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Abstract

Body and brain undergo several changes with aging. One of the domains in

which these changes are more remarkable relates with cognitive performance.

In the present work, electroencephalogram (EEG) markers (power spectral

density and spectral coherence) of age-related cognitive decline were sought

whilst the subjects performed the Wisconsin Card Sorting Test (WCST). Con-

sidering the expected age-related cognitive deficits, WCST was applied to

young, mid-age and elderly participants, and the theta and alpha frequency

bands were analyzed. From the results herein presented, higher theta and

alpha power were found to be associated with a good performance in the

WCST of younger subjects. Additionally, higher theta and alpha coherence

were also associated with good performance and were shown to decline with

age and a decrease in alpha peak frequency seems to be associated with aging.

Additionally, inter-hemispheric long-range coherences and parietal theta

power were identified as age-independent EEG correlates of cognitive perfor-

mance. In summary, these data reveals age-dependent as well as age-indepen-

dent EEG correlates of cognitive performance that contribute to the

understanding of brain aging and related cognitive deficits.
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Introduction

In an increasingly aged society, it is critical to understand

how the brain ages and develops strategies to reverse or

decelerate unhealthy aging. This knowledge may provide

strategies to prevent, ameliorate or at least delay cognitive

impairments that entail high personal, social and financial

costs (Lustig et al. 2009). Decrease in neuronal plasticity

and connectivity may be signatures of cognitive decline,

from healthy aging to dementia. In fact, the progressive

loss of plasticity associated with increasing age leads to a

decrease in the retention of parallel information, informa-

tion processing, and short-term memory retention (Rossini

et al. 2007). Some aging theories also show decrements in

memory control processes as one of the key determinants

of cognitive decline (Werkle-Bergner et al. 2012).

The electroencephalogram (EEG) has been used to

determine which neuronal areas, their function and

rhythms, are altered with aging (Rossini et al. 2007). The

identification of age-related EEG phenotypes is challenging

as the aging process is complex and heterogeneous. Yet,

previous EEG studies have highlighted some correlates of

cognitive performance. More specifically, studies on work-

ing and episodic memory have revealed an increase in

theta activity during the encoding phase (Klimesch 1999;

Head et al. 2009; Itthipuripat et al. 2013); importantly

theta synchronization is often associated with good perfor-

mance during cognitive tasks (Klimesch 1996, 1999).

Alpha activity has also been associated with cognitive

performance through its role on attention and binding

processes (Klimesch 1999; Herrmann and Knight 2001).

Many studies suggest that increases in alpha power are

closely related to the successful inhibition of irrelevant

information (Herrmann and Knight 2001; Werkle-Bergner

et al. 2012). Alpha synchronization, on the other hand,

provides a mechanism for the timing of neuronal informa-

tion processing and the successful formation of integrated

representations (Klimesch 1999; Werkle-Bergner et al.

2012).

Wisconsin Card Sorting Test (WCST) requires the sub-

ject to match different cards according to their symbols’

color, quantity and shapes, and is often applied in EEG

cognitive studies (Barcel�o 1999). The WCST is able to

measure cognitive flexibility, that is the ability to alter a

behavioral response mode in the face of changing contin-

gencies (i.e., rule shifting), and working memory, which

is the ability to manipulate data in short-term periods. In

the first studies, the WCST was used mainly to investigate

the frontal lobe, but more recently it has been shown as a

powerful task to study other anterior and posterior brain

regions (Barcel�o 2001; Gonz�alez-Hern�andez et al. 2002).

In this study, we sought to understand the age effects on

EEG correlates of performance during the WCST and thus,

discriminate EEG markers of brain alterations naturally

occurring with aging from those hypothetically indicative

of age-independent cognitive deficits. Considering the

expected decline of cognitive performance with increasing

age, young, midage, and elder subjects performed the

WCST while their EEG signals were acquired. Analysis of

variance and linear regression analysis were applied in

order to identify the linear dependence of each EEG marker

from the independent variables: age and performance

scores. The partial correlations between EEG features and

the independent variables allowed us to identify age-

dependent and age-independent neuronal markers.

Methods

Ethical approval

The study was conducted in accordance with the Declara-

tion of Helsinki (59th Amendment), and was approved

by national and local ethics committees. Potential partici-

pants were explained the study goals and the neurocogni-

tive assessment.

Subjects

The 62 participants of this study were divided into three

age groups:

• Young group: 19 subjects aged between 20- and

34-years old (24.3 � 3.1 SD); 10 females and 9 males;

• Mid-age group: 28 subjects aged between 51- and

64-years old (56.4 � 3.7 SD); 11 females and 17 males;

• Elderly group: 15 subjects aged between 67- and

82-years old (average: 73.5; standard deviation: 5.6); 6

females and 9 males.

Midage and elderly participants were selected from the

Guimar~aes and Vizela local area health authority regis-

tries. The sample is part of a larger cohort (n = 3038,

males and females 18–97 years of age, from an original

n = 4000; drop-out rate for the age group over 50 years

of age: 27.8%) (Santos et al. 2013). The young subjects

were recruited from the research and student communi-

ties of University of Minho. The primary exclusion crite-

ria included inability to understand informed consent,

participant choice to withdraw from the study, dementia

and/or diagnosed neuropsychiatric and/or neurodegenera-

tive disorder (medical records). The Edinburgh Handed-

ness Test was used to determine laterality. All subjects

were right-handed and had normal or corrected-to-nor-

mal vision. All subjects answered a questionnaire about

their educational, medical (including medication), and

family records and voluntarily signed the informed con-

sent to participate on these experiments.
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Electroencephalogram acquistion

Electroencephalogram (EEG) signals were recorded with a

Quickamp (Brain Products, GmbH) using the 10–20 system

(32 electrodes plus reference and ground electrodes), as rep-

resented in Fig. 1A. The EEG system consisted of Ag/AgCl

active electrodes, an actiCAP� (Brain Products, GmbH) for

the placement of the 32 electrodes, electrolyte gel to decrease

the contact impedance between electrodes and the scalp and

straps to keep the cap in place. The OpenVibe (http://openv-

ibe.inria.fr/) software was used to acquire and synchronize

the EEG signals with the WCST paradigm and to save data

for offline analysis (Renard et al. 2010). A version of the

WCST which has been implemented with the Psychology

Experiment Building Language (PEBL - http://pebl.source-

forge.net/) was applied in this study (Mueller and Piper

2014). Figure 1 presents the electrode locations of the

acquired EEG signals.

The subjects were seated, in an illuminated and accli-

matized room, distancing 50–70 cm from the computer

screen, with touch technology. All subjects were asked to

answer as quickly as possible, always with the right hand

and not make any movements beyond those required.

Each subject performed three sessions of the WCST, while

the EEG signals were recorded with a sampling rate of

1024 samples per second. Before each WCST, a 30 sec

baseline was recorded where the subjects were looking at

the computer’s monitor with a black screen as relaxed as

possible.

Wisconsin Card Sorting Test

The WCST is constituted by four decks of cards that dif-

fer according to three categories: colors (red, green yel-

low, and blue), shapes (triangle, star, cross, and circle)

and number of symbols (from 1 to 4). When a card

appears at the bottom of the screen, the subject has to

match it to one of the four decks, following one of the

three categories. The subject has to touch in the deck that

matches the card according to the category in use. After

each answer, the feedback (‘correct’ or ‘incorrect’) is

given to the subject. Once the subject discovers the cate-

gory (e.g., symbol, color, or number), he/she should fol-

low it until change, which occurs after 10 correct card

matches. When the category in use changes, the subject

has to discover the new category, which is always different

from the previous one. The test ends after nine completed

categories or when a total of 128 cards are drawn.

The performance measures considered on the WCST

are as follows: completed categories, perseverative errors

and nonperseverative errors. The number of completed

categories indicates the number of categories in which the

subject receives ten times the feedback ‘correct’. The

perseverative errors occur when the subject continues to

answer according to the category used before rule change.

The nonperseverative errors are a set of two types of

errors: efficient and distraction. The efficient errors are

related to the strategy of discovering a new category,

when the subject first receives a negative feedback after 10

correct card matches. The distracting errors occur when

the subject selects a card incorrectly after discovering the

category in use (Barcel�o 1999). Each performance mea-

sure (i.e., completed categories, perseverative errors and

nonperseverative errors) was standardized according to

the eq. (1):

z � score ¼ V � �V

SD
(1)

where V is the result of each subject in a performance

measure; �V and SD are the subject mean and standard

deviation for each performance measure.

The performance z-score is a weighted average of the

completed categories, perseverative errors and non-

perseverative errors z-scores. The perseverative and non-

perseverative errors have a negative weight and the com-

pleted categories have a positive weight on the z-score

pooling. Good performers should maximize the number

FL FR

PL PR

A B C

Figure 1. (A) Electrodes arrangement used in EEG recording and electrode locations selected for four electrode pools; (B) electrode pools

considered for power analysis: FL-frontal left; FR-frontal right; PL-parietal left; PR-parietal right; and (C) pool couplings considered for coherence

analysis: FL-FR, FL-PL, FL-PR, FR-PR, FR-PL, and PL-PR.
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of completed categories and minimize perseverative and

non-perseverative errors.

Clustering analysis – performance vs. age

The scattering of the subjects according to z-score and

age is represented in Fig. 2A. Although cognitive perfor-

mance has been described to decrease with age (Lustig

et al. 2009), as expected, some midage and even elderly

subjects performed the WCST as well as the young sub-

jects. Thus, while the young group presents a unimodal

distribution of z-scores, the midage and elders groups

seem to present bimodal distributions on z-scores.

EEG power spectral density and spectral coherence were

investigated in the participants in respect to their age

and performance success at the WCST. Using K-means

clustering analysis, three performance levels were

defined in respect to the mean z-score: good perform-

ers (n = 38; 0.51 � 0.11 SD), medium performers

(n = 13; �0.18 � 0.28 SD), poor performers (n = 10;

�1.56 � 0.21 SD).

Signal preprocessing

Analyzer 2 (Brain Products, GmbH) was used to analyze

the EEG signals. Signals were filtered with: a Butterworth

zero-phase high-pass filter (cutoff frequency of 0.3 Hz,

time constant of 0.5305 sec, and slope of 48 db/Oct), a

Butterworth zero-phase low-pass filter (cutoff frequency

of 100 Hz and slope of 48 db/Oct) and a Butterworth

zero-phase notch filter rejecting the frequency of 50 Hz.

After filtering the signals, the ocular artifacts were

corrected using an algorithm based on independent

component analysis (Jung et al. 2000). In order to

increase the independence of the signals between neigh-

boring electrode locations, an implementation of the cur-

rent source density (CSD) method was applied on the

filtered data (Perrin et al. 1989). CSD reduces the redun-

dancy, ambiguity, and reference-dependency of volume-

conducted EEG measures (Tenke and Kayser 2012).

The segmentation of EEG signals in 5 sec epochs was

applied on the whole data set, from the appearance of the

first card to the last feedback message, as well as for the

30 sec baseline period. The EEG data were not segmented

in respect to any task event. The power spectral density

and the spectral coherence were calculated for each 5 sec

segment, on theta (approx. 4–8 Hz) and alpha (approx.

8–13 Hz) frequency bands. The artifacts still remaining in

the data (possibly due to subject movement or poor elec-

trode contact) were removed by rejecting the segments

with current source density amplitude higher than

500 lV/m2 and also with a difference between the maxi-

mum and minimum values higher than 800 lV/m2.

From the 32 electrodes recorded (Fig. 1A), only 12

electrodes, were used to calculate the power spectral den-

sity and the spectral coherence for theta and alpha

A B

C

Figure 2. (A) Scatter plot of all subjects included in the study according to age and z-score performance on WCST; inset histograms show an

increasing tendency to a bimodal z-score distribution as age increases; (B) statistics for young, mid-age and elders groups; (C) statistics for good

performers, medium performers and poor performers clusters.
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rhythms. Four electrode pools were selected for analysis

according to Fig. 1B: frontal region on left hemisphere

(FL), frontal region on right hemisphere (FR), parietal

region on left hemisphere (PL) and parietal region on

right hemisphere (PR). The border electrodes between

regions were discarded. As a result of channel pooling,

the average of three channels per area were considered for

power spectral density and coherence analyses (Fig. 1B

and C): (1) FL pool: FC5, F3 and FC1 electrodes; (2) FR

pool: FC6, F4 and FC2 electrodes; (3) PL pool: CP5, P3

and CP1 electrodes; (4) PR pool: CP6, P4 and CP2 elec-

trodes. The frequency limits of each frequency band were

adjusted according to the alpha peak of the subject. The

alpha peak is the value of the frequency for which the

amplitude of the signal is higher in the frequency band of

8–13 Hz. The alpha band was adjusted in � 2 Hz from

the value of the alpha peak and the theta band was

adjusted between alpha peak minus 7 Hz and alpha peak

minus 3 Hz. Lateral asymmetry of the alpha peak was cal-

culated as the difference between FL and FR or between

PL and PR alpha peak frequencies.

Power spectral density analysis

The power spectral density (PSD) was calculated for the

5 sec data segments, during the baseline period and dur-

ing the task period – execution of WCST, through abso-

lute or baseline-corrected measures using the Fourier

transform. The power values for alpha and theta fre-

quency bands were extracted from the PSD averaged over

all 5 sec segments.

Spectral coherence analysis

The coherence of the EEG signals from two electrodes is

a measure of the degree of association between the spectra

of the two channels, providing possible information about

the functional coupling between two neuronal areas.

Mathematically, coherence is defined as the normalized

cross frequency spectrum between two EEG signals

recorded from different locations of the scalp (Sanei and

Chambers 2007). The coherence was calculated using:

Coh2ijðxÞ ¼
ðCijðxÞÞ2

CiiðxÞ � CjjðxÞ0
(2)

where CijðxÞ ¼ XiðxÞX�
j ðxÞ is the cross-correlation coef-

ficient between the Fourier transform of the EEG signals

of channel i and channel j and Cii (x) is the autocorrela-

tion of the Fourier transform of the EEG signal from i

channel (Sanei and Chambers 2007). Absolute and

baseline-corrected measures were calculated. Figure 1C

presents the color scheme for the coherence between the

six region pairs under study.

Statistical analysis

The effects of the age and performance factors on power

spectral density and spectral coherence of alpha and theta

rhythms were analyzed through a two-way ANOVA. Linear

regression analyses were also applied to assess the depen-

dence of each EEG marker from the independent variables:

age and performance z-scores. Considering that age and

performance are highly correlated factors (Pearson coeffi-

cient: �0.621; P-value < 0.01), the partial correlations

between each EEG marker and age or between each EEG

marker and performance z-scores were also assessed. Addi-

tionally, age effects on PSD and coherence were analyzed

on a sub-group of subjects with best performance on

WCST and performance effects on PSD and coherence

were studied on a sub-group consisting of the oldest sub-

jects. The statistical analyses were performed using Matlab�

(Mathworks, Natick, MA) and IBM SPSS Statistics v.22

(IBM, New York, NY) and plots were generated from

Origin� (OriginLab, Northampton, MA).

Results

EEG baseline recordings

Figures 3A and C present the age effects on power spec-

tral density of alpha and theta rhythms, respectively, for

frontal left (FL), frontal right (FR), parietal left (PL), and

parietal right (PR) scalp regions, during baseline record-

ings. Figures 3B and D, present the correlations between

alpha power and age and between theta power and age,

respectively.

The basal alpha power of young subjects was higher

than that of older subjects’ on FL, FR, PL and PR elec-

trode pools (Fig. 3A). Basal alpha power of young

subjects was also higher than midage subjects’ on FL,

FR and PR electrode pools (Fig. 3A). Basal alpha

power was inversely correlated with age (Fig. 3C), con-

trolling for the partial correlation between age and per-

formance z-scores, on FL (partial correlation = �0.43),

FR (partial correlation = �0.37), PL (partial correla-

tion = �0.30) and PR (partial correlation = �0.39).

Basal theta power of young subjects was higher than

elders’ on FL, FR, PL and PR electrode pools (Fig. 3B).

Basal alpha power of young subjects was also higher

than midage subjects’ on FL electrode pool (Fig. 3B).

Basal theta power was also inversely correlated with age

(Fig. 3D), controlling for the partial correlation between

age and performance z-scores, on FL (partial correla-

tion = �0.56), FR (partial correlation = �0.43), PL

ª 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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(partial correlation = �0.37) and PR (partial correla-

tion = �0.33). There were no significant effects of age

on spectral coherence of EEG during baseline record-

ings. The inverse correlation between alpha and theta

power during baseline and age was confirmed through

a linear regression analysis design (see Tables S1.3 and

S1.4, in Appendix S1). Detailed statistical results of

two-way ANOVA are also presented on Tables S1.1 and

S1.2 in Appendix S1.

EEG recordings during the WCST

Alpha and theta power recorded during the WCST
is generally inversely correlated with age

Figure 4A and C present the age effects on absolute

power spectral density of alpha and theta rhythms,

respectively, for FL, FR, PL, and PR scalp regions,

recorded during the performance of the WCST. Figure 4B
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Figure 3. Analysis of age effects on Power Spectral Density (PSD) of alpha and theta rhythms during baseline recordings; (A) alpha PSD is

generally higher on young subjects than on middle-age and elders; (B) alpha PSD is inversely correlated with age in all four electrode pools;

(C) theta PSD is higher on young rather than on elder subjects in all electrode pools, and higher than on middle-aged subjects on FL pool;

(D) theta PSD is inversely correlated with age in all four electrode pools.
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and D, present the correlations between alpha power and

age and between theta power and age, respectively, for

the same task. Figure 4E presents baseline-corrected PL

theta power recorded simultaneously to WCST perfor-

mance and Fig. 4F shows the correlation between cor-

rected theta power and performance z-score.

During the performance of the WCST, alpha power of

young subjects was higher than elders’ for FL, FR and PR

electrode pools and higher than midage subjects for FR

pool, as shown in Fig. 4A. Alpha power was inversely cor-

related with age on FR (partial correlation = �0.31) and

PR (partial correlation = �0.29) electrode pools

(Fig. 4B). Theta power of young subjects was higher than

elders’ on FL, FR, PL, and PR, and higher than midage

subjects on FL and FR pools (Fig. 4C). Mid-age subjects

presented higher theta power than elders on PR electrode

pool. The power of theta rhythm acquired during the

WCST was inversely correlated with age on FL (partial

correlation = �0.43) and FR pools (partial correla-

tion = �0.41), according to Fig. 4D. While the alpha

power was generally higher during the resting state (base-

line) than in the activity state (WCST performance)

across subjects, the opposite was generally valid for theta

power. Linear regression analysis on Tables S2.3. and S2.4

in Appendix S2, confirms the inverse correlation between

alpha power and age on the right hemisphere and the

inverse correlation between theta power and age on

frontal sites (see supplementary data). Detailed statistical

results of two-way ANOVA are presented on Tables S2.1

and S2.2 in Appendix S2.

As shown in Fig. 4E, baseline-corrected theta power

recorded during the WCST was higher for good than for

poor performers on left parietal scalp region. Baseline-

corrected theta power was directly correlated (partial cor-

relation = 0.31) with performance success on WCST, as

shown in Fig. 4F (see detailed statistical results on Tables

S4.1. and S4.2., in Appendix S4).

Interhemispheric and fronto-parietal coupling
between frontal right and other scalp regions is
inversely correlated with age, for alpha and theta
rhythms recorded during WCST performance

Figure 5A and C present the age effects on absolute spec-

tral coherence of alpha and theta rhythms, respectively,

for coherence between FL and FR ðCoh2FL;FRÞ, coherence
between FR and PR ðCoh2FR;PRÞ and coherence between

FR and PL ðCoh2FR;PLÞ, recorded during the WCST. Fig-
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Figure 4. Analysis of Power Spectral Density (PSD) of alpha and theta rhythms with simultaneous WCST performance; (A) alpha PSD is

generally higher on young subjects than on middle-age and elders, during WCST performance; (B) alpha PSD is inversely correlated with age in

right hemisphere; (C) theta PSD is generally higher on young subjects rather than on elders and middle-age subjects; (D) theta PSD is inversely

correlated with age in frontal regions; (E) Baseline-corrected theta power recorded simultaneously to WCST is higher for good than for poor

performers on PL scalp region; (F) Baseline-corrected theta power on PL is directly correlated with performance success on WCST.
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ures 5B and D, present the correlations between alpha

coherence and age and between theta coherence and age,

respectively. Figure 5E presents the performance effects

on baseline-corrected alpha coherence between PL and

PR ðCoh2PL;PRÞ and Fig. 5F shows the correlation between

baseline-corrected alpha coherence and performance

z-scores.

Absolute alpha spectral coherence recorded during the

WCST was higher for young subjects on frontal inter-

hemispheric ðCoh2FL;FRÞ and right fronto-parietal

ðCoh2FR;PRÞ scalp regions (Fig. 5A). Absolute alpha spectral

coherence was inversely correlated with age, controlling

for the partial correlation between age and performance

z-scores, both on Coh2FL;FR (partial correlation = �0.29)

and Coh2FR;PR (partial correlation = �0.27) coupling

(Fig. 5B). Absolute theta coherence was higher for young

rather than elder subjects on frontal interhemispheric

ðCoh2FL;FRÞ, interhemispheric fronto-parietal Coh2FR;PL and

right fronto-parietal Coh2FR;PR couplings (Fig. 5C). Abso-

lute theta spectral coherence was inversely correlated with

age both on Coh2FL;FR (partial correlation = �0.26),

Coh2FR;PL (partial correlation = �0.30) and Coh2FR;PR (par-

tial correlation = �0.32) couplings (Fig. 5D). Linear

regression analysis confirms the inverse correlations

between alpha and theta coherence and age (see Tables

S3.3. and S3.4., in Appendix S3). As depicted in Fig. 5E,

baseline-corrected interhemispheric parietal coherence

ðCoh2PL;PRÞ of alpha rhythm recorded during WCST was

higher for good than for poor performers and was

directly correlated with performance success on WCST
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Figure 5. Analysis of Spectal Coherence of alpha and theta rhythms acquired simultaneously to WCST performance; (A) alpha coherence is
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(partial correlation = 0.41; Fig. 5F). Although no age

effects were found on baseline spectral coherences, alpha

and theta coherence were higher in baseline than during

the performance of the task, in all location pairs. Two-

way ANOVA results are presented on Tables S3.1. and

S3.2. in Appendix S3.

Alpha and theta coupling between frontal left
and parietal right scalp regions is directly
correlated to performance success on WCST

Figure 6A and C present the performance effects on abso-

lute spectral coherence of alpha and theta rhythms,

respectively, for spectral coherence between FL and PR

ðCoh2FL;PRÞ recorded during the WCST. Figure 6B and D,

present the correlations between alpha coherence and

performance z-score and between theta coherence and

performance z-score, respectively.

Plots in Fig. 6A show that alpha coherence between

frontal left and parietal right scalp regions ðCoh2FL;PRÞ was
higher for good than for poor performers and was

directly correlated with performance z-score on WCST

(partial correlation = 0.50) (see Fig. 6B). Similarly, theta

coherence between frontal left and parietal right scalp

regions ðCoh2FL;PRÞ was also higher for good than for poor

performers, as plotted in Fig. 6C. Theta Coh2FL;PR was

higher for medium than for poor performers. Theta

Coh2FL;PR was directly correlated with performance z-score

on WCST (partial correlation=0.61). The linear depen-

dence between Coh2FL;PR and performance z-scores is con-

firmed through the linear regression analysis presented on

Tables S3.3. and S3.4. in Appendix S3.

In order to confirm the results of sections A (baseline

recordings) and B (recordings during the WCST) on par-

ticipant sub-populations affected by only one factor (i.e.

age or performance), the age effects on PSD and spectral

coherence were also analyzed on a sub-group of subjects

with good performance (z-score = 0.51 � 0.11 SD) on

WCST (Fig. 7) and performance effects on PSD and

coherence were studied on a sub-group consisting of

elderly subjects (age = 73.6 � 5.6 SD) only (Fig. 8). Fig-

ure 7B and C confirm an inverse correlation of both

alpha and theta baseline PSD with age, when only consid-

ering good performers. Figure 7D and E confirm similar

correlations during the WCST. Coherence decrease with

age was also seen for the subgroup of subjects with good
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performance on WCST (see Fig. 7F and G), for the same

region pairs identified on all-subject analysis (Fig. 5).

Direct correlation between coherence and performance

but not with age was also observed when only considering

elderly subjects, both for alpha ðCoh2FL;PR and Coh2PL;PRÞ
and theta ðCoh2FL;PRÞ rhythms, as shown in Fig. 8B, C and

D.

Alpha peak frequency

Frequency of alpha peak recorded during WCST
performance is inversely correlated with age on
left hemisphere

Figure 9A present the alpha peak frequency (APF) for

FL, FR, PL and PR scalp regions and Fig. 9B shows the

correlation between APF and age for FL and PL scalp

regions.

APF recorded from young subjects during the WCST

was higher than the one found in mid-age subjects on

FL, FR, PL, and PR electrode pools and higher than

elders’ APF on FL and PL electrode pools. APF was

inversely correlated with age on FL (partial correla-

tion = �0.28) and PL (partial correlation = �0.40) elec-

trode pools (Fig. 9B). Although elders’ APF was higher

than midage subjects’ on FR and PR scalp regions

(Fig. 9A), a more detailed analysis of the elders’ APF on

FR sites reveals that elders with good performance at the

WCST present an alpha frequency slowing as measured

on the left hemisphere (inset plot of Fig. 9A). Both lin-

ear regression analysis and two-way ANOVA statistical

designs confirm the inverse correlation between APF and

age on the left hemisphere (see Tables S5.1–S5.4., in

Appendix S5).

Lateral asymmetry of alpha peak frequency is
correlated with performance success on WCST

Figure 9C presents the lateral asymmetry of APF for

frontal and parietal scalp regions and Fig. 9D shows the

correlations between APF symmetry and performance

z-scores for frontal (difference between FL and FR APFs)

and parietal (difference between PL and PR APFs) APF

asymmetries. The frontal difference between left and

right (lateral asymmetry) APF was higher for good and

medium performers than for poor performers, the latter

being mostly elders. Both frontal and parietal lateral

asymmetries were directly correlated with performance

z-scores (FL-FR: partial correlation = 0.41; PL-PR: partial

correlation = 0.26). Linear regression analysis and two-way

ANOVA statistical designs confirm the direct correlation

between alpha peak symmetry and z-scores on frontal sites

(see details in section Appendix S5 of supplementary data).

Discussion

The main goal of this study was to identify the effects of

age on EEG markers in a task testing working memory

and rule shifting. In baseline recordings (i.e., resting

state), the power spectral density of alpha and theta

rhythms from older subjects were globally reduced in

respect to younger ones. Similar reductions were observed

while subjects were performing the WCST. Considering

partial correlations and controlling for the co-linearity

between age and performance z-scores, alpha power was

inversely correlated with subject age only on the right

hemisphere while theta power was inversely correlated

with age on frontal locations. Some aging studies, espe-

cially on Alzheimer’s disease, have been showing that a

decrease in frontal alpha power is a marker for cognitive

aging (Jeong 2004), specifically reporting that alpha

power decreases with age. Alpha power seems to be asso-

ciated with the inhibition of irrelevant information,

allowing the maintenance of focus and concentration on

the task in hands (Werkle-Bergner et al. 2012). The inhi-

bition of irrelevant information is also important for the

working memory processes, since working memory relates

to the ability to maintain and manipulate information in

memory for a short period of time (Werkle-Bergner et al.

2012). Functional imaging studies with simultaneous EEG

acquisition have shown that alpha activity is directly cor-

related with activity in default and self-referential net-

works and negatively correlated with activity in attention

networks (Laufs et al. 2003; Mantini et al. 2007). In the

results herein presented, the negative difference between

task and baseline-recorded alpha power, across all subjects

regardless of age, may indeed represent the engagement of

the subject in the task and thus reflect the assignment to

attentional mechanisms. In contrast, the increase in task-

recorded theta power in respect to the baseline period

may reflect the efficient recruitment of working memory

processes. This result is expected since the subject is not

engaged in any cognitive task during the baseline period

(black screen) thus, not recruiting working memory pro-

cesses that usually involve theta oscillations in its encod-

ing phase (Cummins and Finnigan 2007; Nyhus and

Curran 2010). Particularly on parietal left scalp region,

baseline-corrected theta power does not correlate with age

but is directly correlated with performance z-scores

instead. This may reflect influences from theta activity of

the medial temporal lobe and hippocampus on memory

encoding and retrieval (Guderian et al. 2009). Interest-

ingly, low-frequency EEG rhythms with no baseline

correction may apparently be regarded as markers of

the aging brain, since their spectral power allows mainly

the discrimination between young and older subjects. In

contrast, baseline-corrected theta power on parietal
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regions seems a rather promising marker for performance

prediction independent of age factor.

Regarding spectral coherence, while frontal interhemi-

spheric (alpha and theta Coh2FL;PR) and fronto-parietal

(alpha and theta Coh2FR;PR; theta Coh2FR;PL) spectral coher-

ences seem to be generally reduced as a function of age,

the specific baseline-corrected alpha parietal Coh2PL;PR and

absolute alpha and theta fronto-parietal Coh2FL;PR
coherences seem sensitive to performance success on the

WCST. Our findings suggest that scalp-wise coherence on

theta and alpha rhythms are progressively degraded with

age. In particular, coherence on frontal and fronto-

parietal regions, which are often associated with working

memory processes (Sarnthein et al. 1998; Sauseng et al.

2005), executive functions (Sauseng et al. 2005), and

attention (Carrillo-de-la-Pe~na and Garc�ıa-Larrea 2007;

Holz et al. 2010; Werkle-Bergner et al. 2012), seem to be

particularly sensitive to the aging effect. High coherence

is generally associated with augmented linear functional

connections and information transfer, which is crucial to

a correct use of working memory (Jiang 2005; Rossini

et al. 2007), namely in the theta band (Klimesch 1999;

Gonz�alez-Hern�andez et al. 2002). These results are in

agreement with other studies that have shown a decline

of coherence with age and associated deficits in cognitive

function (Jiang 2005; Werkle-Bergner et al. 2012). The

overall higher alpha coherence seen during baseline

recordings seems to reflect an idling state of several brain

regions which are later attenuated by task engagement.

Although comparable results were seen to the theta

rhythm, the same mechanism may not explain them.

In our results, the alpha peak frequency seems to

decrease with age on the left hemisphere. Evidence can be

seen from the negative correlations between alpha peak

frequency and age, in the left frontal and parietal regions.

Alpha peak frequency has been likewise directly correlated

with working memory capacity and attention (Klimesch

1999). However, the herein presented results show an
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Figure 8. Analysis of performance effects on alpha and theta coherence during WCST and baseline-corrected recordings for elders’ sub-group;

(A) subgroup of elderly subjects n = 15; (B) Baseline-corrected alpha coherence between PL-PR scalp locations is directly correlated with

performance z-scores during WCST recordings on elderly subjects; (C) Absolute alpha coherence between FL-PR scalp locations is directly

correlated with performance z-scores of WCST recordings on elderly subjects; (D) absolute theta coherence between FL-PR scalp locations is

directly correlated with performance z-scores of WCST recordings on elderly subjects.
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apparent age modulation of the alpha peak frequency

uniquely for the left hemisphere. On the right hemi-

sphere, poor performers, whom are mostly elders, present

an alpha peak frequency as high as the younger subjects’,

while the elders with good performance also present an

alpha frequency slowing on the right hemisphere. Accord-

ingly, the peak difference between left and right hemi-

spheres reveals an asymmetry for subjects with poor

performance on WCST, which may account for the lack

of frontal coherence in elders (Fig. 5A), and may there-

fore be regarded as a correlate of cognitive deficit in

elders. The right frontal alpha of cognitively diminished

elders seems to equal the frequencies measured on young

subjects. Although the alpha peak covariance with age

requires further study, the herein presented results suggest

a generalized alpha peak frequency slowing with aging,

while a topographic reorganization of the alpha rhythm

source generators might be associated with cognitive

impairment at a later age.

From the results presented herein, the correct function-

ing of frontal brain regions, and specifically the prefrontal

cortex, seems critical for a good performance in the

WCST (Barcel�o 2001; Sumitani et al. 2006). However, the

parietal regions are also essential for the correct recruit-

ment of attention, working memory and visual processing

mechanisms. Thus our results corroborate the idea that

the WCST is not a test that assesses only the functioning

of frontal brain regions (Monchi et al. 2001; Wang et al.

2001; Gonz�alez-Hern�andez et al. 2002). The communica-

tion between the frontal and temporal, parietal and occip-

ital areas is known to support an efficient performance in

the WCST (Holz et al. 2010; Kawasaki et al. 2014). Spe-

cifically, interhemispheric long-range correlates such as

alpha and theta FL-PR coherence and baseline-corrected

parietal alpha coherence are crucial for the correct judg-

ment of stimuli categorization and memory-matching, as

it seems to be the case on visual working memory tasks

(Knecht et al. 2000).

In summary, the results herein presented demonstrate

that both alpha and theta power, as well as coherence,

play important roles in WCST performance and are influ-

enced by aging. On one hand, high level of theta power

and coherence seems to be a requisite for efficient use of

memory resources as shown by the performance on
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Figure 9. Analysis of age and performance effects on alpha peak frequency (APF) acquired simultaneously to WCST performance; (A) APF is

higher for young than middle-age subjects overall four electrode pools and higher than APF of elders on FL and PL electrode pools; APF is

higher for elders than middle-age subjects on FR and PR scalp regions; (B) APF is inversely correlated with age on FL and PL electrode pools; (C)

difference between left and right APF is higher for good and medium performers than for poor performers on frontal scalp regions; (D)

difference between left and right APF is directly correlated with performance z-scores on frontal and parietal scalp regions.

ª 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2015 | Vol. 3 | Iss. 7 | e12390
Page 13

N. S. Dias et al. Age Effects on EEG Correlates of the WCST



WCST. On other hand, high level of alpha power and

coherence seems necessary for correct management of

attentional mechanisms during the performance of the

WCST. To the best of our knowledge, the performance-

specific EEG correlates such as alpha and theta coherence

between FL and PR, baseline-corrected theta power on PL

and parietal alpha coherence have not been previously

reported and therefore are herein suggested as potential

age-independent EEG correlates of cognitive performance.

Besides leading to a better understanding of the age

effects on cognitive performance, the present results also

contribute to the identification of EEG markers of cogni-

tive performance that can be employed in the develop-

ment of new cognitive intervention protocols (e.g.,

neurofeedback) for the amelioration of cognitive deficits

and enhancement of executive functions.
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