ROI primarily includes posterior cingulate area, while part of it
extends to the precuneus area. After extracting the connectivity values
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Brain Connectivity vs. Age
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Fig. 5. Functional brain connectivity is correlated with age in older adults. The
insert shows ROI regions defined from EEG DMN analysis. Brain connectivity
values are calculated as the z-transformed correlation coefficients between in-
dividual’s source matrix and activity matrix, averaged from ROI. Each black
dot represents one individual’s Brain connect. and the corresponding age of
years. Orange trendline represents linear relationship between these two vari-
ables (r = 0.55, p = 0.04).

from the ROI, a significant negative correlation was identified between
the connectivity averaged from ROI and the WMSI scores among all in-
dividuals (r = -0.47, p = 0.01). This finding indicated that subjects who
had a better score of episodic immediate memory recall are associated
with lower connectivity in the posterior DMN areas. In addition, con-
sidering that ages could also contribute to the association, we adopted a
partial correlation analysis. After controlling the age factor, results still
revealed a significant correlation between memory and network con-
nectivity (r = -0.42, p = 0.02).

In addition, considering that the older adults follow a distinctive age-
memory relationship than the middle-age subjects (as in Supplemental
Fig. 1), our analysis explored the memory-connectivity relationship in
the subset of older adults only, shown in Supplemental Fig. 4. Inter-
estingly, the older adults show a consistent memory-connectivity trend
in comparison with the middle-aged subjects, despite of a distinctive
age-memory relationship. A similar and slightly stronger negative cor-
relation was found in the subset of older adults (r = -0.74, p = 0.003),
indicating that in the sub-group of older adults (ranging from 48 to 63
years old), better memory performance was associated with a lower con-
nectivity in the ROI of posterior DMN.

Furthermore, we assessed the relationship between brain connectiv-
ity and the age (shown in Fig. 5). Interestingly, older aged subjects tend
to show greater connectivity in the ROI of posterior DMN. Only in the
sub-group of older adults, we found a significant correlation between
the age and network connectivity in the ROI of posterior DMN (r = 0.55,
p = 0.04, shown in Fig. 5). However, the association was not significant
across all subjects (ages ranging from 28 to 63 years old, r = 0.22, p
> 0.1), or not significant in the sub-group of middle-aged adults only
(r=-0.04,p > 0.1).

As a control, we have performed the analysis on the EEG visual net-
work. Following a similar strategy with the DMN, we have identified
an EEG visual network by comparing with a template of fMRI visual
network. The connectivity values from the ROI (by thresholding at q <
0.05) were extracted and compared with the memory performance. No
significant linear association between the connectivity of the visual net-
work and the WMSI scores was found among the individuals (r = 0.16,
p > 0.1). The connectivity of the visual network was not correlated with
the age, either (r = -0.24, p > 0.1). In none of the subgroups were any

Neurolmage 253 (2022) 118926

significant correlation between the visual connectivity and WMSI or age
(all p > 0.1).

4. Discussion

The current study utilized EEG to investigate the association between
functional connectivity of resting state brain network and memory per-
formance across normal healthy subjects in middle-aged and older age
range. Our results demonstrated that the default mode network (DMN)
can be reconstructed from the cortical source images derived from EEG
at rest, including regions of the precuneus, posterior cingulate cortex,
and the inferior parietal lobule. Furthermore, we found that network
connectivity values within the ROI in posterior DMN were negatively
correlated with episodic memory performance across healthy individu-
als ranging from middle ages to older ages. Meanwhile, in the sub-group
of older adults, individuals’ age was positively correlated with the con-
nectivity from the same area in posterior DMN. The findings in this study
reinforced our knowledge of the brain connectivity in DMN associated
with advancing age. More importantly, brain connectivity assessed by
this novel EEG-based neuroimaging technology is feasible to relate to a
large number of clinical batteries to benchmark normal aging. This can
potentially serve as an early biomarker of neurodegenerative disorders.

To date, DMN is one of the most important brain networks in fMRI
studies on aging (for a review, see (Brier et al., 2014)). A number
of studies have documented that resting-state functional connectivity
in the DMN is sensitive to changes among groups of individuals with
AD (Greicius et al.,, 2004; Wang et al., 2007; Zhang et al., 2009),
prodromal AD including mild cognitive impairment (Bai et al., 2009;
Petrella et al., 2011; Sorg et al., 2007), and healthy aging (Andrews-
Hanna et al., 2007; Damoiseaux et al., 2007). Earlier studies of AD
have consistently reported deterioration of connectivity in DMN, as com-
pared with the healthy elders (Greicius et al., 2004; Wang et al., 2007;
Zhang et al., 2009). Importantly, at the prodromal stage of AD (mild
cognitive impairment), DMN connectivity was found to be abnormally
impaired (Bai et al., 2008) and even associated with the risk of con-
verting to AD-related dementia (Sorg et al., 2007). The metabolism hy-
pothesis suggests that pathological changes in the DMN stimulate an
activity-dependent or metabolism-dependent cascade that are spatially
consistent with amyloid aggregations and tau pathology and, more-
over, precedes and promotes the development of these AD pathology
(Buckner et al., 2005), which is an important area being researched for
developing intervention options. Therefore, identification of abnormal
disruption of human brain networks, including DMN and other cogni-
tively relevant network, appears to be essential in characterizing normal
aging. Such characterization is also critical for identification of early
pre-clinical stages in AD and early prevention in conjunction with phar-
maceutical intervention (Sperling, 2011).

Recently, an increasing number of studies have extended the investi-
gation of DMN in normal healthy individuals across the age range from
elders to younger adults, with the purpose that establishing a normal ag-
ing trajectory will aid in the early diagnostics of preclinical stages in AD
(Andrews-Hanna et al., 2007; Damoiseaux et al., 2007; Ferreira et al.,
2016; Sambataro et al., 2010). Overall, the aging trajectory of brain
connectivity do not follow a monotonic decrease, which our data on
the DMN connectivity also confirms. Although it is well recognized that
the connectivity within DMN was lower in the advanced elderly popula-
tion (65+ years) as compared to the young adult population (Andrews-
Hanna et al., 2007; Damoiseaux et al., 2008), literature on the aging
adults of less than 65 years have controversial reports on the age associ-
ation in DMN connectivity - whether age increase or decrease - that de-
pends on the age range of study participants as well as the methodology
of analyzing the connectivity (Andrews-Hanna et al., 2007; Ball et al.,
2017; Damoiseaux et al., 2007; Jockwitz et al., 2017; Jones et al., 2011;
Zonneveld et al., 2019). Although the age range that our study has ex-
amined was not available in the Andrews-Hann et al. study (2007), our
finding on the age-connectivity relationship is supported with the fMRI
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findings in the overlapping age range (Ball et al., 2017; Zonneveld et al.,
2019). Meanwhile, the methodology of identifying DMN, especially sub-
networks of DMN, has complicated the reported findings. Several of
aforementioned studies (Ball et al., 2017; Damoiseaux et al., 2007;
Jones et al., 2011; Zonneveld et al., 2019) applied a data-driven ap-
proach to parcellate the whole brain into units of functional networks
prior to compare brain connectivity with the ages. Instead of masking
out the whole DMN, the well-known resting-state network was further
delineated into the anterior DMN and posterior DMN. Even though they
are two subsets of DMN, each sub-network features age-related changes
in both posterior and anterior areas of DMN, sometime even an oppo-
site effect (Jones et al., 2011). Several studies agreed on negative as-
sociation regarding anterior DMN - lower connectivity with older age
(Damoiseaux et al., 2007; Zonneveld et al., 2019). In the meanwhile,
our finding of the age increase in the older adults (45-64 years) is sup-
ported by a similar age increase in the posterior DMN (Ball et al., 2017;
Zonneveld et al., 2019). Noteworthy, a population-based study of 711
older adults (55-85 years of age) found no age-related changes in the
DMN (Jockwitz et al., 2017). Importantly, in that study, the DMN was
not divided into its anterior and posterior subsystems, indicating the po-
tential relevance of investigating DMN at different scales of functional
organization.

To our knowledge, our study provides the first electrophysioglocal
evidence of aging effect on a large-scale brain network - the default
mode network. Our findings (in Fig. 5) revealed the age-related increase
in the posterior cingulate cortex, which supports the positive associ-
ation in posterior DMN identified in previous studies of overlapping
age range (Ball et al., 2017; Zonneveld et al., 2019). Also, the areas
of age-associated increase revealed in our restuls included additional
precueus area that extends to the margin with cunes, which is in part
consistent with the finding by Jones et al. (2011) that an age-associated
increase in the edge of cunes as part of the posterior DMN. However,
Jones et al. (2011) also reported an adjacent yet predominant age-
associated decrease in posterior cingulate cortex as part of the posterior
DMN, which was not observed in our study. The reason of not seeing a
age-related decrease could be due to the different age-range examined
in our study, or due to a discrepency on the vascular contributions.

In comparing our results with the abovementioned studies, it is
import to note that our study employed electrophysiological mea-
surements to investigate the age-related effect in DMN, while the
functional MRI studies are based on hemodynamic measurements
(e.g. blood-oxygenation-level-dependent contrast), which are secondary
signals that involves blood flow and oxygenation in brain tissues
(Logothetis et al. 2008). Thus, the age-connectivity relationship as docu-
mented by fMRI studies could be attritued to three possible origins - the
neurons, the vasculature, or the neurovascular coupling unit. The neu-
rovascular coupling is known to be suspetible to aging (D’Esposito et al.,
2003; Ferreira and Busatto, 2013; Liu, 2013) and regional, aging-specific
differences are reflected in vasculature (Chen, 2019; Sweeney et al.,
2018), all of which could contribute to the observed aging phenomenon
in fMRI. Nonetheless, our findings based on electrophysiolgocial record-
ings provide direct evidence supporting the age-related changes in neu-
ronal activities, especially at the network-level connectivtiy. Despite
the different modalities used, our EEG study and a number of fMRI
studies have employed a similar data-driven approach to identify rest-
ing state brain networks and the age-association in the network con-
nectivity. The template that our study employed to identify the DMN
should be considered as posterior DMN rather than anteriror DMN,
because of the predominant coposition in the posterior cingulate cor-
tex and precuneus, which agrees with the posterior DMN examined in
Zonneveld et al. (2019) and Jones et al. (2011). As direct measurement
of neural activity, our findings from EEG provide the evidence to cross-
validate some of fMRI findings regarding the functional connectivity
associated with advancing age.

In addition to the age association, our findings stressed the func-
tional role of PCC. Memory function has been well described as a dis-
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tributed process (Mesulam, 1990), and the brain substrates and mod-
ifiers of this process are highly variable, particularly in a cognitive
aging context (Braskie et al., 2010; Head et al., 2008; Raz and Ro-
drigue, 2006; Verhaeghen et al., 1993). As part of a well-connected
neural network underlying the memory function, PCC is involved in
episodic memory encoding (Natu et al., 2019) and also is one of the
most vulnerable area prone to amyloid-beta deposition (Buckner et al.,
2008; Ferreira and Busatto, 2013). By defining the ROI mainly in PCC
(Fig. 4), our results have shown a significant negative correlation with
memory performance on the averaged brain connectivity, which is ex-
actly reversed to the age-association seen in our cohort especially in the
older adults. Notably, the memory-connectivity association (Fig. 4) was
robust in the entire participant ensemble across middle-aged and older
adults, although the memory performance did not differ significantly
between two age sub-groups, even in opposite trends (Supplemental
Fig. 1). Higher performance of immediate memory recall was associated
with lower functional connectivity in the posterior DMN, significantly
seen in the entire group (28 to 63 years old, r = -0.47 and p = 0.01)
as well as in the sub-group of older adults (48 to 63 years old, r = -
0.74 and p = 0.003). Previous study has suggested that different subsets
of DMN were not simultaneously activated (Sestieri et al., 2011). They
found the PCC/precuneus were significantly activated during memory
retrieval, whereas the anterior DMN is deactivated, which points out
that the functional association in posterior DMN should be delineated
separately from the anterior DMN. Nonetheless, the key regions of DMN
at task-less, resting state exhibit fluctuations that are coherently syn-
chronized, which are characterized as resting state functional connec-
tivity. Furthermore, the intrinsic connectivity of resting state brain net-
works, especially DMN, have been found to be associated with memory
performance. The association of a steady-state functional connectivity
in the default mode network with memory function is observed in both
cognitively intact individuals (Newton et al., 2011; Wang et al., 2010)
and diseased populations (Bai et al., 2009; Mormino et al., 2011). No-
tably, in these studies the resting state scans are acquired either sub-
sequently or prior to the function-probing tasks. It has been suggested
that such changes in network-level connectivity observed in the normal
aging stage occur as a result of insult brought by the amyloid accumula-
tion happening at the preclinical AD-Stage (Sheline and Raichle, 2013).
Thus, abnormalities in resting state functional connectivity can be de-
tected in companion with or even before structural damage is manifested
as atrophy and furthermore before cognitive decline produces clinical
deterioration. In line with the model of progression events (Sheline and
Raichle, 2013), our study demonstrated that reconstructed EEG source
brain connectivity can reliably reveal aging effect in cognitively normal
adults. The finding that the greater brain connectivity is associate with
worse episodic memory performance in normal older adults suggests a
compensatory mechanism in these overall cognitively normal individu-
als (Bishop et al., 2010), which is similarly observed in individuals at
preclinical stage (Filippini et al., 2009) or at amnestic mild cognitive
impairment stage (Qi et al., 2010). Through examining the DMN con-
nectivity at different stages along the AD continuum: without cognitive
impairment, SCD, early-stage MCI, late-stage MCI and AD, recent data
from the Alzheimer’s Disease Neuroimaging Initiative suggest that the
network failure associated with AD starts in the posterior components of
the DMN before amyloid plaques can be identified by PET imaging and
spread to other brain areas through network hubs (Jones et al., 2016;
Sintini et al., 2021). Our findings again stressed the importance of PCC
as part of DMN in future aging studies in order to establish a full tra-
jectory spanning normal aging, preclinical and clinical stages (Yu et al.,
2021).

Nonetheless, several limitations in our study should be acknowl-
edged. First, our sample size is relatively small (a total of 29 subjects),
compared to many recent studies that recruited hundreds of subjects
to investigate the aging association in brain networks (Jones et al.,
2011; Zonneveld et al. 2019). Nonetheless, our sample size is compa-
rable to early fMRI studies who explored DMN in the aging process
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(Greicius et al., 2004; Damoiseaux et al., 2007). Given a small sam-
ple recruited in our study, the education history of subjects ranged from
high school to postgraduate degrees, although all participants have com-
pleted education of high-school or above and the two subgroups did not
differ in the years of education. Furthermore, the EEG DMN identified
in our study showed weak connectivity in medial prefrontal cortex as
compared with the template DMN from fMRI. It is possible that differ-
ent sensitivity and specificity of EEG and fMRI modalities could con-
tribute to the spatial difference (Nunez and Ramesh, 2006). In addition,
it is also possible that the nonlinear dynamics of the electrophysioglo-
cal activities captured in a high temporal resolution (Hipp et al., 2012;
de Pasquale et al., 2010; de Pasquale et al., 2012), especially between
long-distanced regions, might have contributed to the spatial difference.
Nonetheless, our analysis of several independent concurrent EEG and
fMRI datasets has confirmed that such an EEG DMN with posterior dom-
inance has activities that are temporally correlated with the fMRI activ-
ities in long-ranged DMN areas including medial frontal cortex and in-
ferior parietal lobules (Chen et al., 2021; Chen et al., 2019; Yuan et al.,
2016).

In summary, we used EEG resting state recordings to characterize
the functional connectivity alteration during normal aging process. Our
findings indicate that the reconstructed EEG data at source level was
capable of capturing the neural connectivity in a part of default mode
network reliably. More importantly, the reconstructed cortical level con-
nectivity was correlated to ages and memory performance assessed by
clinical cognitive batteries. Our results indicate that EEG-derived net-
work imaging can be used in monitoring network-level functional con-
nectivity and detecting cognitive function alteration in healthy adults
during normal aging process. This pilot evidence further suggests the
use of EEG-network based neuroimaging in the study of aging and
Alzheimer’s disease related dementia.
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