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Abstract.

Background: Aging is a complex and natural process. The physiological decline related to aging is accompanied by a
slowdown in cognitive processes, which begins shortly after individuals reach maturity. These changes have been sometimes
interpreted as a compensatory sign and others as a fingerprint of deterioration.

Objective: In this context, our aim is to uncover the mechanisms that underlie and support normal cognitive functioning in
the brain during the later stages of life.

Methods: With this purpose, a systematic literature search was conducted using PubMed, Scopus, and Web of Science
databases, which identified 781 potential articles. After applying inclusion and exclusion criteria, we selected 12 studies
that examined the brain oscillations patterns in resting-state conditions associated with cognitive performance in cognitively
unimpaired older adults.

Results: Although cognitive healthy aging was characterized differently across studies, and various approaches to analyz-
ing brain activity were employed, our review indicates a relationship between alpha peak frequency (APF) and improved
performance in neuropsychological scores among cognitively unimpaired older adults.

Conclusions: A higher APF is linked with a higher score in intelligence, executive function, and general cognitive perfor-
mance, and could be considered an optimal, and easy-to-assess, electrophysiological marker of cognitive health in older
adults.
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INTRODUCTION

Throughout the aging process, cognition and the
brain itself change, both anatomically and function-
ally. Efficient synaptic transmission sits at the basis
of normal cognitive functioning [1] and represents
the foundational mechanism underlying neural oscil-
lations, which in turn are known to be of critical
relevance to cognitive performance [2]. Oscillations
in the brain are the result of the coordinated elec-
trophysiological activity of relatively large groups of
neurons. They coordinate neural processing across
the cortical surface by a phasic modulation of neu-
ronal firing that largely depends on the amplitude
of these oscillations [3]. The brain oscillations have
been historically grouped into bands according to the
frequency activity (i.e., the number of cycles per sec-
ond), such as delta (1-4 Hz), theta (4-8 Hz), alpha
(8-12 Hz), beta (12-30 Hz), low gamma (30-80 Hz),
and high gamma (80-150 Hz).

The role of oscillatory activity during task per-
formance has been largely studied and documented,
since their amplitude is known to be modulated as
a result of cognitive engagement in the task [4].
The metrics used in the characterization of brain
oscillations include the calculation of the power spec-
tral density, which means how the signal power is
distributed over the different frequencies or bands,
and the analyzing the statistical relationship between
the activities of several brain areas under certain
conditions called functional connectivity (FC). For
instance, theta activity during memory paradigms,
and in particular, frontal midline modulations of
its power, have been systematically associated with
increases in task difficulty and memory load [5, 6].
Similarly, alpha power has been also associated with
cognitive effort during memory tasks [7, 8] but also
with attentional allocation to the right and left during
a somatosensory working memory task [9] and with
distraction inhibition [10]. Even though a more pro-
found review of this topic is out of the scope of the
present manuscript, previous literature has systemat-
ically reported that modulations of each brain rhythm
are associated with performance in several different
cognitive tasks [7].

Contrarily, resting state activity represents the
spontaneous modulations occurring in the brain activ-
ity while no specific task is being performed. Even
though this activity has been traditionally miscon-
ceived as noise, it has been repeatedly shown to
contain a significant amount of internal structure,
exhibiting persistent patterns of long-range coordina-

tion between distant brain regions [11]. Furthermore,
these patterns of resting state activity are known to
be highly reproducible among different individuals,
mental activity states and they have even been used
to characterize different clinical and demographical
groups [12]. Of note, different cognitive abilities have
been shown to be consistently associated with these
resting state patterns measured by functional mag-
netic resonance imaging (fMRI) [12]. In particular, a
more intense activity (strength) during resting state
in a specific network has traditionally been predic-
tive of better performance in the cognitive domain
associated to such network [12]. In fact, this greater
activity at rest has been interpreted as a sign of
the renormalization of patterns of oscillatory activity
observed during ongoing cognitive processes [13].
That is to say, brain activity during active cogni-
tive efforts would be directly linked to resting state
activity, which should represent a major driver for
cognitive research in resting state.

Interestingly, despite the fact that the relation-
ship between resting state and cognitive abilities has
been studied in the field of fMRI in a relatively
consistent way, our understanding of this interac-
tion from an electrophysiological point of view is
by far scarcer. This gap in the literature is particu-
larly striking concerning to study of aging, a stage
in which cognitive change is particularly marked,
as it has already been mentioned. fMRI has been
widely used during the last few decades in research
given its wide availability and extraordinary spatial
resolution, despite its indirect estimation of brain
activity based on the blood oxygen level dependent
response (BOLD). However, magnetoencephalogra-
phy (MEG) and electroencephalography (EEG) are
techniques able to directly measure the result of
the synaptic communication between neuron popu-
lations. Furthermore, M/EEG are able to track brain
activity not only with good spatial resolution but also
with incomparable temporal resolution up to the mil-
lisecond scale, orders of magnitude better compared
to the nonetheless very useful fMRI technique. This
difference makes these techniques able to capture
the activity in a timescale much closer to the actual
behavior of neural populations, and thus, can greatly
contribute to increase our understanding of cognitive
processing in the brain. This article aims to review and
summarize the findings of previous literature study-
ing the relationship between cognitive performance
and resting-state electrophysiological activity in cog-
nitively unimpaired older adults. Since wide literature
utilizes the term “healthy aging” to refer to cogni-
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tively unimpaired older adults, even when the overall
health status of the participants is not considered, we
will use this term in our search. Nevertheless, in the
interpretation of the results no assumptions will be
made beyond the cognitive status of the individuals.

METHODS
Literature search

A systematic search of the literature was conducted
on 27 November 2023 using PubMed, Scopus, and
Web of Science databases according to the Patient,
Intervention, Comparison, Outcome (PICO) search
strategy [14] in order to systematize articles address-
ing the topic of interest. Keywords included in the
literature search were:

Table 1 lists the key concepts and search terms
employed in PubMed, Scopus, and Web of Science
(June 2021).

Article’s inclusion and exclusion criteria

Articles included were limited to those published
within the last twelve years (2011 to 2023) in journals
indexed in the Journal Citation Reports (JCR), fol-
lowing a peer-review process, written in English, and
in which study participants were human. The revi-
sion procedure included clinical studies, case report
journal articles, and empirical studies.

The studies considered describe the inclusion cri-
teria to characterize the cognitively unimpaired older
adults, considering as standard criteria: i) absence of
a personal history of mental illness, psychiatric or
neurological disorders, ii) no history of brain hem-
orrhage, concussion, skull fracture, brain surgery or

brain tumor, and iii) no use of medication with an
effect on the central nervous system.

In addition, articles were excluded when i) par-
ticipants were younger than 50 years old, ii) with
other medical conditions, iii) those whose evalua-
tion was not conducted in the participant’s native
language, iv) information regarding power spectral
analysis or functional connectivity in EEG or MEG
was not reported, and/or v) eyes closed recording was
not included in the analysis.

Screening protocol

In order to avoid duplication, ensure the reliability
of the process, and follow a standard system-
atic review protocol, this review was registered in
PROSPERO (publication code: CRD42021279382).
Selected articles were imported into COVIDENCE
[15]. The revision process was conducted by two
reviewers (BC and DLS), as recommended in the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines for system-
atic reviews [16], attending to the above-mentioned
exclusion and inclusion criteria. Briefly, the articles’
title’ and abstracts were initially screened. For those
manuscripts selected in the first stage, full texts were
obtained and subsequently reviewed. Disagreements
were resolved in specific meetings to review each
conflicting point (screening protocols and final selec-
tion are depicted in Fig. 2).

Quality assessment

Three independent reviewers (BC, LT, and SD)
assessed the quality of the selected articles using the
tool for cross-sectional studies using biomarker data

Search terms

Key concept Search terms used

Healthy aging
OR “aging” OR “normal adult”

“Healthy*” OR “healthy aging” OR “healthy adults” OR “normal aging” OR “older adults” OR “elderly”

Cognitive performance

“cognition” OR “neuropsychology” OR “cognitive markers” OR “cognitive functioning” OR “cognitive

domains” OR “brief cognitive screening” OR “screening test” OR “cognitive battery” OR
“neuropsychological evaluation” OR “Cognitive Assessment” OR “Screening Instrument” OR
“Neurocognitive Tests” OR “cognitive test” OR “assess*”” OR “screen**“OR “neuropsychological
performance” OR “neuropsychological test” OR “neuropsych*” OR “cognitive screening’’

Resting state
“task free’’

“rsfc”” OR “resting state” OR “resting-state” OR “resting” OR “ongoing activity”” OR “task- free” OR

Signal analysis

“power” OR “spectral density” OR “oscillations” OR “synchronization” OR “network™ OR “topological”

OR “graph” OR “complexity” OR “non-linear dynamic” OR “functional connectivity”

Neuroimaging technique

“EEG’’OR “electroence*’”OR “MEG” OR “magnetoence*” OR “electrophysio*’’
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Spectral analysis{n=10) |

0 Global cognitive status [20-21]

0 Memory [22-24])

O Working memory [22-23, 25-29]

0O Executive function [22, 24, 27-28, 30]
O Attention [22]

O Perception [23, 27]

O Language [27]

DATA SYNTHESISSTRUCTURE

QUANTITATIVE*

Functional connectivity (n= 3)

O Memory [24, 31]
3 wWorking memory [24-25]
O Executive function [24]

Fig. 1. Data synthesis structure. Figure 1 classifies and quantifies the papers included in each category. *One of the studies analyzed the
acquired signal with both methods (spectral analysis and functional connectivity).

(BIOCROSS) [17]. The specific assessment of the
items was performed under the adaptation described
in Torres-Simon et al. [18], as some of the original
items could not be easily applied due to the nature of
the specific research field studied. These adaptations
did not alter the scale’s structure or the study’s aim
for each item. This information included: neurophys-
iological technical specifications, research or data
processing protocols modeling details. Furthermore,
we incorporated additional specifications to improve
quality standards within our study population, cogni-
tively unimpaired older adults (for more details, see
“Quality Assessment” in the Supplementary Mate-
rial). Quality assessment was conducted over the 12
selected studies. No articles were excluded based on
the quality assessment (The three reviewers’ final
scores for the 12 articles for each quality item are
reported in Supplementary Table 1) (See the Supple-
mentary Material for further information).

Data extraction

The information extracted from each full text arti-
clereviewed is summarized in two tables according to
the type of signal analysis performed (spectral anal-
ysis, Table 1; and connectivity analysis, Table 2).

In these tables the most relevant information was
extracted for each of the articles following the same
structure:

e Authors and publication date.

e Sample characteristics: including number of
subjects and basic demographic information
(age and distribution by sex).

e Methods: referring to the neuroimaging tech-
nique used in each article (MEG or EEG). and
cognitive test (classified by cognitive process)
were also included.

e Main findings: where main results, conclusions
and limitations were reported.

Data synthesis

Due to the diversity in recording conditions and
analysis methods utilized in the 12 selected articles,
we employed the synthesis without meta-analysis
(SWiM) guidelines described by Campbell et al.
[19]. Regarding diversity in methods and conditions,
data synthesis was conducted by attending to the
main type of analysis employed (i.e., spectral anal-
ysis versus connectivity analysis) and the cognitive
process involved.

Analyzing power spectral distribution is one of
the most commonly utilized strategies in electro-
physiology studies. The fundamental basis is the
assumption that every oscillation can be decomposed
into a sum of sine waves with different frequen-
cies and amplitudes. Consequently, it is possible
to estimate the contribution of various frequencies
to the recorded brain activity. Several studies show
that individual differences in peak frequencies have
been linked to several individual characteristics, high-
lighting their potential as biomarkers for specific
diseases. Also, in the last decades, dynamically study-
ing the frequency content of brain signals has fostered
great interest, revealing promising results in the field
of aging. Analyzing the oscillatory components of
brain signals is a key step to further study the
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“interaction” between brain regions, i.e., functional
connectivity (FC).

Both analyses allowed us to categorize and com-
pare the findings across different cognitive domains.
In the case of connectivity studies, the division
according to cognitive domains was not possible, con-
sidering the small number of studies. Figure 1 shows
the number of papers included in each category.

RESULTS

After conducting a literature search in the speci-
fied datasets, seven hundred eighty-one articles were
imported for screening. After removing those dupli-
cated and those irrelevant for this systematic review,
42 studies were assessed for eligibility. Thirty stud-
ies were excluded based on the exclusion criteria:
twenty-four were excluded for incompatible study
designs, and six were not included due to the age
range studied. Finally, twelve studies with 3,437
participants were considered for analysis in the sys-
tematic review (see Fig. 2).

Inclusion and exclusion criteria across the studies

Before discussing neural oscillations and their
relationship with cognitive performance, we briefly
review the inclusion and exclusion criteria utilized
within each of the 12 articles examined to define the
samples and how each of them selects several char-

781 full-text studies assessed for
eligibility

4

451 studies screened

¢

42 full-text studies assessed for
eligibility

12 studies included

acteristics associated with the definition of healthy
aging. It is significant to mention that the majority of
the sample was invited to get involved in the studies
through fliers and advertisements in the community.

Regarding the selection criteria, 7/12 articles used
screening tests to evaluate the subjects’ cognitive per-
formance to select the sample (7/12). Other relevant
aspects considered were: 5/12 required normal or cor-
rected normal vision, 4/12 right-handedness, and 3/12
exclusively selected native speakers.

The studies show a pattern of factors to consider in
selecting the sample. The essential criteria comprised
the exclusion of individuals with: i) personal his-
tory of mental illness or psychiatric disorder (9/12),
i) neurological disorders (9/12), and iii) previous or
other medical conditions (7/12). Other specifications
also considered were: i) antecedents of traumatic
brain injury (6/12), ii) the loss of consciousness for
more than five minutes or in two or more episodes
(5/12), and iii) history of drug or alcohol condition
(5/12).

Spectral analysis

Described in Table 2.

Ten articles were included in this section, using
EEG to record the physiological signal during rest-
ing state. Even though power spectral estimation is
a relatively straight-forward measurement, a vari-
ety of different methodologies were used among the

3 30 studied excluded
' = 24 incompatible study design
i ® 6incompatible patient population

Fig. 2. Selection process overview. Figure 2 shows a flow chart of included and excluded articles through the screening process following

the PRISMA presentation guidelines.



Table 2
Summary of studies included in power spectral analysis
Authors N Mean Age = SD Sex (M/F) Neuroimaging Resting  Cognitive domain Type of signal Main Findings Quality
(Range) Technique State analysis Assessment
(Time) Score-
Classification
Borhani etal. 43 71.6+£7 20/23 EEG (14 60s Working memory Absolute power e Reaction time: 15.67 (VG)
[25] channels) (Short term memory (+) & (Left parietal site — P7) (-)
STM) reaction time in memory task
(+) 0 band (left parietal) Faster
reaction time in memory task (no
significant; p=0.07)
e Accuracy (Short- term memory
task-STM)
(-) B band over the right parietal
site (+) accuracy STM.
(-) @ (-) B (Right parietal site)
and (-) +y (right frontal) — Higher
ability to correctly distinguish
between target and distractor
images in a STM.
Cesnaite et al. 1703 70 +4.7 (60-80) 823/880 EEG (31 5 min Executive function Absolute power (+) APF (+) Better performance  18.00 (VG)
[30] channels) (Trail Making Test, in EF.
Stroop Test) (+) o (=) speed of processing
No association between EM and
EEG measures.
Choi et al. [20] 496 67.84 +9.77 165/331 EEG (2 5 min Global Cognitive Median frequency Males: Differences in 16.00 (VG)
T3=162 63.05 £8.37 68/94 channels; Fpl. status (MMSE scores)  Alpha Peak Alpha-Theta Ratio between
T2=179 66.54 £+ 8.24 64/115 Fp2) was divided by MMSE  Frequency (APF) T1-T2 (t=-5.19).
T1=155 74.344+9.31 33/122 terciles: Alpha Theta Ratio Females: (+) Median frequency
T3 28 <MMSE <30) (ATR) (+) MMSE.
T2 (25 <MMSE < 27) MMSE & EEG decreased with

T1 (MMSE < 24)

age and less education ((+) in
females).

(+) Median frequency (+) peak
frequency (APF) and (+)
Alpha-Theta Ratio (ATR)
correlated with (+) orientation
time and place.

8SY
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Clark et al. 550 33 (11-70) Balanced  EEG (10 2 min Working Memory Alpha Peak (-) Alpha peak frequency (APF)  12.67 (G)
[26] 140 17 +£2.5 (11-20) channels) (Digit span, reverse Frequency (APF)  (+) Age: Stronger at anterior than
160 24.6 +2.8 (21-30) digit span) posterior regions.
150 40.3 +6 (31-50) (+) APF (+) working memory
100 58 £5.7 (51-70) (independent of age).
1 1Hz in APF frontal is
associated with 4 0.21 scores in
reverse digit span.
Finniganetal. 73 60.76 (56-70) 25/48 EEG (4 4 min Memory (Rey Absolute power/ e InFz: 15.67 (VG)
[22] channels; CZ, Auditory Verbal Relative power (+) 0 relative power (+) List A
FZ, PZ, and Learning test- RAVLT Recall RAVLT (+) RSPM, (+)
Ml) and Rivermead category fluency, and (-) SART
Behavioral Memory reaction time.
Test- RBMT e In Pz:
immediate and delay (+) 6 band — (+) recall immediate
recall) and (+) delayed RBMT scores.
Intelligence (Raven’s (-) B band — (+) RSPM and (+)
Standard Progressive backward digit span scores.
Matrices- RSPM)
Working Memory
(Digit span)
Attention (Sustained
Attention to respond
task- SART)
Fleck et al. 66 67.15+£9.16 (50-88) 24/42 EEG (19 3 min Memory (California Absolute power e () posterior & power — (+) 15.33 (VG)
[24] channels) Verbal Learning Test- Immediate memory and (+)
CVLT II) delayed recall
Executive Function e () posterior & power — better
(Trail Making Test performance in TMT A
TMT) e (-) B power at frontal and
posterior electrode sites (+)
CVLT II- immediate and delay
recall (no significant at the 0.01
significance threshold).
(Continued)
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Table 2
(Continued)
Authors N Mean Age + SD Sex (M/F) Neuroimaging Resting  Cognitive domain Type of signal Main Findings Quality
(Range) Technique State analysis Assessment
(Time) Score-
Classification
Grandy et al.  Interv 58 253+3.1 13/17 EEG (64 2 min Perceptual speed. Alpha peak In both groups: (+) APF (+) speed 16.33 (VG)
[23] Young 30 (20-31) 18/10 channels) Choice reaction tasks frequency tasks (CRT, CT, digit symbol).
Old 28 71.8 £4.0 (65-80) 8/7 (CRTs). Comparison In young adults: (+) APF (+)
Control 27  24.8 2.3 (22-29) 6/6 tasks (CTs: Digits, complex tasks (WM. EM,
Young 15 69.2 £3.5 (66-79) letters, or lines) RSPM).
Old 12 ‘Working Memory APF: Lower in older adults
(WM: numerical relative to younger adults. APF
memory updating task) with eyes closed is highly reliable
Memory (Episodic and stable with regard to the rank
Memory- EM: word order of individuals across a test-
list task) retest interval of 6.6 months.
Intelligence (Raven’s
Standard Progressive
Matrices- RSPM)
Kamal et al. 22 71.81+£4.33 11/11 EEG (31 7 min Global Cognitive Absolute power (=) 6 power (+) Global cognitive  12.00 (VG)
[21] channels) status (MoCA scores) performance
Memory (CVLT-II) No association between EM and
rsSEEG measures.
Roca- 27 67.2+6.70 (60-84)  12/15 EEG (19 20 min  Intelligence (Wechsler Absolute power/  (-) & Absolute power (AP) (+) 15.67 (VG)
Stappung et al. channels) Adult Intelligence Relative power WALIS III index scores
[27] Scale WAIS-III). (+) WM index (-) 8 (frontal site)

Including too:

(=) 6 (fronto polar).

Lateral prefrontal cortex (Left
hemisphere) is activated during
WM task.

(+) alpha values — (+) cognition.
(-) 6 Relative power (RP) (+)
verbal scores (Left temp. and
bilateral central and parietal
regions)

(-) 0 in frontal areas (+)
perceptual organization index
(+) B (+) verbal comprehension
index, processing speed index,
perceptual org. index.

(+) B RP: (-) processing speed
index

(+) perceptual organization index.

09
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Stacey et al. 75 18-90 26/49 EEG (128 2.5min  Working memory Alpha peak 8 power: Older > Young 15.67 (VG)
[28] Young 31 23.96 £4.52 (18-30) 10/21 channels) per two  (Digit span, Spatial frequency / APF: Young > Older
Old 44 71.47+£6.49 (61-90) 16/28 times span) Absolute power EC: (+) APF Frontal (+) WM (no
Executive function significant then of multiple
(Trail Making Test comparison).
TMT) Older: (+) central 8 power (-)
time in TMT.
Trammell et 36 - 14/22 EEG (19 Smin Working memory Theta alpha Ratio  RP: relative Power 16.00 (VG)
al. [29] Young 16 20,7 +£0.9 (20-19) 8/8 channels) per two  (Short term Relative power Cz: TAR dependent upon
0Old 20 72,9 £2.5 (70-79) 6/14 times Memory-STM) Absolute power cognitive performance only after

Intelligence (Raven’s
Standard Progressive
Matrices-RSPM)

Alpha peak
frequency

accounting for age.

With constant cognitive
performance: young adults had
greater 6 and « than old adults
Age: (+) age (-) iPAF

FZ: (-) Relative d (+) age.

Fz and Cz: (-) Relative 0 (+) age.
(+) o (+) cognitive ability in
general (Aging: no sig.)

(=) RSPM (+) TAR(Constant:
Age, STM, and task)

All sample: (+) STM (-) 6 and
Ha

(+)iAPF (+) RSPM.

(+) 3 RP (+) STM (Fz, Pz, Cz)
Young: (+) TAR (+) STM

(+) TAR (+)RSPM (no sig.).
(+) o (+) RSPM

(+) 8 RP (+) STM (Fz)

Older: (-) @ (=) 6 (+) RSPM
(+) 8 RP (+) STM (Pz). No sign.
results in theta power and
performance.
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selected articles, including absolute power and rela-
tive power of the signal in each frequency band, the
ratios between the power found in the theta and alpha
band, the alpha peak frequency (APF), and the mea-
sure of distribution across the brain. We present below
the results classified by the cognitive domain under
study (see Fig. 3).

The memory domain was the main focus of five
studies. Finnigan & Robertson [22] evaluated the
immediate and delayed recall performance in the
resting state with only four channels located over
frontal, central, and parietal areas. They describe a
positive association between immediate recall scores
and theta band amplitude in frontal and parietal sites
in relative and absolute power. A similar tendency
was observed in delayed recall scores, where higher
absolute theta power in parietal areas correlated with
better performance. Fleck et al. [24] described a pat-
tern in which decreases in delta and beta absolute
power in posterior and frontal areas were related
to better immediate and delayed recall performance
despite evaluating the same cognitive domain. This
might unveil a different association with memory
depending on the area and the frequency band anal-
ysis. Furthermore, regarding the APF, Grandy et al.
[23] reported an increase in APF power associated
with episodic memory, commonly related in cogni-
tive neuropsychology with delayed and immediate
recall scores in young and older adults. However, two
recent studies have found no significant relationship
between the variables [21, 30].

Seven studies find results related to Working
memory. Three studies showed that higher working
memory scores were associated with higher APFs
[23, 26, 28]. This result is particularly relevant con-
sidering these three previous studies’ large sample
(683 subjects). The same tendency was observed
related to delta relative power in frontal, parietal,
and central areas, meaning that an increase in delta
relative power is associated with better performance
in short-term memory tasks [29]. However, Roca-
Stappung et al. [27] and Borhani et al. [25], reported
contradictory results, showing an inverse correlation
between delta power, and working memory score
and reaction time in the task, respectively. Similarly,
lower values of alpha power [25, 29] beta power over
parietal site [22, 25], and gamma power in parietal
and frontal sites [25], respectively, have been recently
reported in association to better working memory
performance.

Regarding the executive function, the faster com-
pletion of the Trail Making Test (TMT) was

associated with an increase in the delta power; how-
ever, the areas implicated in the task changed from
posterior areas in TMT part A [24] to central areas
in TMT part B [28]. In addition, Roca-Stappung et
al. [27] reported a positive association between pro-
cessing speed index and beta absolute power, and an
inverse pattern emerged for beta relative power. On
a different note, Finnigan & Robertson [25] describe
that better performance in executive function (Verbal
Fluency Test, VFT) was associated with more rela-
tive theta power over frontal areas. Also, one study
shows a positive link between EF and APF, where
an IAF performs better in EF [30]. In attentional
processing, only one study found an inverse asso-
ciation between relative theta power during resting
state and reaction times obtained during a sustained
attention-to-response task in frontal areas [25].

Perception was studies in two articles, one focused
on reaction times, and the other one on the perceptual
organization index (derived from Picture Comple-
tion, Block Design, and Matrix Reasoning subtests).
In the first case, the results suggested that higher APF
was associated with better task performance speed,
i.e., faster perceptual skills [23]. Similarly, in the sec-
ond study, an increase in beta power (absolute and
relative) was found to be predictive of higher per-
ceptive index score [27]. The inverse tendency was
observed for theta power over frontal areas [27].

The association between language and power
spectral measures has been poorly described in the
literature. Roca-Stappung et al. [27] described an
inverse relationship between verbal scores in WAIS
IIT and theta relative power over left temporal and
bilateral central and parietal regions; as well as a pos-
itive association between beta-band power and scores
in the verbal comprehension index.

Finally, two studies evaluated the relationship
between global cognitive performance. Kamal et
al. [21] describe a negative correlation between
theta power and global cognitive performance eval-
uvated with MoCA. On the other hand, Choi et al.
[20] found significant differences between individ-
uals scoring less than 25 points and those scoring
between 25-27 points in Mini-Mental State Exam-
ination (MMSE) (adjusting by age and years of
education). Their results suggest that median fre-
quency, peak frequency, and alpha-theta ratio were
higher in individuals scoring 25-27 points than in
patients with lower scores in prefronal areas. They
also found that higher performance in time and place
orientation were associated with increased in the
three measures.



Table 3

Summary of studies included in functional connectivity analysis

Authors N Mean Age + SD Sex (M/F) Neuroimaging Resting  Cognitive domain Type of signal Main Findings Quality
(Range) Technique State analysis Assessment
(Time) Score-
Classification

Borhani etal. 43 71.6+7 20/23 EEG (14 60s Working memory Coherence (+) o coherence between right parietal 15.67 (VG)
[25] channels) (Short- term memory)  analysis and left frontal sites (+) reaction time in

WM task.

(+) 6 & (+) & coherence between frontal

and temporal sites (+) accuracy scores in

memory retrieval.
Chino et al. 261 65.96 + 8.48 (58-87) 91/170 MEG (306 5 min Memory (Weschler Functional (=) B strength FC in right occipital 17.00 (VG)
[31] channels) Memory Scale I1I- Connectivity regions (+) delayed recall performance.

Logical memory) Strength (-) B strength between left frontal

regions and right occipital regions (+)

delayed recall performance
Fleck et al. 66 67.15+£9.16 (50-88) 24/42 EEG (19 3 min Working memory Coherence (+) Digit span forward (+) 8 frontal 15.33 (VG)
[24] channels) (Digit Span) analysis coherence

Memory (California
Verbal Learning Test-
CVLT II)

Executive Function
(Verbal Fluency Test
VFT, and the Trail
Making Test TMT)

(+) v frontal coherence

(+) Digit span sequencing (+) frontal B
coherence

() posterior vy coherence

(+) Memory (-) Frontal posterior 6
coherence

(+) CVLT-False Positive scores (+)
Frontal and posterior & coherence

(+) category fluency (+) frontal
coherence in the 3.

(+) Trail B scores (+) frontal coherence &
& B frequency bands

(+) Trail A scores (+) 6 coherence
between frontal and posterior brain
regions.
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Fig. 3. Cognitive performance associated with alpha peak frequency (APF) in subjects without cognitive impairment. a) Various studies show
a decrease in cognitive performance with increasing aging [32-34]; b) Interestingly, this pattern was also documented in the relationship
between APF and age. c) Our review suggests that a higher APF is linked with a higher score in intelligence, executive function, and general
cognitive performance and could be considered an optimal, and easy-to-assess, electrophysiological marker of cognitive health in older

adults.
Connectivity

Described in Table 3.

Brain connectivity is a relatively new field com-
pared with power spectrum analysis in brain activity
research [35, 36]. Probably because of this, only
three studies were identified that looked into brain
connectivity during resting state in association with
cognitive performance, using two different metrics:
magnitude-squared coherence and partial directed
coherence with EEG and MEG data. In the following
lines, the main results of these studies are presented.

Diverse strategies to assess memory were utilized.
Fleck et al. [24] reported only a positive relation-
ship between false positive recognition scores (as
measured by the California Verbal Learning test)
and delta coherence in frontal and posterior areas.
That is, less false positive scores in the recognition
task involved lower delta coherence in the above-
mentioned regions. On the other hand, Chino et al.
[31] describe a negative association between delayed
recall performance and functional connectivity in
beta band, over right occipital and left frontal regions.

Concerning working memory, very little is known
regarding its relationship with resting state functional
connectivity patterns. One study suggested a positive
association between accuracy in working memory
(Short term memory task) and delta and theta coher-

ence between frontal and temporal areas [25]. Frontal
areas involvement has been also highlighted by Fleck
etal. [24] whoreported a positive association between
beta and gamma coherence in frontal areas and scores
in digit span forward scores. However, this pattern is
no longer followed by the results reported in the same
study where gamma coherence over frontal areas
was negatively associated with scores in digit span
sequencing. Coherence over posterior brain regions
showed in general negative associations in this study
with the performance in the same digit span sequenc-
ing test for all delta, theta, beta, and gamma bands.
One study reported neural oscillations patterns
in resting-state paradigms associated with executive
function. Fleck etal. [24] found a positive relationship
between executive function (using the VFT and TMT)
and coherence measured in delta and beta bands over
frontal regions, and also with coherence in the theta
band between frontal and posterior brain regions.

DISCUSSION

Neuropsychological assessments are commonly
used in healthcare facilities to differentiate between
cognitive changes associated with aging and those
that signal pathological states. Thus, establishing a
correlate or biomarker of optimal cognitive func-
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tioning in the later stages of life could help unveil
the underlying biological mechanisms. This could
ultimately lead to the design of strategies (phar-
macological or non-pharmacological) to protect and
enhance cognitive performance at advanced age and
improve quality of life. In this line, our purpose was
to identify, considering the available literature, the
electrophysiological fingerprints during resting state
associated with cognitive performance cognitively
unimpaired older adults, as reflected by the spectral
and connectivity properties of brain activity in the dif-
ferent frequency bands. A thorough analysis shows
one consistent resting-state brain oscillation pattern
associated with cognitive skills, described below.

After examining the studies on power spectral
analysis and cognition, the findings reveal a strong
relationship between APF and cognitive capacity.
Higher APF is associated with better performance
in several cognitive domains, such as executive func-
tion, perception, and fluid intelligence [20, 23, 26,
28-30, 37]. A possible explanation of this finding
is considering the APF as a state of cognitive pre-
paredness [37]. According to Angelakis et al. [37],
the APF predicts cognitive performance and reflects
the brain state in healthy subjects. This idea was tested
by comparing a group of traumatic brain injury (TBI)
patients with healthy controls matched by age, sex,
and education. Their results showed that TBI patients
had lower APF in the post-test rest condition than the
control group. Also, despite the evidence that APF
decreases with age [39], this measure is considered
a highly stable individual marker of central nervous
system functioning [23], so that slowness of APF in
the power spectrum could be a predictor of cognitive
impairment in several cognitive domains [40], even
before the dementia stage [41]. The consistent find-
ings of the relationship between APF and cognitive
performance in healthy older adults add to the reports
on the role of APF as a potential alternative to assess
the impact of intervention on lifestyle behaviors [42],
making it a good candidate as a biological marker to
assess healthy aging in different aspects.

Only three studies addressed the functional con-
nectivity linked with cognitive performance. While
differences in analytical approaches and the small
number of studies limit the possibility of estab-
lishing general conclusions regarding stable and
reliable patterns linking cognitive performance and
functional connectivity, we observed a positive asso-
ciation between working memory and coherence
across all frequency bands in frontal areas during
eyes-closed conditions [24, 25]. This pattern was also

observed using task paradigms in the theta and alpha
band. T6th et al. [43] found an increased theta FC
strength between the frontal midline and temporal
areas associated with better working memory per-
formance. Similarly, Ariza et al. [44] showed that
older adults require higher alpha synchronization
between cortical brain regions to achieve a suc-
cessful recognition. The similarity between resting
state and task paradigms results could be explained
by the high resources required in working memory
execution by the association with other domains;
however, this finding must be taken with discre-
tion, considering the small sample, the different time
analyzed, the methods used and the paradigms of
the study.

Since cognitive aging is an extremely relevant
phenomenon for modern societies and given the
interplay between resting state activity and cognition,
electrophysiology, which directly captures the result
of neuronal activity, might represent a useful tool
to delve into the mechanisms underlying cognitive
decline in healthy aging. However, the pattern of
association between neural oscillations and cognitive
performance describing the lines above must be
interpreted in light of their limitations. One aspect
to consider is the different criteria used to define
cognitive healthy aging across the studies. The
World Health Organization [45], already in its 1946
Constitution, defined health as “a state of complete
physical, mental and well-being and not merely the
absence of disease or infirmity”. Later on, this defini-
tion was updated to reflect the capacity of individuals
to reach their fullest potential, even in the presence of
disease or where a complete state of well-being is not
attainable [46]. Describing health in terms of phys-
ical and social functioning is particularly relevant
when we talk about the aging population, where the
absolute absence of disease appears utopian. Yet, the
articles included in the review are based on exclusion
criteria focused on mental and physical conditions
such as history of mental illness, neurological disor-
ders, and medical conditions. Seven studies consider
the performance in screening tests as inclusion
criteria, and only one considers the quality of life
measure with a self-administered questionnaire
that captures life satisfaction [27]. This could also
partially explain some of the variability in the results
observed in the literature and henceforth represent
an important caveat that the field should seriously
consider addressing in the future. There is a clear
need to identify the best indicators of physical and
social functioning and well-being in advanced age
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and to foster the standardization of the description
of healthy aging across the scientific literature.

Another matter to regard is the scarce literature
about the use of MEG in this field, despite its par-
ticularly appropriate use for studying neurocognitive
processes. The hundreds of sensors used in MEG
recordings have made it possible to identify and
locate the source of brain oscillations [47]; due to
the lack of interactions between the MEG signal and
biological tissues, avoiding smearing and distortion
outside of the scalp [48]. Animproved signal-to-noise
ratio and easier and more reliable source reconstruc-
tion process could also improve the consistency of
future results.

An additional limitation that should be considered
in future research is the use of cross-sectional designs.
The cross-sectional studies provide only a snapshot
of brain activity, and the picture can be enhanced by
the development of longitudinal studies to track indi-
vidual changes along the aging. Other aspects on the
neurophysiological analysis level include the char-
acterization of functional connectivity patterns and
their identification as a potential neural marker for
the diagnosis and discrimination of diseases such as
Alzheimer’s disease [47]. In this sense, the develop-
ment of studies focusing on cognitively unimpaired
older adults and the use of techniques such as the
MEG is a good spot to understand the brain patterns in
healthy aging better. Along the same line, the number
of participants recruited in the different studies is rel-
atively small, and differences in age between groups
limited the possibility of extrapolating the results in
different populations.

Despite the difficulties described regarding the
approach in characterizing of the general concept
of healthy aging, this review sheds some light on
the apparently inconsistent results of the electro-
physiological fingerprints associated with cognitive
performance during aging. The main conclusion of
this review suggests that the APF could be considered
an electrophysiological marker of healthy cognitive
aging [49]. This is an easy-to-assess marker that could
be used for monitoring deviations from central ner-
vous system functioning [22], such is the case of the
early stages of dementia, where the first pathological
signs associated with the early stages of the disease
appear decades before the cognitive decline [35], with
the advantages that both measures could be regis-
tered during the resting-state condition, which is an
easily replicable set-up, accessible to most popula-
tions. In this sense, assessing the resting state brain
signal has wide appeal because this measure can be

acquired in individuals whose cognitive ability or
native language hinders testing with standard neu-
ropsychological assessments, avoiding the cultural
bias related to the cognitive test [50]. Furthermore,
electrophysiological recordings, particularly using
EEG, arerelatively cheap and easy to transport, which
makes this technology well-suited for most countries
regardless of their economic power.

Altogether, our review provides the first approach
to unveiling the mechanisms underlying and support-
ing normal cognitive functioning in the brain in the
later stages of life. This understanding could be cru-
cial for future global policymaking strategies aimed
at preventing or treating cognitive impairment and
promoting healthy aging.
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