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During healthy aging, inhibitory processing is affected at the sensorial, perceptual, and
cognitive levels. The assessment of event-related potentials (ERPs) during the Stroop
task has been used to study age-related decline in the efficiency of inhibitory processes.
Studies using ERPs have found that the P300 amplitude increases and the N500
amplitude is attenuated in healthy elderly adults compared to those in young adults. On
the other hand, it has been reported that theta excess in resting EEG with eyes closed
is a good predictor of cognitive decline during aging 7 years later, while a normal EEG
increases the probability of not developing cognitive decline. The behavioral and ERP
responses during a Counting-Stroop task were compared between 22 healthy elderly
subjects with normal EEG (Normal-EEG group) and 22 healthy elderly subjects with an
excess of EEG theta activity (Theta-EEG group). Behaviorally, the Normal-EEG group
showed a higher behavioral interference effect than the Theta-EEG group. ERP patterns
were different between the groups, and two facts are highlighted: (a) the P300 amplitude
was higher in the Theta-EEG group, with both groups showing a P300 effect in almost
all electrodes, and (b) the Theta-EEG group did not show an N500 effect. These results
suggest that the diminishment in inhibitory control observed in the Theta-EEG group
may be compensated by different processes in earlier stages, which would allow them
to perform the task with similar efficiency to that of participants with a normal EEG.
This study is the first to show that healthy elderly subjects with an excess of theta EEG
activity not only are at risk of developing cognitive decline but already have a cognitive
impairment.
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INTRODUCTION

resonance images (MRI); we interpreted some of these differences
as compensatory changes that could explain the similar cognitive
performance of these two groups (Castro-Chavira et al., 2016).
Then, the “healthy” elderly population may include, among
others, two sub-groups that can be clearly differentiated: those
with normal EEG and without risk and those with increased
EEG theta activity. The latter seems to have developed a
neural reorganization that significantly increases its probability
to show cognitive impairment signs in the future despite not
showing any clinical signs at the point of measurement. Although
hypothesized, nobody has deeply explored whether the healthy
elderly with theta excess are already experiencing some cognitive
alteration beyond the natural process of healthy aging.
In general, healthy aging is related to a decline in
specific cognitive functions, e.g., executive functions (EFs)
(Buckner, 2004; Hedden and Gabrieli, 2004; Grieve et al.,
2007; Schneider Bakos et al., 2008; Vaughan and Giovanello,
2010; Berry et al., 2016). In particular, cognitive processes,
such as inhibitory control and attention, are affected (Thomas
et al., 2010). Studies using event-related potentials (ERPs)
have supported the inhibitory-deficit theory at the sensorial,
perceptual, and cognitive levels during aging (Chambers and
Griffiths, 1991; Alain and Woods, 1999; West and Alain, 2000).
Differences between subjects with normal EEG and subjects with
electroencephalographic risk of cognitive decline could be found
in the brain response pattern using ERPs, especially in inhibitory
control. These differences can indicate how cognitive impairment
begins to be expressed in structural and functional changes in
the central nervous system, although differences are not yet
clinically observable. When a subject performs a task, behavioral
results, which are typically measured as percentages of correct
responses or reactions times, are the consequence of multiple
processes organized sequentially or in parallel. ERPs provide
the best temporal resolution of cognitive processing; therefore,
they constitute an excellent tool to detect deficits in any of the
sub-processes needed to solve the task.
To study inhibitory control, Stroop tasks (Stroop, 1935) have
been used. Stroop tasks are characterized by measuring selective
attention and the inhibition of automatic responses (Bush et al.,
1998, 2006). Studies using Color- or Counting-Stroop tasks
have been carried out to explore the dynamics of inhibitory
cognitive processing (West and Alain, 1999; West et al., 2005,
2012). Specifically, in the Counting-Stroop task, subjects are
asked to answer how many words are presented in a slide,
regardless of the meaning of the word itself. Subjects increase
their response times and tend to make more mistakes when
the meaning of the word does not match with the number of
times that the word appears; this phenomenon is known as the
Stroop or interference effect (MacLeod, 1991). This effect appears
because two processes are in competition—an automatic process,
which is generated by reading, and the counting process—this
effect is increased in older adults as a result of a decline in
inhibitory process efficiency (West and Alain, 2000). A negative
wave located on frontal-central regions (referred as N450 in
young adults or N500 in older adults) is observed during the
Counting-Stroop task, and it has been related to a response
of interference processing (West and Alain, 1999); the N500

Due to the increase in life expectancy, the diseases associated with
old age, such as dementia, are becoming more frequent (Harada
et al., 2013); that is why there has been a growing interest in
the study of this population. During aging, both physical and
cognitive functions are naturally affected (Román Lapuente and
Sánchez Navarro, 1998). The deterioration of cognitive functions
in the elderly has been associated with structural and functional
changes in the brain, which are considered typical of aging. EEG
oscillations are strongly related to cognitive processes (Buzsáki,
2006; Lopes da Silva, 2011). Multiple studies have reported a
relationship between global cognitive level and quantitative EEG
analysis, showing a negative relationship between EEG slow
activity at rest and scores in cognitive tests, in both healthy older
adults (Roca-Stappung et al., 2012; Binder et al., 2017) and older
adults with cognitive impairment (Prichep et al., 1994; Babiloni
et al., 2006; van der Hiele et al., 2007; Kavcic et al., 2016).
According to Giaquinto and Nolfe (1986), a slower resting
electroencephalogram (EEG) is characteristic of old age. This is
manifested by a decrease in the frequency and amplitude of the
occipital alpha rhythm, associated with a decrease in the posterior
alpha power; the appearance of scattered theta waves, related to
a diffuse increase in theta power; and the occasional presence
of delta waves, mainly at temporal sites. Some authors (Chang
et al., 2011), however, have proposed that changes in resting EEG
that are attributed to aging could be the result of an ongoing
subclinical pathological process and not the result of normal
aging.
Several follow-up studies in the elderly (Soininen et al., 1991;
Hartikainen et al., 1992; Huang et al., 2000; Jelic et al., 2000;
Prichep et al., 2006) that included normal subjects, subjects with
mild cognitive impairment (MCI), and subjects with dementia
have been conducted. Some of them have noted that excessive
activity in the theta frequency range of the resting EEG, with
respect to an age-regressed normative database, is an excellent
predictor of cognitive decline during aging (Prichep et al., 2006;
van der Hiele et al., 2008). Prichep et al. (2006) recorded the
EEG at rest with eyes closed in normal individuals who had a
score of 2 on the Global Deterioration Scale (Reisberg et al.,
1988); 10 years after, authors observed that more than 60% of
the subjects had developed a cognitive decline and that their
previous EEG already showed abnormal signs with respect to the
norms, being the most relevant an excess of theta activity (4–
7 Hz). The authors concluded that excess of theta activity in the
EEG at rest with eyes closed of healthy older adults is the main
electroencephalographic predictor of cognitive impairment in
old age (Prichep et al., 2006). Using a logistic regression method,
Prichep et al. (2006) obtained a coefficient of determination of
0.93 between the resting EEG features and the probability of
future deterioration, with an overall prediction accuracy of 90%,
which indicates a high sensitivity and specificity for the resting
EEG values as predictors of the future state in normal subjects.
Taking into account this prediction, in a previous study in
which we compared a group of healthy older adults with theta
excess in their resting EEG to another group that had a normal
EEG, we found differences in brain structure in their magnetic
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effect reflects an active inhibitory process and is related to
suppression or attenuation of semantic word information upon
the response selection processes (West and Alain, 1999, 2000).
Aging seems to be associated with a greater Stroop effect, i.e.,
an increase in the difference between the reaction times from
one condition to the other, in favor of the incongruent (Spieler
et al., 1996; West and Alain, 2000; Zysset et al., 2007), a lower
amplitude of the N500 component, and a lower N500 effect, i.e.,
a reduction in the difference between conditions in the timewindow corresponding to the N500 component (West and Alain,
2000).
The aim of this study was to explore whether healthy
older adults with an electroencephalographic risk of cognitive
impairment (i.e., resting EEG theta-activity excess), show lower
inhibitory control than healthy older adults of the same age
whose EEG was normal. This question was assessed by ERPs
recorded during a Counting-Stroop task. Considering that aging
is associated with cognitive deterioration, we expected to find
more pronounced, age-related, cognitive deficits in the group at
risk of cognitive decline, i.e., lower N500 amplitude, a lower N500
effect, and a higher Stroop effect.

TABLE 1 | Characteristics of the samples.

Age (years)
IQ (WAIS)
Scholar Education (years)
Q-LES-Q score
AUDIT score

Mean ± sd

t (42)

p-value

Normal

65.54 ± 5.21

−1.22

0.22

Theta

67.59 ± 5.81
0.84

0.40

0.36

0.71

0.35

0.72

−0.16

0.87

Normal

103.78 ± 7.95

Theta

101.74 ± 8.50

Normal

15.81 ± 5.13

Theta

15.31 ± 3.84

Normal

79.26 ± 8.04

Theta

78.21 ± 10.98

Normal

2.00 ± 1.95

Theta

2.09 ± 1.77

EEG
To identify which subjects belonged to the Normal-EEG and the
Theta-EEG groups, an EEG was recorded from each participant.
The digital EEG was recorded at rest with eyes closed using
a MedicidTM IV system (Neuronic Mexicana, S.A.; Mexico)
and Track Walker TM v5.0 data system for 15 min from
19 tin electrodes (10–20 International System, ElectroCapTM ,
International Inc.; Eaton, Ohio) referenced to linked ear lobes.
The EEG was digitized using the MEDICID IV System (Neuronic
A.C.) with a sampling rate of 200 Hz using a band pass
filter of 0.5–50 Hz, and the impedance was kept below 5 k.
To assess the EEG, visual inspection and quantitative EEG
(QEEG) analyses carried out by a clinical neurophysiologist were
considered.
Twenty-four artifact-free segments of 2.56 s each were
selected, and the QEEG analysis was performed offline using
the Fast Fourier Transform to obtain the power spectrum every
0.39 Hz; also the geometric power correction (Hernández et al.,
1994) was applied and absolute (AP) and relative power (RP)
in each of the four classic frequency bands were obtained: delta
(1.5–3.5 Hz), theta (3.6–7.5 Hz), alpha (7.6–12.5 Hz), and beta
(12.6–19 Hz); these frequency ranges were the same as those
used for the normative database (Valdés et al., 1990) provided by
MEDICID IV. Z-values were obtained for AP and RP, comparing
subject’s values with values of the normative database [Z = (x–
µ)/σ, where µ and σ are the mean value and the standard
deviation of the normative sample of the same age as the
subject, respectively]; Z-values >1.96 were considered abnormal
(p < 0.05).

MATERIALS AND METHODS
Participants
Forty-four right-handed healthy older adults aged over 60 years
(26 females) with a score of 1 or 2 in the Global Deterioration
Scale (GDS; Reisberg et al., 1988, 2008), scores between 90 and
109 for the Wechsler Intelligence Scale for adults (WAIS-III;
Wechsler, 2003), more than 9 years of schooling, and more
than 70% in the Q-LES-Q questionnaire (Endicott et al., 1993)
participated in this study (Table 1). All participants were within
normal limits in the brief version of a neuropsychological battery
normalized in Mexican population (NEUROPSI; Ostrosky-Solís
et al., 1999) and they showed no evidence of a neurological
or psychiatric disorder. Psychiatric illnesses were discarded
by Mini-Mental State Examination (MMSE; > 27), GDS,
Alcohol Use Disorders Identification Test (AUDIT; Babor et al.,
2001; < 5), Beck Depression Inventory (Beck et al., 1961; <
4), the Geriatric Depression Scale (Yesavage et al., 1983; <
5), and a psychiatric interview. Neurological disorders were
discarded by a clinical interview and a neurological physical
examination. Both evaluations were performed by a gerontopsychiatrist.
Furthermore, subjects did not present signs of diabetes,
anemia, hypercholesterolemia, or thyroid disease in clinical blood
analysis, nor did they have uncontrolled hypertensive disease.
The participants and two witnesses signed informed consent.
This project was approved by the Bioethics Committee of the
Neurobiology Institute of the National Autonomous University
of Mexico (UNAM).
These 44 subjects were classified into two groups according
to the characteristics of their EEG: the Theta-EEG group, in
which subjects presented an excess of theta activity for their age
in at least one electrode, and the Normal-EEG group, in which
subjects presented normal EEGs, from both the qualitative and
quantitative point of view.
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Group

Groups
The Normal-EEG group, which included 22 participants with
normal EEGs (65.54 ± 5.21 y.o., 13 females), and the Theta-EEG
group, with 22 participants with abnormally high Z-values of
theta AP (Z > 1.96) on at least one electrode (67.59 ± 5.81 y.o., 13
females), did not differ in age, Intelligence Quotient (IQ), number
of scholar years, percentage in the Q-LES-Q or the AUDIT scale
for substance abuse (Babor et al., 2001). The groups differed only
in terms of their EEG. Table 1 shows t- and p-values obtained by
Student’s t-test for independent samples used for the comparison
between groups.
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Counting-Stroop Task

was condition (congruent and incongruent). The percentages
of correct responses were transformed using the function
{ARCSINE [Square Root (percentage/100)]} to ensure normal
distribution of the data (McDonald, 2009). Tukey’s honest
significant difference (HSD) post-hoc tests were performed for
multiple comparisons.

Series of one, two, three, or four words that denote numbers
(“one,” “two,” “three,” “four”) were presented in the center of
a 17-inch computer screen. Time presentation of the stimuli
was 500 ms, and the inter-stimulus interval was 1,500 ms. An
incongruent condition consisted in a trial where the number of
presented words did not correspond with the meaning of the
word; the congruent condition consisted in a trial in which the
number of presented words and the meaning of the word that
was presented matched. A total of 120 incongruent and 120
congruent stimuli were randomly presented.
Subjects were asked to indicate the number of times that the
word appeared in each trial, using a response pad that they held in
their hands. One-half of the participants used their left thumbs to
answer “one” or “two” and their right thumbs to indicate “three”
or “four”; the other half of the participants used their opposite
hand to counterbalance the motor responses. The participants
were asked to answer as quickly and accurately as possible. We
ensured that the participants understood the instructions by
presenting a brief practice task before the experimental session.

ERP Amplitude Analysis
Visual inspection of the grand averages of the ERPs (Figure 1)
showed a peak at ∼250 ms on the frontal regions for both groups.
A brainwave associated with the congruent condition was smaller
(i.e., less negative) than those associated with the incongruent
condition; such negative deflection will be referred to as the N200
component. This wave was followed by a positive deflection that
started at ∼300 ms post-stimulus and lasted ∼200 ms, showing
larger amplitudes for the congruent than for the incongruent
condition. According to their appearance in the grand average
waveforms, this was considered a P300 component. The next
important wave observed in the grand average of the ERPs was
a negativity peaking between 500 and 700 ms, which was mainly
observed in the Normal-EEG group; it was designated as the
N500 component. The mean amplitude was statistically analyzed
and computed as the average of the voltages within the 150–
300, 300–500, 500–700, and 850–1,150-ms intervals, according
to the literature (West and Alain, 2000; West et al., 2012). The
difference wave was calculated by subtracting the congruent
condition from the incongruent condition and is shown in
Figure 2.
Four mixed, 4-way ANOVAs were independently performed
on the mean amplitude data, one per each ERP component.
Group [Normal-EEG and Theta-EEG] was included as the
between-subjects factor. The within-subjects factors were: (a)
Condition [Congruent and Incongruent], (b) Coronal [Frontal
(F7, F3, Fz, F4, and F8), Fronto-central (FT7, FC3, FCz, FC4,
and FT8), Central (T3, C3, Cz, C4, and T4), Central-parietal
(TP7, CP3, CPz, CP4, and TP8), and Parietal (T5, P3, Pz, P4
and T6)]; and (c) Sagittal [Left (F7, FT7, T3, TP7, and T5),
Medial-left (F3, FC3, C3, CP3, and P3), Medial (Fz, FCz, Cz,
CPz, and Pz), Medial-right (F4, FC4, C4, CP4, and P4), and
Right (F8, FT8, T4, TP8, and T6)]. The Huynh-Feldt correction
was applied to the degrees of freedom of those analyses with
more than one degree of freedom in the numerator. Degrees
of freedom are reported uncorrected, but the epsilon value
was included. Only differences that involved the main effect
of Group and any interaction of Group by Condition are
reported. Tukey’s HSD post-hoc tests were performed for multiple
comparisons.
The same analysis was also performed when the average
reference was used, and it is described in the Supplementary
Material.

ERP Acquisition and Analysis
The EEGs were recorded with 32 Ag/AgCl electrodes mounted
on an elastic cap (Electrocap), using NeuroScan SynAmps
amplifiers (Compumedics NeuroScan) and the Scan 4.5 software
(Compumedics NeuroScan). Electrodes were referenced to the
right earlobe (A2), and the electrical signal was collected from
the left earlobe (A1) as an independent channel. Recordings were
re-referenced off-line in two ways: (a) to the averaged earlobes, as
usually was performed in previous studies, and (b) to the average
reference (see Supplementary Material). The EEG was digitized
with a sampling rate of 500 Hz using a band pass filter of 0.01 to
100 Hz. Impedances were kept below 5 k. An electrooculogram
was recorded using a supraorbital electrode and an electrode
placed on the outer cantus of the left eye.
ERPs were obtained for each subject and experimental
condition (i.e., congruent and incongruent). Epochs of 1,500 ms
were obtained for each trial that consisted of 200-ms prestimulus and 1,300-ms post-stimulus intervals. An eye movement
correction algorithm (Gratton et al., 1983) was applied to remove
blinks and vertical ocular-movement artifacts. Low pass filtering
for 50 Hz and a 6-dB slope was performed offline. A baseline
correction was performed using the 200-ms pre-stimulus time
window, and a linear detrend correction was performed on
the whole epoch. Epochs with voltage changes exceeding ±80
µV were automatically rejected from the final average. The
epochs were visually inspected, and those with artifacts were also
rejected. Averaged waveforms for each subject and each type of
stimulus included only those trials that corresponded to correct
responses.

Statistical Analysis

RESULTS

ERP Behavioral Analysis

ERP Behavioral Results

Three mixed, 2-way ANOVAs were separately performed for the
mean reaction time, reaction time variability, and percentage
of correct answers. The between-subject factor was group
(Normal-EEG and Theta-EEG), and the within-subject factor
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The mean reaction times (RTs), RTs variability, and percentage of
correct responses for the congruent and incongruent conditions
of the two groups are shown in Table 2.
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FIGURE 1 | Grand average ERPs per experimental condition by group. Colored shadow boxes indicate significant differences between the conditions in the same
group. Positive amplitude is plotted upward. Red lines represent ERPs of the Normal-EEG group, and blue lines represent the Theta-EEG group. Solid and dotted
lines represent congruent and incongruent conditions, respectively.

interaction was found (F < 1) when the RTs variability was
analyzed.

Although there was no significant main effect of Group
(F < 1) when the mean RTs was analyzed, there was a
significant Group × Condition interaction [F (1, 42) = 5.408,
p = 0.025, η2 p = 0.114]. Post-hoc comparison tests showed
a greater Stroop effect (i.e., longer RTs to the incongruent
than to the congruent condition) for the Normal-EEG group
(Mean Difference (MD) = 68.92, p < 0.001) than for the
Theta-EEG group (MD = 52.5, p < 0.001). The two-way
ANOVA for the transformed percentage of correct responses
showed no significant differences between the groups (main
effect of Group (F < 1) and no significant Group × Condition
interaction (F < 1). No significant main effect of Group (F
< 1) or Condition [F (1, 42) = 2.6, p = 0.11, η2 p = 0.06]
was observed, and no significant effect of Group × Condition
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ERP Results
When common average re-referencing was used, the most critical
results remained unchanged: no differences were found in N200,
P300 effect was robust in both groups, and in the Normal-EEG
group a great N500 effect was observed while in the Theta-EEG
group this effect was absent. Therefore, we think, in general
terms, that our results are almost not affected by the volume
conduction. Taking into account that the global average from
a limited number of channels might not be a good estimate
of volume conduction, we only present the results when A1A2
reference was used.
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× Condition interaction was not significant (F < 1) either. When
the topography factor was included, no significant differences
were found (Group × Condition × Coronal interaction: F < 1;
Group × Condition × Sagittal interaction: F < 1). The Group
× Condition × Coronal × Sagittal interaction was also not
significant [F (16, 672) = 2.156, p = 0.074, ε = 0.257, η2 p = 0.049].

300–500 ms
The analysis of the amplitude in this time window showed a
significant main effect of Group [F (1, 42) = 7.163, p = 0.011,
η2 p = 0.584], with the amplitude for the Theta-EEG group
(Mean = 4.287 µV) being greater than the one observed for the
Normal-EEG group (Mean = 2.07 µV). There were no significant
differences in the Group × Condition interaction (F < 1), in
the Group × Condition × Coronal interaction (F < 1) or in the
Group × Condition × Sagittal interaction (F < 1). Nevertheless,
there was a significant Group × Condition × Coronal × Sagittal
interaction [F (16, 672) = 3.054, p = 0.014, ε = 0.28, η2 p = 0.068].
Post-hoc comparisons showed that for most of the electrodes, the
effect was significant in both groups. In the Normal-EEG group,
significant differences between the conditions were observed in
all electrodes (p < 0.05), except in F7 (p = 0.099), T4 (p =
0.107), and TP8 (p = 0.086), while in the Theta-EEG group,
significant differences were observed in all electrodes (p < 0.05),
except in F8 (p = 0.317) and TP7 (p = 0.085) (see Figure 1).
The topographic maps in Figure 3 show that the amplitude in
the congruent condition was greater than the amplitude in the
incongruent condition for both groups in most of the locations.

500–700 ms
In this time window, the amplitude of the negative wave showed
a significant main effect of Group [F (1, 42) = 8.038, p = 0.007,
η2 p = 0.161], and the amplitude was significantly greater in
the Normal-EEG group than in the Theta-EEG group for
both conditions. There was a significant Group × Condition
interaction [F (1, 42) = 4.974, p = 0.031, ε = 1.0, η2 p = 0.106]:
the Normal-EEG group displayed a significant effect [Mean
Difference (MD) = Incongruent-Congruent = −1.772 µV, p <
0.001] that was not observed in the Theta-EEG group (MD =
−0.277 µV, p = 0.563).
Group and Condition did not interact significantly with the
Coronal distribution factor [F (4, 168) = 1.27, p = 0.285, ε = 0.457,
η2 p = 0.0129], but they did interact significantly with the Sagittal
factor [F (4, 168) = 4.859, p = 0.01, ε = 0.492, η2 p = 0.104]. The
Normal-EEG group showed a significant interference effect in
the Left (MD = −1.094 µV, p = 0.017), Left-medial (MD =
−1.984 µV, p = 0.001), Medial (MD = −2.552 µV, p < 0.001),
Right-medial (MD = −2.067 µV, p < 0.001), and Right (MD =
−1.162 µV, p = 0.012) sagittal regions. In contrast, the ThetaEEG group did not show a significant interference effect in any
sagittal area. A similar pattern was observed for the significant
Group × Condition × Coronal × Sagittal interaction [F (16, 672)
= 3.277, p = 0.008, ε = 0.301, η2 p = 0.072].
Table 3 shows that the post-hoc comparisons between the
stimuli for the N500 wave across electrodes over the scalp
(Figure 1) were significant for most of the locations in the
Normal-EEG group, while for the Theta-EEG group, there were

FIGURE 2 | Difference waves (i.e., incongruent minus congruent condition) on
the midline electrodes. Colored boxes indicate significant differences between
the groups.

150–300 ms
No significant main effect of Group was observed for this time
window [F (1, 42) = 2.197, p = 0.146, η2 p = 0.05], and the Group
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TABLE 2 | Mean and standard deviation (SD) of the reaction times and percentage of correct responses.
Group

N

Stimulus

Normal EEG

22

Theta EEG

22

Mean RTs (Mean ± sd)

RTs Variability (Mean ± sd)

% Correct responses (Mean ± sd)

Incongruent

721.80 ± 53.83

11462.90 ± 2410.50

79.05 ± 12.05

Congruent

652.88 ± 52.61

10569.93 ± 2853.51

85.94 ± 8.69

Incongruent

702.12 ± 72.60

11501.90 ± 2941.84

77.72 ± 13.07

Congruent

649.62 ± 65.25

10901.97 ± 4454.62

86.17 ± 9.37

RTs: Reaction Times.

FIGURE 3 | Amplitude maps and wave difference map in both groups at the three windows analyzed. The Normal-EEG group is on the left, and the Theta-EEG group
is on the right. Note in the difference maps (Incon-Con) that (A) no N200 effect was observed for any group, (B) the P300 effect was generalized for both groups, and
(C) there was a generalized N500 effect in the Normal-EEG group and a lack of an N500 effect in the Theta-EEG group.

of a Counting-Stroop task. We expected to find that adults with
an excess of theta activity would show a greater detriment of
inhibitory control with respect to healthy older adults of the
same age with a normal EEG, displaying a greater Stroop effect
(in behavioral measures) and smaller N500 amplitude and N500
effect (i.e., larger differences between ERP amplitude of the
incongruent vs. congruent condition, with a greater amplitude
for the incongruent condition).

no significant differences at any location. The topographic maps
(Figure 3) also show this N500 effect (i.e., the amplitude of
the incongruent condition is higher than the amplitude of the
congruent condition) across almost all electrodes over the scalp
in the Normal-EEG group, while the Theta-EEG group does not
display a significant N500 effect for any electrode.

DISCUSSION

Behavioral Evidence

The aim of this study was to explore the inhibitory control
process, using ERPs, of healthy older adults with an
electroencephalographic risk of cognitive impairment (i.e.,
an excess of theta activity in their EEG), considering a control
group of older adults with normal EEG, during the performance
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Considering that all our subjects were physically healthy without
signs of cognitive impairment and that the only difference
between the groups was their EEG activity (normal or theta
excess), one would expect that (a) both groups would show
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It is also important to consider that no differences between the
groups were found in terms of the number of correct answers.
This fact and the high percentages of correct answers suggest that
both groups performed well on the task.
Another fact that should be considered is the greater standard
deviation in the RTs observed in the Theta-EEG group than in the
Normal-EEG group, which indicates less response-consistency
between the subjects of the Theta-EEG group, which could be
a sign of failures in the activation of automatic mechanisms
underlying the conflict in several subjects at risk for cognitive
decline. However, no differences in terms of RTs variability
were observed between groups. Previous studies regarding intraindividual cognitive variability have pointed out that, as age
increases so does the RTs variability (Bielak et al., 2010), and
this makes possible to distinguish both between young and old
adults (Hultsch et al., 2002) and between healthy and MCI
elderly subjects (Dixon et al., 2007). In our study, however,
the RTs variability was not able to distinguish between healthy
seniors without risk (Normal-EEG) and with risk (Theta-EEG)
of cognitive decline. Although the RTs variability has been
associated with increased risk to dementia up to 6 years later
(Holtzer, 2008; Anderson et al., 2016), this prediction does not
seem to coincide with the prediction based on the EEG.

TABLE 3 | N500 (500–700 ms) post-hoc comparisons of Group × Condition ×
Coronal × Sagittal interaction.
Coronal

Frontal

Fronto–central

Central

Centro-parietal

Parietal

Sagittal

Electrode

Normal-EEG

Theta-EEG

(MD)

(MD)

Left

F7

−0.48

Left-medial

F3

−1.26*

0.20

Medial

Fz

−1.86**

0.03

−0.42

Right medial

F4

−1.62**

0.28

Right

F8

−0.99

0.57

Left

FT7

−0.94

−0.35

Left-medial

FC3

−1.85**

−0.26

Medial

FCz

−2.59***

−0.30

Right-medial

FC4

−1.89**

−0.10

Right

FT8

−1.03*

−0.65

Left

T3

−1.08*

−0.32

Left-medial

C3

−2.34***

−0.45

Medial

Cz

−3.03***

−0.50

Right-medial

C4

−2.97***

−0.29

Right

T4

−1.15*

−0.64

Left

TP7

−1.40***

−0.09

Left-medial

CP3

−2.40***

−0.42

Medial

CPz

−2.74***

−0.54

Right-medial

CP4

−2.35***

−0.39

Right

TP8

−1.23**

−0.41

Left

T5

−1.57**

−0.25

Left-medial

P3

−2.07***

−0.21

Medial

Pz

−2.54***

−0.28

Right-medial

P4

−2.01***

−0.21

Right

T6

−1.43**

−0.44

ERP Evidence
An interference effect was manifested on the ERPs as an
ERP effect (i.e., the magnitude resulting from subtracting the
amplitude of the incongruent stimulus minus the amplitude
of the congruent stimulus) in several time windows that are
linked to different processing stages in the Stroop effect, which
is specifically discussed below for each time window.

*p < 0.05, **p < 0.01, ***p < 0.001.
MD, Mean difference.

150–300 ms
The amplitude differences between conditions that have been
reported in this window have been related to a cerebral response
to a non-perceptual conflict that has been described in flanker
tasks (van Veen and Carter, 2002); however, in Stroop tasks, there
is no clear evidence of this effect (West and Alain, 2000). In
our Counting-Stroop task, we did not expect to find differences
between the conditions, which was confirmed by our results and
suggests that both groups may be reflecting a similar attentional
state (Patel and Azzam, 2005).

Stroop effects, and (b) the cognitive processing would be equal
in the two groups or, if different, that there were advantages for
the Normal-EEG group; that is, an increased Stroop effect would
occur in the Theta-EEG group.
Our results confirm the first assumption: both groups
displayed a Stroop effect; however, in contrast to the hypothesis
that individuals at risk for cognitive decline would present
higher Stroop effects (greater RTs in the incongruent than in
the congruent trials as an effect of the interference), our results
showed a significantly greater Stroop effect in the NormalEEG group than in the Theta-EEG group. This result is not in
accordance with the results obtained by other authors (Spieler
et al., 1996; Zurrón et al., 2014) who reported increases in the
Stroop effect as a consequence of aging and have explained
this occurrence as a decline in the ability of older adults to
inhibit competing word information during the incongruent
trials.
Surprisingly, the Theta-EEG group had smaller mean RTs
than the Normal-EEG group, which was more evident in the
incongruent condition, although a significant level was not
reached. The normal group appeared to perform worse on the
task; however, this performance will be discussed further in the
subsequent sections.

Frontiers in Human Neuroscience | www.frontiersin.org

300–500 ms
Although some authors exclude differences in the P300
component as a brain response related to the conflict (Larson
et al., 2014), it is difficult to separate it in our study due to
the robust response observed in both groups in the CountingStroop task. Amplitude in this time window is sensitive to the
categorization of words as congruent or incongruent depending
on their relationship with the number the words displayed
(Zurrón et al., 2009). Our results showed that the amplitude
of deflections of the Theta-EEG group was greater than those
displayed by the Normal-EEG group for both conditions, which
could be interpreted as a greater use of available resources
dedicated to the categorization process in the Theta-EEG group
(Ramos-Goicoa et al., 2016); in contrast, previous studies have
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normal EEG, likely reflects the involvement of other brain areas
in the inhibition with the purpose of recruiting more resources in
order to respond correctly.

shown that in older adults the P300 amplitude is reduced
compared to younger participants (Zurrón et al., 2014).
In terms of the topographical distribution of the P300
component (Figure 3), Zurrón et al. (2009, 2014) observed
that the P300 amplitude was maximal at the frontal locations
in older participants and that it was maximal at the parietal
locations in young participants. Our results are in agreement
with this fact because both elderly populations of our study had
maximum P300 amplitude at the frontal locations. However,
Zurrón et al. (2014) did not find the P300 effect in their group
of elders, and we did in both groups of old people, although
the pattern of effects was different for each group. Regarding
our hypothesis, we should have observed a more “frontalized”
distribution in subjects with an electroencephalographic risk for
cognitive decline, but our participants with normal EEG showed
a pattern with more “frontalized” distribution. This finding could
be a consequence of some compensatory phenomenon. Cabeza
et al. (2002), using PET, studied the differences between two
groups of older adults, one of good responders and another
of poor responders in two memory tasks; they found that the
activation pattern of the latter was more similar to that of young
people. This fact has been interpreted as a necessity of developing
compensatory mechanisms during aging in order to be able to
have a better performance. Since the P300 is “frontalized” in
the elderly, its amplitude is reduced in parietal regions (Ila and
Polich, 1999), which is consistent with the posterior–anterior
shift in aging (PASA) hypothesis (Davis et al., 2008). These
findings are relevant to this study, given that some studies have
suggested that cognitive processes supported by the frontal cortex
are particularly vulnerable to the effects of aging (Samson and
Barnes, 2013; Yuan and Raz, 2014).

Overview
In the early stages of processing in the Counting-Stroop task,
there did not appear to be significant differences between the
groups, as both groups seemed to recruit the same amount
of resources for attention processing. Differences started to
occur with more complex and demanding processes, such as
the categorization process. Older adults with a risk of cognitive
decline appeared to require more resources to categorize words
as congruent or incongruent, and they did not perform the
categorization process as well as older adults without a risk.
This finding was supported by the most dramatic and
unexpected result of the present study: the lack of an N500
effect in the Theta-EEG group, while the normal EEG group
exhibited a robust N500 effect distributed throughout the entire
scalp. The N500 in the Stroop tasks has been related to response
interference processing (West and Alain, 2000; Chen et al., 2011).
Therefore, our results suggest that subjects in the Normal-EEG
group detected the conflict between reading and counting and
inhibited the reading to give correct answers, which is expected
in a Stroop task; however, in the Theta-EEG group, the conflict
between reading and counting probably was not adequately
detected. Assuming that this is what is expected in a Stroop task,
these subjects should not have answered correctly; however, they
did. One explanation for this surprising finding not previously
described in the literature, in our knowledge, is that subjects
in the Theta-EEG group suppressed some cognitive operations
in a strategy of the economy of stages (Park et al., 1996) or
would show deterioration of the pattern of ocular movements
during reading as a consequence of the orbitofrontal atrophy
observed during aging (Rayner et al., 2006) or they could fail
in the direct route of reading (Federmeier et al., 2010; Wlotko
et al., 2012). Any of these three factors, or a combination of
them, could lead to abnormal processing of reading, and it is
reasonable to assume that if these factors are related to aging,
they are more pronounced in the group of older adults who are
at risk of cognitive impairment. The lack of an N500 effect in
the Theta-EEG group, since the subjects responded correctly,
leads us to think that they probably did not have to inhibit the
meaning of the word at all, and this is possible if they failed in a
previous process, such as semantic access; in this way, it is even
possible to explain why their responses were faster. To ensure
that there is a deficit in semantic processing in these individuals,
and to make a more reliable hypothesis about why they did not
exhibit an N500 effect, it would be necessary to carry out a study
of ERPs during the performance, for example, of a task involving
semantic priming.
Another plausible mechanism that could explain the lack of
conflict between reading and counting is that in the ThetaEEG group, the reduction in processing speed, a characteristic
of aging (Salthouse, 1996, 2000; Baltes and Lindenberger, 1997;
Verhaeghen et al., 2003), has been more severe, and as a
consequence, the subjects did not have time to read the words in
the 500 ms allowed to do so. This lack of conflict should not have

500–700 ms
In contrast to what was observed in the previously discussed
time window, the N500 deflections had more amplitude in
the Normal-EEG group than in the Theta-EEG group for the
two conditions. The effect observed between 500 and 700 ms
corresponds with the beginning of mechanisms involved in
inhibitory processes to solve the conflict when this exists (West
and Alain, 2000; Chen et al., 2011). Therefore, the NormalEEG group appeared to allocate more resources to inhibit
the interference that the semantic process produced over the
counting.
Another important finding observed in the 500–700 ms time
window was the presence of an N500 effect in almost all regions in
the Normal-EEG group, as opposed to the lack of an N500 effect
in the Theta-EEG group. This N500 effect has been associated
with the inhibition of the competence between semantic and
counting information (Rebai et al., 1997; West and Alain, 1999,
2000; Liotti et al., 2000; West, 2004; West et al., 2005; Mager
et al., 2007; Coderre et al., 2011; Tillman and Wiens, 2011). On
the other hand, the N500 effect that we observed had a wider
distribution than that observed in many previous studies, where
the N500 effect was located in the centro-parietal regions (Rebai
et al., 1997; West and Alain, 1999, 2000; West, 2003, 2004; West
et al., 2005; Mager et al., 2007). This different topography of
the N500 effect, which was a generalized in older people with a
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the figures and revised the manuscript critically; GO-O made
substantial contributions to the interpretation of data and
revised the manuscript critically; SS-M, GA-C, JS-P, SG-S, JS-L,
GO-O, and TF give their final approval of the version to
be published and agree to be responsible for all aspects of
the work so that questions about the accuracy or integrity
of any part of the work are adequately investigated and
solved.

occurred in a generalized way because in the Theta-EEG group
there was also a Stroop effect, although it was minor may have
occurred in some subjects and in some trials, which is supported
by the greater variance observed in this group in the behavioral
outcomes.
All of these findings indicate that people with an excess of
theta activity show a peculiar ERP pattern that can be observed
across multiple levels of the neurocognitive system before any
clinical sign of cognitive impairment is observed, supporting
the idea that aging is not a homogeneous process; therefore,
there are probably several subgroups within the “healthy” elderly
population. This study is the first to clearly exhibit a preclinical
cognitive deficit in healthy elderly subjects with an excess of theta
in their EEG.
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