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Introduction

The increase in the proportion of elderly people in 
the population and the associated rise in the incidence of 
neurodegenerative diseases have led to increased interest in 
research into the cognitive changes that accompany healthy 
aging. The aim of such research is to determine whether these 
changes represent the initial deterioration characteristic of 
neurodegenerative disorders and thus to enable the design of more 
effective intervention strategies. Age-related cognitive changes 
can be objectively measured by evaluating how participants of 
different ages perform various executive control tasks, such as 
the Stroop task [1-4]. In the Stroop task, participants are shown 
colour patches (or colored strings of the letter X) and the names 
of colors in a colour that may be the same as or different from 
the word meaning (thus generating congruent and incongruent 
stimuli) and are asked to name (or indicate) the colour of the 
stimulus and to ignore its meaning [5].

The task generates the Stroop effect or Stroop interference, 
whereby the time taken to respond to the incongruent word 
is longer than the time taken to respond to the congruent or 
colored stimuli (patches or Xs), because of the interference in 
the automatic reading process and the conflict generated by the 
meaning of the word during the response. Performance of the 
task deteriorates between youth and old age, although the rate 
of decline varies depending on whether the speed of processing 
or precision of the response is measured. Thus, the time taken 
by participants to complete the task increases gradually from 
youth onwards, but the precision of the response remains stable 
for longer before decreasing in old age. In parallel to the changes 
in cognitive performance with aging, changes have been found to 
occur in the brain throughout life [6-9].

Recording Event Related Potentials (ERPs) is one way of 
studying the age-related changes in neural functioning associated 
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with cognitive processes. ERPs represent neuroelectrical activity 
with a temporal resolution of milliseconds and can be used to 
monitor the temporal course of information processing in the 
brain, in relation to processing of stimuli and of responses. ERPs 
consist of the oscillations in the voltage that appear in relation 
to the presentation of stimuli or the emission of responses 
within certain temporal windows. These oscillations (waves) 
are denominated components and have been associated with 
cognitive processes. The values of the latency of the ERP 
components provide precise chronometric information about 
mental processes, and the voltage (amplitude) of the components 
provides information about the neural resources used and about 
their scalp distribution.

Previous studies investigating age-related effects on ERPs in 
the Stroop task have compared young and old participants [10-
13], young and middle-aged participants [14,15], and middle-
aged and old participants [16]. However, none of these studies 
compared all three groups of participants, which would provide 
more precise information about the age-related rate of change, 
i.e., whether the changes appear in middle age and are maintained 
or progress in older age, or whether they only appear in old age. 
Furthermore, although some of the findings of the studies are 
consistent, there are also some discrepancies, which require 
further investigation. 

In relation to stimulus processing, the studies have generally 
revealed longer latencies of ERP components posterior to 200ms, 
including the N2 and P3b components. The latencies of these 
components have been associated with stimulus evaluation and 
categorization in working memory [17-19]. However, longer 
latencies of earlier components (P1, P150/N170 associated 
with perception processes) have not been observed in either old 
(over 65 years) or middle-aged participants, relative to young 
participants [10,11,13-15]. This finding is consistent with the 
findings of simple stimuli-discrimination tasks such as oddball-
type tasks [20-22]. Overall, the findings support the hypothesis 
of age-related slowed information processing, although not the 
generalized slowing suggested by Salthouse [23], as not all stages 
of stimulus processing are affected. However, a study comparing 
old and middle-aged participants revealed that the latency of 
the components became longer from 150ms onwards, i.e., the 
slowing even appeared in perceptive processes in old relative to 
middle-aged participants [16]. Furthermore, Killikelly & Szücs 
[14] did not observe any differences between young and middle-
aged participants in the latencies of the components associated 
with response processing (LRP-S and LRP-R) in Stroop tasks. 
Falkenstein etal. [24] found that, in choice reaction time tasks, 
the longer RT in elderly than in young adults was associated with 
delays in the latency of motor ERP components. Therefore, the 
delays in the components associated with response processing 
the Stroop task may only appear in the older participants. 

In relation to the amplitude of the components and their scalp 
distribution, the amplitude of the frontal P150 component has 

been found to be larger in old than in young participants [13]. 
P150 forms part of the P150 frontal-N170 occipital complex [25], 
which is involved in the perceptive processing of visual stimuli 
such as faces and words [25-27]. The amplitude of the fronto P3a 
component, which is associated with attention and orientation 
towards new stimuli [28-30], has been found to be larger in 
middle-aged than in young participants [14]. The amplitude of 
P3b has been observed to be smaller in parietal regions in old and 
middle-aged than in young participants, with a frontal pericraneal 
distribution in the first two groups and a parietal distribution in 
the young group [13,15]. These data on the P3b component are 
consistent with observations in older participants performing 
oddball-type tasks [20,31-33], and have been interpreted in 
terms of greater recruitment of frontal resources by old than by 
young adults [32]. By contrast, Killikelly & Szücs [14] did not 
observe any differences in the amplitude of the P3b component 
in centroparietal derivations between young and middle-aged 
participants in response to stimuli in the Stroop task. Finally, 
the central LRP-R has been observed to be larger in old than 
in middle-aged participants [16]; although in a comparison of 
young and middle-aged participants, Killikelly & Szücs [14] did 
not observe any differences in the amplitude of LRP-S and LRP-R 
between groups.

In the present study, we aimed to contribute to recording 
healthy patterns of neurocognitive functioning at different ages. 
For this purpose, we recorded the behavioural performance and 
obtained ERP data associated with the stimuli and responses to a 
Stroop task in three groups of participants: young, middle-aged, 
and old. The study aims were as follows: 

i. To determine which components and therefore which 
processes measured in the Stroop task slow down with age 
(perception, evaluation, and categorization of stimuli, and/or 
response processing) 

ii. To establish the age at which neurocognitive slowing 
first appears, i.e., in middle age or in old age (after 65 years)

iii. To determine whether age affects the amplitude of the 
ERP components and their scalp distribution, and, if so, d) at what 
age, i.e., middle, or old age.

Methods

Participants

The study participants (n=41) were divided into three groups: 
young (n= 15, aged between 19 and 21 years, mean of 20 years; 
4 men), middle-aged (n= 16, aged between 52 and 64 years, 
mean of 57 years; 8 men) and old (n=10, aged between 66 and 
81 years, mean of 72 years; 3 men). None of the participants had 
a history of clinical stroke, traumatic brain injury, motor-sensory 
defects or alcohol or drug abuse/dependence, and they were not 
diagnosed with any significant medical or psychiatric illnesses. 
All participants had normal audition and normal or corrected-
to-normal vision. Handedness was assessed using the Edinburgh 
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inventory [34]. In the group of young participants, [14] were 
right-handed and one was ambidextrous; all of the middle-aged 
and old participants were right-handed.

All participants gave their written informed consent prior to 
participation in the study and voluntarily attended our laboratory 
for psychophysiological evaluation by the ERP technique. They 
also provided data on their educational, socioeconomic, medical, 
and personal backgrounds. The young participants were students 
attending the University of Santiago de Compostela (Galicia, 
Spain) and had received on average 13.8 years of education. 
The middle-aged participants received on average 12.4 years of 
education and the old participants, 10.3 years.

The three groups of participants did not differ significantly 
in years of education. The middle-aged and old participants also 
underwent psychological and neuropsychological assessment 
to ensure that they were not suffering from any neurocognitive 
disorders. A detailed description of the assessment is provided 
by Ramos-Goicoa, et al. [16]. The research project was approved 
by the Galician Clinical Research Ethics Committee (CEIC). The 
study was performed in accordance with the ethical standards 
established in the 1964 Declaration of Helsinki [35].

Task and Stimuli

 Three different types of stimuli were presented: colored 
X-strings (“XXXX” displayed in red or blue), congruent colour-
word stimuli (e.g., the Spanish word rojo [red] displayed in red) 
and incongruent colour-word stimuli (e.g., the Spanish word azul 
[blue] displayed in red). Twenty X-string stimuli were displayed 
before the start of the experimental session, to familiarize the 
participants with the task, and the EEG activity of the participants 
was then recorded during presentation of the following stimuli: 
70 colored X-string stimuli (35 displayed in red and 35 in blue in 
a pseudo-random order).

These non-word stimuli were presented first and separately 
from the other stimuli to ensure that they were only processed 
as chromatic stimuli and were not influenced by semantic 
expectations. 140 colour-word stimuli. 70 congruent colour-word 
stimuli (35 displayed in red and 35 in blue) and 70 incongruent 
colour-word stimuli were presented: the word Azul (blue) was 
displayed in red 18 times; the word rojo (red) was displayed in 
blue 18 times; the word Verde (green) was displayed in blue 17 
times and in red 17 times. To prevent participants from using a 
read-only strategy, the stimuli (congruent and incongruent) were 
presented in a pseudo-random order.

Thus, no more than three words of the same type (congruent/
incongruent) were presented consecutively, and no more than two 
words were displayed in the same colour. The word stimuli were 
displayed as lowercase letters (font style Trebouchet MS, size 
180) on a black background. The colored X-strings, of dimensions 
12.5 x 3.3cm, were presented at a visual angle of 7.1º x 1.8º. The 
words azul (blue) and rojo (red) of dimensions 10.5 x 3.3cm, were 

displayed at a visual angle of 6º x 1.8º. The word verde (green), 
of dimensions 16 x 3.3cm, was displayed at a visual angle of 
9.1º x 1.8º. The duration of presentation of each stimulus was 
250ms, and the interstimulus interval was 2200, 2350 or 2500 
milliseconds (varied at random).

The task involved pressing a red or blue button depending 
on the colour of the stimulus that appeared on the screen. The 
participants pressed each button with a different hand, with 
the wrists resting on a pad. Participants were instructed to 
respond to the colour of the stimulus as quickly and accurately 
as possible, without trying to correct any errors that they thought 
they had made, and to refrain from moving or talking during task 
execution. The position of the red and blue buttons (right or left) 
was counterbalanced across participants. Reaction Time (RT) and 
number of hits were obtained as measures of behavioural output.

Electroencephalographic (EEG) Recording

Participants were required to abstain from consuming drugs/
alcohol/caffeine and nicotine from about one hour prior to 
testing, and none of them reported fatigue caused by lack of sleep. 
None of the participants were familiar with the protocols used in 
the study. The participants were seated on a comfortable chair 
in a Faraday chamber with attenuated levels of light and noise, 
and they were asked to refrain from moving during the recording. 
Visual stimuli were presented on a 19″ flat screen monitor with a 
vertical refresh rate of 120 Hz. The distance between the monitor 
and the participant was one metre. The electroencephalogram 
was recorded via 49 ring electrodes placed in an elastic cap 
(Easycap, GmbH), according to the international 10-10 system. All 
electrodes were referenced to an electrode attached to the tip of 
the nose, and an electrode positioned at Fpz served as ground.

The horizontal electro-oculogram (EOG) was recorded at two 
electrodes placed at the outer canthi of both eyes, whereas the 
vertical EOG was recorded at two electrodes placed supra and infra-
orbitally on the right eye. The EEG was continuously digitized at a 
rate of 500 Hz (bandpass 0.01-100 Hz), and electrode impedance 
was maintained below 10 kΩ. Once the EEG signal was stored, 
ocular artefacts were corrected by Independent Component 
Analysis (ICA). The EEG was then segmented by extraction of -200 
to 1400 ms epochs synchronized with each stimulus to yield the 
P150, N170, N2 and P3b components associated with stimulus 
processing. For each response hand, the EEG was segmented into 
-200 to 1400 ms epochs in synchrony with the stimulus and into 
-1000 to 300 ms epochs in synchrony with the response, to obtain 
the components associated with response processing, i.e., the 
Lateralized Readiness Potential related to Stimulus (LRP-S) and to 
Response (LRP-R) components. These epochs were then classified 
a posteriori as colored X-strings, congruent colour words and 
incongruent colour words. The signal was passed through a 
digital 0.1 to 30 Hz bandpass filter, and epochs were corrected 
to the mean voltage of the 200-ms pre-stimulus recording period 
(for direct waveforms and LRP-S) or from -1000 to -800 ms pre-
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response recording period (LRP-R). EEG segments exceeding 
±100 μV and those corresponding to incorrect responses were 
automatically excluded from the averages. The number of epochs 
included in the ERP averages was between 50 and 60, and there 
were no significant differences between the numbers of epochs 
for either type of stimulus or group. In order to obtain the LRP 
waveforms (LRP-S and LRP-R), the difference in contralateral-
ipsilateral activation was calculated for C3 and C4 electrode pairs 
in each hemisphere, and the differences were then averaged. The 
method can be summarized by the following formula: [(C4 - C3) 
left hand movements + (C3 - C4) right hand movements]/2].

Identification of Components

For stimulus processing, the N170/P150 complex [25] was 
measured at the Oz (N170), AFz (P150) and Fz (P150) electrodes, 
with a latency of between 100 and 200 ms at Oz and of between 
100 and 190 ms at frontal electrodes. N2 was measured at AFz, 
Fz and Cz, with a latency of 200 and 350 ms. Finally, the P3b 
component was recorded at AFz, Fz, Cz and Pz with a latency of 
between 300 and 550 ms. The P150/N170 complex was always 
identified when the polarity between frontal and occipital 
electrodes was reversed; N2 appeared as a negative wave prior 
to P3b, and P3b was always identified at the three mid-line 
electrodes (Fz, Cz and Pz). The peak amplitude of the components 
was measured relative to baseline, and the peak latency of each 
component was also determined.

These components were identified manually. In relation to 
response processing, the amplitude and the onset latency of the 
LRP-S and LRP-R components were measured using the ERPLAB 
measurement tool developed by Lopez-Calderón and Luck [36]. 
The amplitudes were measured as the mean voltage between two 
fixed latencies: 200 to 600 ms (LRP-S) and -300 to -25 ms (LRP-R). 
The onset latency was obtained using the Fractional Area Latency 
option and scored as the point at which 15% of the area (200 to 
600 ms for LRP-S and-300 to -25 for LRP-R) was to the left of the 
point.

Data Analysis

The behavioural responses (RT and number of hits) and 
electrophysiological data (latencies and amplitudes of the ERP 
components) were analyzed by ANOVAs including three levels 
of the repeated measures factor stimulus (colored X-strings, 
congruent colour words and incongruent colour words) and 
three levels of the between-group factor age (young, middle-aged 
and old). A third repeated measurement factor, electrode, was 
added for the amplitudes and latencies of the P150, N2 and P3b 
components. When the ANOVAs revealed significant differences, 
pairwise comparison of means (with Bonferroni correction) was 
carried out to identify the source of the differences. Greenhouse-
Geisser corrections were applied to the degrees of freedom in all 

cases in which the condition of sphericity was not met. In these 
cases, the original degrees of freedom are presented together 
with the corrected p and ε values. Differences were considered 
significant at p≤ 05, and only significant effects are reported. All 
statistical analyses were carried out with SPSS (version 19.0).

Results

Task Performance

Age had a significant effect on the RTs (F (2,38) =12; p≤.001). 
The post hoc analysis revealed significantly longer RTs in the 
middle-aged and old participants than in the young participants 
(p≤.005 for both paired comparisons). Stimulus also had a 
significant effect on the RTs (F (2,76) =53; p≤.001 ε=.7); the 
post hoc analysis revealed significantly longer RTs in response 
too incongruent and to congruent stimuli than in response to 
the colored X-strings and significantly longer RTs in response to 
incongruent than to congruent stimuli (p≤.001 for three paired 
comparisons). The age x stimulus interaction had a significant 
effect on the number of hits (F (4,76) = 2.5; p≤.05). The paired 
comparisons revealed that the middle-aged participants made 
more hits than old participants in response to the incongruent 
stimuli (p≤.03); the middle-aged participants made significantly 
more hits in response to colored X-strings than in response to 
congruent stimuli (p≤.03). No other significant effects were 
observed in relation to these two dependent variables. The values 
of TR and hits are shown in Table 1.

Event Related Potentials

Grand average ERP waveforms for stimuli processing with 
P150, N170, N2, and P3b components are shown in Figure 1. 
Neither age nor stimulus significantly affected the P150 latency 
and amplitude. Stimulus had a significant effect on the N170 
amplitude (F (2,50) =8.8; p≤.001), and the amplitude was 
significantly larger to colored X stimuli than to congruent stimuli 
(p≤.001). No other significant differences were observed. Age 
significantly influenced the N2 latency (F (2,21) =5.6; p≤.01). 
The post hoc analysis revealed that the latency was significantly 
longer in the old than in young participants (p≤.015). The 
stimulus factor also had a significant influence on the N2 latency 
(F (2,42) =7,5; p≤.002), and the N2was significantly longer to the 
incongruent and congruent stimuli than to the colored X stimuli 
(p≤.02 and p≤.007 respectively). Age (F (2,21) =4.1; p≤.03) and 
the Age x Electrode interaction (F (4,42) =2,7, p≤.05) significantly 
affected the N2 amplitude. The post-hoc analysis revealed that 
the N2 amplitude was significantly larger in the young than in the 
middle-aged participants (at AFz: p≤.02) and old participants (at 
AFz: p≤.003, and at Fz: p≤.02). Stimulus had a significant effect 
on the amplitude (F (2,42) =7.2; p≤.005), which was significantly 
larger  to congruent than to colored X stimuli (p≤.007). Age had 
a significant influence on the latency of the P3b component (F 
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(2,27) =21.5; p≤.001). The post hoc comparisons showed that at 
the latency was significantly longer in the old and middle-aged 
participants than in the young participants, and it was significantly 
longer in the old than in the middle-aged participants (p≤.01 for 

all paired comparisons). Stimulus had a significant effect (F (2,54) 
=7.2; p≤.005; ε=.7), and the latency was significantly longer too 
congruent than to colored X stimuli (p≤.002) and incongruent 
stimuli (p≤.001). 

Figure 1: Grand average ERP waveforms for stimuli processing with P150, N170, N2, and P3b components at AFz, Fz, Cz, Pz, and Oz 
electrode sites, elicited by colored X-strings and by congruent and incongruent colour-word stimuli in the three groups of participants 
(young, middle-aged and old).

Table 1: Reaction time (ms) and number of hits in response to colored X-strings, congruent and incongruent stimuli in the three groups of 
participants. The values shown are means (and standard deviation).

Reaction time (ms) Number of hits

 Colored X Congruent Incongruent Colored X Congruent Incongruent

Old 481 (64.7) 523 (68.5) 549 (92.2) 66.6 (3.2) 66.7 (3.0) 65.3 (2.5)

Middle aged 479 (61.4) 526 (73.6) 565 (83.0) 68.3 (2.3) 66.6 (2.3) 68.0 (1.3)

Young 388 (44.8) 416 (62.4) 444 (80.0) 67.8 (1.9) 67.8 (2.0) 66.5 (3.2)

The electrode factor (F (3,81) =7.5; p≤.005; ε=.45) and the 
age x electrode interaction (F (6,81) =8.6; p≤.001) had significant 
effects on the amplitude of the P3b component. The post hoc 
analysis revealed that in the young participants, the amplitude 
was significantly larger at Pz, Cz and Fz than at AFz, significantly 
larger at Pz and Cz than at Fz, and significantly larger at Pz than at 
Cz (p≤.007 for all paired comparisons). In addition, at the AFz and 
Fz electrodes, the amplitude was significantly larger (p≤.02 for all 
paired comparisons) in the middle-aged (AFz: Mean=6.4 μV; Fz: 
Mean=6.3 μV) and old groups (AFz: Mean=6.6 μV; Fz: Mean=7.5 
μV) than in the young group (AFz: Mean=1.7 μV; Fz: Mean=3.2 μV). 

The differences between groups in the scalp distribution of the 
P3bamplitude are shown in Figure 2.

The stimulus factor also had a significant effect (F (2,54) 
=5.2; p≤.009), and the amplitude was significantly smaller to 
incongruent stimuli than to congruent(p≤.02) and colored X 
stimuli (p≤.03). No other interaction effects were observed. Grand 
average ERP waveforms for response processing with LRP-S 
and LRP-R components are shown in Figure 3. Age also had a 
significant impact on the onset latencies of the LRP-S (F (2,33) 
= 7.5; p≤.002) and LRP-R components (F (2,37) = 11.1; p≤.001). 
The LRP-S onset latency was significantly longer for the old 
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participants (p≤.04) and the middle-aged participants (p≤.002) 
than for young participants. The time between the onset latency 
of LRP-R and the RT was significantly longer for the middle-
aged (p≤.001) and old participants (p ≤.003) than for the young 
participants. The stimulus factor was significant for LRP-S onset 
latency (F (2,66) = 4.4; p≤.02), the latency was significantly longer 
to congruent stimuli than to colored X strings (p≤.02). Finally, 

age also had a significant influence on the amplitudes of the 
LRP-S (F (2,32) = 3.8; p≤.03) and LRP-R (F (2,37) = 17.9; p≤.001) 
components. The post hoc analysis revealed that the amplitudes 
were significantly larger in the middle-aged (LRP-R: p≤.002) and 
old participants (LRP-S: p≤.03; LRP-R: p≤.001) than in the young 
participants. Latency and amplitude values of the P150, N170, N2, 
P3b, LRP-S and LRP-R ERP components are shown in Table 2.

Figure 2: Voltage (up) and current source density (CSD, down) maps for P3b (300 to 550 ms) in the young, middle aged and old groups. 
The maps show the average values for the three types of stimuli.

Figure 3: Grand average ERP waveforms for response processing with LRP-S and LRP-R elicited by colored X-strings and by congruent 
and incongruent colour-word stimuli in the three groups of participants (young, middle-aged and old).
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Table 2: Latency (L, ms) and amplitude (A, μV) of the P150, N170, N2, P3b, LRP-S and LRP-R ERP components elicited by colored X-strings 
(Colored X), congruent (Cong.) and incongruent (Incong). stimuli in the three groups of participants, at the electrode with maximum amplitude. The 
values shown are means and standard deviations (between brackets).

   Young Middle-aged Old

P150 (Fz)

L

Colored X 132 (18.7) 142 (14.5) 152 (29.6)

Cong. 128 (43.0) 146 (17.2) 145 (24.4)

Incong. 134 (25.7) 145 (16.2) 147 (24.9)

A

Colored X 5.3 (3.4) 4.7 (3.0) 6.9 (4.9)

Cong. 4.1 (2.8) 4.7 (3.2) 6.6 (2.6)

Incong. 4.5 (3.4) 5.0 (2.3) 6.1 (2.7)

N170 (0z)

L

Colored X 140 (29.6) 143 (17.4) 150 (23.3)

Cong. 143 (28.7) 144 (22.2) 152 (23.5)

Incong. 146 (36.2) 144 (21.2) 149 (25.5)

A

Colored X -10.2 (8.0) -15.1 (6.8) -14.5 (9.5)

Cong. -9.3 (7.3) -12.3 (5.4) -12.2 (9.6)

Incong. -10.1 (7.8) -13.0 (6.2) -13.8 (9.4)

N2 (Cz)

L

Colored-X 244 (26.9) 285 (37.8) 302 (37.2)

Cong. 254 (25.2) 292 (34.9) 305 (40.8)

Incong. 252 (28.5) 289 (25.4) 311 (37.1)

A

Colored X -2.6 (3.3) -3.4 (4.0) 0.4 (2.8)

Cong. -3.6 (3.5) -3.3 (4.4) -1.2 (2.7)

Incong. -3.4 (3.4) -3.1 (4.4) -1.2 (2.9)

P3b (Pz)

L

Colored X 336 (21.2) 410 (49.3) 468 (54.5)

Cong. 359 (27.3) 414 (51.5) 497 (56.5)

Incong. 343 (29.2) 410 (50.5) 465 (62.7)

A

Colored X 10.4 (4.4) 6.0 (3.6) 8.7 (4.9)

Cong. 10.0 (5.1) 6.5 (2.7) 8.8 (5.3)

Incong. 9.8 (4.7) 5.5 (1.9) 7.0 (5.1)

LRP-S

L

Colored X 261(25.5) 300 (32.8) 296 (26.9)

Cong. 268 (34.2) 325 (39.0) 309 (30.1)

Incong. 275 (31.7) 309 (34.3) 302 (44.8)

A

Colored X -1.4 (1.2) -2.3 (1.0) -2.9 (1.4)

Cong. -1.6 (1.2) -2.3 (1.2) -3.1 (2.0)

Incong. -1.6 (0.8) -2.2 (0.9) -2.9 (1.6)

LRP-R

L

Colored X -131 (23.9) -153 (21.6) -155 (13.6)

Cong. -136 (23.3) -155 (17.0) -154 (15.1)

Incong. -124 (24.8) -157 (19.9) -151 (15.0)

A

Colored X -1.3 (0.5) -2.4 (0.7) -3.5 (1.4)

Cong. -1.3 (0.5) -2.7 (0.7) -3.6 (2.0)

Incong. -1.3 (0.5) -2.6 (0.7) -3.4 (1.6)

Discussion

Task performance

The increase in RTs in participants older than 50 years old 
relative to young participants observed in this study is consistent 

with previous findings and with age-related slowed processing 
[1-4]. The well-known Stroop effect was observed (see [5] for a 
review): the RT was longer in response to incongruent stimuli 
than in response to congruent stimuli and colored-X-strings, due 
to the interference from the reading process and the conflict that 
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the incongruent meaning of the word generates in the task of 
responding to the colour. The RT was also longer in response to 
the congruent stimuli than in response to the colored X-strings, 
due to the interference from the reading process provoked by the 
random presentation of the congruent and incongruent stimuli 
in the same block, which prevented the participants from using 
a read-only strategy. In other words, no facilitation effect was 
observed in the processing of congruent stimuli (in which colour 
and meaning were consistent) relative to the colored stimuli. 
Furthermore, no interaction effect between the type of stimulus 
and age was observed in the RT. The Stroop effect or interference 
between the meaning of the colour word and the colour in which 
was written was therefore independent of age. By contrast, it has 
been found that interference in the Stroop task increases with 
age [1, 4, 5]. The lack of observation of any increase in the Stroop 
effect with age may be explained by the fact that the Stroop task 
used in this study, with only two response colour, was easier 
than Stroop tasks with 3-5 response colours, which are more 
commonly used. [37]. The three age groups did not differ in the 
number of hits in response to the colored X-strings and congruent 
stimuli, as also observed by Ratcliff et al. [38] in tasks such as 
numerosity discrimination, recognition memory and lexical 
decision tasks, which like our Stroop task, had only two types of 
response. According to Ratcliff and McKoon [39] the quality of 
the information on which decisions are based is not significantly 
worse in old than in young adults in this type of tasks. The results 
of the present study show that this concept can be applied to the 
processing of congruent stimuli and colored X-strings.

Regarding the incongruent stimuli, the middle-aged 
participants had more hits than old participants, which is 
consistent with the findings reported by Troyer et al. [2] and Uttl 
& Graf [3], as they found that in the incongruent condition of a 
Stroop task, the number of errors remained stable in young and 
middle-aged participants but was higher in old adults. This may 
indicate the successful use of strategies based on the accuracy 
of execution in the middle-aged group at the cost of slower 
processing, given the longer RT of middle-aged participants than 
of young participants. As also observed for the RTs, no facilitation 
effect was observed in relation to the number of hits, as we 
observed a lower number of hits in response to congruent stimuli 
than in response to the colored X-strings in the middle-aged group. 
In this respect, MacLeod [5] indicated that the facilitation effect 
is weak and highly dependent on the characteristics of stimulus 
presentation.

Event-Related Potentials

The findings regarding the latencies of the ER components 
are consistent with the behavioural results, as they demonstrate 
age-related slowing of the neural functioning associated with 
information processing that appears during middle age. In 
addition, examination of the ERPs shows that the processes 

that slow down with age are those related to the evaluation and 
categorization of the stimuli as well as with response processing, 
but not with perceptive processes. Therefore, the ERP recordings 
have enabled us to verify that the age-related slowing does not 
generally occur at all stages of information processing.

The frontal positive P150 waveform is considered, together 
with the N170 occipital waveform [25], which appears in 
response to words, as being specifically related to sub-lexical 
perceptual processes [27]. The findings of the present study 
indicate that there is no age-related delay in appearance of the 
P150/N170 complex and therefore the perceptive processes do 
not appear to undergo age-related slowing. This coincides with 
previous findings of studies with the colourword Stroop task, in 
comparisons of young and old participants [13], and middle-aged 
and young participants [14, 15]. They are also consistent with 
the findings of a Flanker task study [40] and with those obtained 
with oddball-type tasks [20, 21]. Considering the large number of 
consistent results, we believe that the longer P150 latency in old 
than in middle-aged adults observed by Ramos-Goicoa et al. [16] 
can be explained by the act that the study participants included 
healthy adults and adults with mild cognitive impairment.

The results of the effects of age on the latencies of the N2 and 
P3b components in the present study are consistent with those 
previously obtained with the Stroop task [13-16], with oddball-
type tasks [21,31], and with Go- NoGo tasks [41], and they 
indicated that the evaluation and categorization of stimuli that are 
relevant to the task showed a gradual age-related slowing down.

Smulders & Miller [42] reported that the onset latency of 
LRP-S may indicate the start of response activation, and the onset 
latency of LRP-R can be considered an indicator of the duration of 
the response activation and peripheral motor processes. Thus, the 
present findings indicate that initiation of the neural activation 
of the response occurred later and the duration of the activation 
until emission of the response was longer in older and middle-
aged participants than in the young participants, i.e., the response 
processing was slower from middle age. These findings are 
consistent with previous findings in studies using other executive 
control tasks such as the Simon task [43], the Eriksen flanker 
task [40], and the -NoGo task [41], although Killikelly & Szücs 
[14] did not find any differences between young and middle-aged 
participants in the latency of these components.

In relation to the effect of the type of stimulus on the ERP 
latencies, we found that the latencies of N2, P3b and LRPS were 
shorter in response to the colored X-strings than in response to 
the congruent stimuli. These findings indicate that it is easier 
to evaluate and categorize the stimuli, as well as to activate the 
response to colored-X strings than the response to the congruent 
stimuli, because of the effect on the congruent stimuli of the 
interference from reading caused by presenting the stimuli 
together and randomly with the incongruent stimuli.
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Paradoxically, we also found that the latency of P3b was 
shorter in response to incongruent stimuli than in response to 
congruent stimuli. Stroop task studies have consistently shown 
that the P3b latency does not differ between conditions in either 
young or old participants [12,13,15,44-51]. Future studies should 
therefore examine whether this discrepancy is due to the type of 
Stroop task (with only two response colours) used in the present 
study.

In regard to the amplitudes of the P150/N170, we did not 
observe any age-related effect due to the type of stimulus. The 
N170 amplitude was larger in response to colored X-string stimuli 
than in response to congruent stimuli, which is consistent with 
previous findings of a Stroop task study with young participants 
[52].

The N2 amplitude increases with the degree of cognitive 
control required for resolution of the task [17]; thus, the smaller 
amplitudes of the N2 component in the old and middle-aged 
participants than in the young participants may indicate a lower 
degree of cognitive control in the old and middle-aged than in 
the young participants. We also found that the N2 amplitude was 
larger in response to congruent stimuli than in response to the 
X-strings, which may indicate that the former generate greater 
cognitive control than the latter, which is consistent with the 
effect of interference from reading obtained in response to the 
congruent stimuli (longer RT in response to congruent stimuli 
than in response to X-strings).

Regarding the P3b amplitude, the scalp distribution depended 
on the age of the participants. Thus, the young participants 
showed the characteristic increase towards posterior locations 
[53]; by contrast, in the old and middle-aged participants 
the distribution of P3b was similar at anterior and posterior 
electrodes, as observed in previous studies with oddball-type 
tasks [32,54]. Mager et al. [15] and Zurrón et al. [13] observed a 
frontal distribution of P3b in older and middle-aged participants 
performing a Strrop task. These age-related differences in the 
distribution of the P3b amplitude led Van-Diteren et al. [32] to 
suggest greater recruitment of frontal resources. The larger P3b 
amplitude recorded at the frontopolar electrodes in older and 
middle-aged participants than in the young participants observed 
in the present study is consistent with this hypothesis. By contrast, 
we did not observe any age-related effect on the P3b parietal 
amplitude, as found by Killikelly & Szücs [14]. Zurrón et al. [13] 
found that the amplitude of the parietal P3b in a Stroop task was 
smaller in older than in young participants, coinciding with the 
findings of a study with oddball tasks carried out by Van-Diteren 
etal. [31,32], who observed that the P3b amplitude decreased at 
parietal electrodes between youth and old age. Thus, it appears 
that the greater frontal recruitment from middle age onwards 
may or may not be accompanied by a decrease in the parietal 
P3b amplitude. Regarding the effect of the type of stimulus on 
the P3b amplitude and therefore in agreement with the findings 

with samples of young and middle-aged participants [13-
15,48,51,52,55,56], we found that the P3b amplitude was smaller 
in response to incongruent stimuli than in response to congruent 
stimuli and colored X-strings, independently of age. This led us to 
consider that the P3b amplitude is sensitive to interference and 
to the conflict between incongruent words/colours [51,52]. By 
contrast, no differences were observed in the P3b amplitude in 
response to congruent and incongruent stimuli in a group of older 
participants [13], which was attributed to a possible floor effect in 
the older participants given the small P3b amplitude in this group 
of participants.

The amplitudes of both the LRP-S and the LRP-R components 
were larger in the old and middle-aged participants than in the 
young participants, which is consistent with the findings obtained 
by Ramos-Goicoa [16] with the Stroop task, Cespón et al. [43] 
with a Simon task and Wild- Wall et al. [40] with a Flanker task. 
By contrast, Killikelly & Szücs [14] did not find any differences 
between young and middleaged participants in the LRP-S and 
LRP-R amplitudes in a Stroop task, although the amplitudes were 
larger in the young participants than in a group of adolescents. The 
involvement of the motor cortex in generating these components 
[42] may indicate additional activation of the motor cortex in the 
processing of the correct response to stimuli in old and middle-
aged participants relative to young participants. 

The larger amplitudes of the P3b, LRP-S and LRP-R components 
observed at the frontocentral electrodes in the old and middle-
aged participants than in the young participants may be evidence 
of greater recruitment of frontal neural resources. These findings 
are consistent with those of neuroimaging studies (fMRI and PET) 
showing greater activation of frontal regions in old than in young 
adults [57] and suggest that greater activation may also occur in 
middle aged adults.

In summary, the behavioural and ERP results indicate that the 
slowing of the neural processing of information that appears from 
middle-age onwards does not occur at all stages on the information 
processing and that it affects the evaluation and categorization of 
stimuli, as well the initiation and duration of the neural activity 
associated with processing of the motor response. In addition, 
the differences in the amplitude of the P3b, LRP-S and LRP-R 
components of the middle-aged and older participants relative 
to the young participants could be interpreted as being due to an 
age-related increase in the frontal neural resources for processing 
the stimuli and responses, The identification of neurofunctional 
changes from middle age onwards in healthy participants, as 
done in the present study, will contribute to discriminating these 
changes in the initial deterioration of pathological processes, i.e. at 
the early stages of illness, when treatment may be most effective.
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