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Aging is usually accompanied by alterations of cognitive control functions such as

conflict processing. Recent research suggests that aging effects on cognitive control

seem to vary with degree and source of conflict, and conflict specific aging effects on

performance measures as well as neural activation patterns have been shown. However,

there is sparse information whether and how aging affects different stages of conflict

processing as indicated by event related potentials (ERPs) such as the P2, N2 and P3

components. In the present study, 19 young and 23 elderly adults performed a combined

Flanker conflict and stimulus-response-conflict (SRC) task. Analysis of the reaction

times (RTs) revealed an increased SRC related conflict effect in elderly. ERP analysis

furthermore demonstrated an age-related increase of the P2 amplitude in response to

the SRC task. In addition, elderly adults exhibited an increased P3 amplitude modulation

induced by incongruent SRC and Flanker conflict trials.
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INTRODUCTION

With increasing age several alterations of the brain such as changes of brain structure,
different transmitter systems and the accumulation of pathological processes become evident
(see Park and Reuter-Lorenz, 2009). According to the frontal lobe hypothesis (West, 1996)
these changes especially manifest in the prefrontal cortex. As a consequence, cognitive
functions that are linked to the prefrontal cortex such as interference control are highly
susceptible to aging processes. Interference control refers to the ability to inhibit the
processing of irrelevant information and incorrect reactions. Indeed, different studies show
that elderly individuals are slower and commit more errors in tasks that require inhibitory
functions (van der Lubbe and Verleger, 2002; Kubo-Kawai and Kawai, 2010). To investigate
interference control experimental conflict designs such as the Flanker conflict (Eriksen and
Eriksen, 1974) or Simon conflict (Simon, 1969) tasks are employed. The Flanker task typically
consists of a central target stimulus that is surrounded by irrelevant Flanker stimuli either
congruent or incongruent with the target stimulus. While congruent Flanker stimuli usually
facilitate fast and correct responses, trials with incongruent stimulus input are associated
with increased reaction times (RTs) and higher error rates. This task is considered to represent
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a stimulus-stimulus interference task (S-S; according to the
taxonomy of Kornblum et al., 1990) and will be further
referred to as Flanker interference condition. The Simon task
is characterized by irrelevant spatial information induced for
example by a lateralized presentation of a target stimulus.
When response and presentation side correspond (congruent
condition) responses are faster and fewer errors are committed
than in trials with non-corresponding presentation and response
side (incongruent condition). In contrast to the Flanker task,
the Simon conflict is considered a stimulus-response conflict
(further referred to as stimulus-response-conflict (SRC) task; see
Kornblum et al., 1990). Several studies indicate that the neural
correlates of the different conflict types seem to be dissociated
with regard to their spatial and temporal characteristics. Thus,
interference control seems to consist of different subcomponents
and does not represent a unitary function. Importantly,
there is increasing evidence that aging does not affect all
subcomponents and -processes equally but rather shows conflict
specific modifications of interference control (Kawai et al.,
2012; Sebastian et al., 2013). The specificity of aging effects
on conflict processing is reflected by differential effects on
behavioral measures: increased conflict effects with regard to
RT and error rates in elderly individuals are frequently detected
in SRC tasks (van der Lubbe and Verleger, 2002; Kubo-Kawai
and Kawai, 2010), while in many experiments introducing the
Flanker task no significant deterioration of task performance
is found in elderly (Falkenstein et al., 2001; Nieuwenhuis
et al., 2002; Fernandez-Duque and Black, 2006; Hsieh and
Fang, 2012). These differences can also be demonstrated
when both conflicts are investigated in the same group
(Kawai et al., 2012; Korsch et al., 2014).

Moreover, several fMRI studies reported task specific aging
effects on the activation patterns associated with different
types of executive and inhibitory functions (Kawai et al., 2012;
Turner and Spreng, 2012; Sebastian et al., 2013). In a recent
fMRI study (Korsch et al., 2014) we furthermore demonstrated
differential effects of aging on the neural substrates of SRC
and Flanker conflict processing: we found that elderly adults
exhibited extended activation when compared to their younger
peers in response to the Flanker conflict, however, both groups
recruited similar regions such as caudate nucleus, frontal and
occipital regions. These data indicate that both groups resolve
the Flanker conflict in a similar fashion. In contrast, the SRC
task elicited different activation patterns in both groups: while
elderly individuals showed activation in frontal and parietal
areas, in younger adults mainly deactivation became evident.
These markedly different activation patterns suggest that there
is a qualitative age-related difference in the processing of
the SRC.

However, there are only few reports on the specificity of aging
effects on the temporal dynamics of conflict processing. There is
considerable evidence from event-related potential (ERP) studies
that early as well as later processing stages of interference
control are differentially modified by distinct conflict types in
young adults (Frühholz et al., 2011; Wang et al., 2014). In the
present study, we therefore decided to investigate different time
windows of conflict processing using ERPs that are known to

be involved in conflict resolution such as the N2 and P3. The
N2 is an early component characterized by a negative deflection
occurring 250–300 ms after stimulus onset. It can be subdivided
to different subcomponents depending on the topography and
the underlying cognitive processes (for reviews about N2, see
Folstein and Van Petten, 2008; Larson et al., 2014). Conflict
tasks and other tasks that require response inhibition modulate
the N2 subcomponent that appears over frontal electrode sites.
The amplitude of this anterior N2 is enhanced in conditions
with an increased demand for inhibition such as incongruent
conflict task trials. These findings led to the assumption that N2
seems to be associated with control mechanisms like response
inhibition and conflict monitoring (Yeung et al., 2004; Folstein
and Van Petten, 2008). This line of evidence was furthermore
substantiated by source analysis studies that demonstrated neural
generators of the N2 in the medial wall of the frontal cortex
(Bekker et al., 2005; Wascher et al., 2011), a region that
is frequently activated during monitoring tasks and response
selection. Another early component that might be modified
by inhibitory control processing is the P2 component. The
P2 component appears after 150–250 ms after stimulus onset
over frontal electrode sites. Gajewski et al. (2008) reported
that the P2 amplitude is increased in incompatible stimulus
conditions. West et al. (2004) additionally found that in a
numerical conflict task stimulus incongruence also lead to an
increase of the P2 amplitude. The amplitude enhancement in
trials with incongruent stimuli might thus reflect an increased
effort of stimulus evaluation (Potts, 2004; Gajewski et al.,
2008).

Both ERP components were found to change with increasing
age. A delay of N2 latency (Falkenstein et al., 2002) and a
significant decrease of amplitude of the N2 in elderly individuals
have been reported across different tasks (Czigler et al., 1996;
Bertoli and Probst, 2005; Wascher et al., 2011; Lucci et al.,
2013). In accordance with these findings, Wild-Wall et al. (2008)
also reported that elderly exhibited a reduced N2 amplitude
in a Flanker task which was attributed to a reduction of
perceived response conflict due to a change of processing
strategy. Whether Flanker conflict and SRC processing show
different modulations of the N2 component or whether aging
shows a conflict specific impact on the N2 is still unclear.
There is evidence that aging does not generally affect the
N2 component but rather shows specific effects for different
processing contexts (Falkenstein et al., 2002). There is sparse
literature on how aging might affect the P2 component in
conflict processing. However, age-related changes of the P2
component can be observed in studies investigating working
memory and novelty processing (McEvoy et al., 2001; Daffner
et al., 2015). Furthermore, the age-related enhancement of the
P2 in a Stroop task (West and Alain, 2000; Zurron et al.,
2014) clearly demonstrates that the P2 component seems
significantly associated with aging effects on interference control
processing.

The later P3 component is also reported to be modified
by different conflict tasks. Comparable with the N2, the P3
can be subdivided in different subcomponents with distinct
topographies, and reflecting different cognitive processes.
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The parietal P3b component seems to be related to the allocation
of attentional resources (Polich and Heine, 1996) and might
additionally indicate the timing of stimulus evaluation (Kutas
et al., 1977; Duncan-Johnson and Kopell, 1981). The P3b
amplitude and latency are modulated by both the Flanker and
the Simon task (Van’t Ent, 2002; Umebayashi and Okita, 2010;
Frühholz et al., 2011). The effects of aging on the P3 component
are characterized by a decrease of amplitude and a delay of
latency (Dujardin et al., 1993; Polich, 1996). This effect was also
illustrated in the context of conflict processing (van der Lubbe
and Verleger, 2002; Wild-Wall et al., 2008). In contrast to the N2
Falkenstein et al. (2002) reported the P3 component to be equally
affected by aging in different stimulation contexts. The authors
argued that cognitive processes indexed by the P3 might be less
specific to different components of inhibition when compared to
the N2 component.

The aim of the present study was to investigate whether aging
affects specific stages of conflict processing in different conflict
task conditions. Therefore, elderly adults and younger controls
underwent EEG recording with a combined SRC and Flanker
conflict task. Based on previous data, we hypothesized that aging
differentially affects the respective stages of conflict processing
and that in particular the processing of the SRC task will be
altered in elderly individuals. Thus, we expect that behavioral
SRC effects as indicated by RT and/or error rates will be increased
in elderly individuals. Both, early and late phases of information
processing are modulated by interference and aging processes.
However, the age-related modulation of early phases seems to be
more specific to different contexts of interference (Falkenstein
et al., 2002; Frühholz et al., 2011). We thus hypothesized that
conflict specific effects will particularly manifest in the P2 or the
N2 time window.

MATERIALS AND METHODS

Participants
Twenty young and 25 elderly subjects participated in the present
study. One male participant in each group had to be excluded
from further analysis due to massive movement artifacts in
EEG data. Additionally, a comprehensive neuropsychological
examination revealedminor cognitive deficits in onemale elderly
participant, who was also excluded from further analysis. Thus,
the final study sample consists of 19 young (10 male, mean age
23.05 years, SD = 2.76) and 23 elderly adults (11 male, mean
age 70.32 years, SD = 3.24). All participants were right-handed
according to the Edinburgh Handedness Inventory (Oldfield,
1971), had normal or corrected to normal vision, and reported
no prior history of psychiatric or neurological disorders. All
participants gave informed and written consent for participation.
The study was approved by the local ethics committee of the
University of Bremen.

Experimental Tasks
We introduced a Flanker conflict task and a Simon-like (SRC)
task condition as well as a combination of both conflict types
(see Figure 1). The stimulus material was derived from previous

studies (Frühholz et al., 2011; Korsch et al., 2014) and consisted of
nine arrows arranged in three rows. Participants were instructed
to attend to the color of the central arrow (blue or red) and
to react as fast as possible via right or left button press with
their index finger. The arrows surrounding the central target
could either have the same color as the target (congruent Flanker
condition) or the color allocated to the opposite response side
(incongruent Flanker condition). Furthermore, all arrows were
either oriented to the correct response side as indicated by
the color of the central arrow (congruent SRC condition) or
pointed to the opposite direction (incongruent SRC condition).
Thus, there were four experimental conditions: (1) congruent
Flanker and SRC condition (FcSc); (2) incongruent Flanker
and congruent SRC condition (FiSc); (3) congruent Flanker
and incongruent SRC condition (FcSi); and (4) incongruent
Flanker and SRC condition (FiSi). Stimuli were presented in
six blocks of 60 trials separated by short breaks of 10 s.
There were 72 trials of each condition. Trial sequence was
pseudo-randomized to avoid effects of trial succession. Each
trial started with a white fixation cross on black background
in the center of the screen (800 ± 150 ms). Thereafter, the set
of arrows appeared for 250 ms followed by a blank screen for
2000 ms. Stimuli were presented on a computer screen (refresh
rate 60 Hz) using Presentation Software (neurobehavioral
Systems; https://www.neurobs.com/menu_presentation/menu_
features/features_overview). Participants were seated in front of
the screen with a viewing distance of 60 cm. The experiment
was conducted in a darkened room. Before or after the present
experiment the participants completed an fMRI session with the
same task (Korsch et al., 2014).

EEG Recording
EEG signal was recorded using 64 Ag-AgCl electrodes placed on
an elastic cap according to the 10–10-system with a sampling
rate of 512 Hz. Interconnected ear lobe electrodes were used as
reference. EEG signal was amplified by a REFAr multi-channel
system (TMS International; www.tmsi.com), and impedance
threshold was set to 10 kΩ. Eye movements and blinks were
monitored by vertical and horizontal electrooculograms. Offline
data processing was performed with the Brain Electrical Source
Analysis Software (BESAr, Version 5.1.8.10, MEGIS Software
GmbH, Gräfelfing, Germany), and comprised band-pass filtering
(0.1–20 Hz) and rereferencing to average reference. Trials were
averaged stimulus-locked within a time frame of 100 ms before
and 800 ms after stimulus onset. EOG artifacts were corrected
using the algorithm introduced by Ille et al. (2002). Each trial
was visually inspected, and incorrect trials and trials with artifact
contamination were discarded from further analysis. To avoid
differences of trial number between conditions and groups 50
(±10) trials equally distributed over the six runs were included
in the EEG data analysis.

Statistical Analysis
According to our hypotheses we focused data analyses on
the P2, N2, and P3. The respective time windows for the
P2 (140–220 ms), N2 (240–330 ms) and P3 (310–570 ms)
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FIGURE 1 | Experimental task design. The participants were instructed to

attend to the color of the central arrow (blue or red) and to react as fast as

possible via right or left button press with their index finger. The arrows

surrounding the central target could either have the same color as the target

(congruent Flanker condition) or the color allocated to the opposite response

side (incongruent Flanker condition). Furthermore, all arrows were either

oriented to the correct response side as indicated by the color of the central

arrow (congruent stimulus-response-conflict (SRC) condition) or pointed to the

opposite direction (incongruent SRC condition). There were four experimental

conditions: (1) congruent Flanker and SR condition (FcSc); (2) incongruent

Flanker and congruent SRC condition (FiSc); (3) congruent Flanker and

incongruent SRC condition (FcSi), and (4) incongruent Flanker and SRC

condition (FiSi). In the depicted scenario the color “blue” of the central arrow is

associated with the left response side and the color “red” with the right

response side. The association of color and response side was

counterbalanced across participants.

components were determined by visual inspection of the grand
average waveforms of both groups. Due to different scalp
distributions of the P2, N2 and P3 components, we included
different electrode positions in the analyses of the respective
components. EEG data show P2 and N2 to be particularly
marked over frontal and frontocentral electrode positions in
both groups (see Figure 2). Thus, for the analyses of the P2
and N2 components peak amplitudes were extracted for the
electrodes F1, Fz, F2, FC1, FCz and FC2 for each participant in
the respective time frames. In contrast to the P2 and the N2, the
P3 was characterized by a plateau-like shape, and we thus decided
to calculate mean amplitude for both groups. Since the P3 had
different onsets in both age groups, the different time frames
were determined for the respective groups (young: 310–430 ms;
elderly: 450–570 ms). The P3 was most pronounced over parietal
and centroparietal recording sites in both groups, and we thus
decided to include the P1, Pz, P2, CP1, CPz and CP2 electrodes
in the analysis. Amplitudes were entered into a 3× 2× 2× 2× 2
analysis of variance (ANOVA) with Laterality of electrode
position (right vs. midline. vs. left electrodes), Frontality (P2
and N2: frontocentral vs. frontal electrode; P3: parietal vs
centroparietal electrodes), Flanker (congruent vs. incongruent)
and SRC (congruent vs. incongruent) as within-subject factors,

and Age (young vs. elderly) as between-subject factor. Post

hoc analyses were based on t-tests with a significance level
of α = 0.05 (Bonferroni corrected for multiple comparisons).
The Greenhouse-Geisser correction was applied for violations of
sphericity.

RESULTS

Behavioral Data
In order to compensate for extreme values and outliers in the
behavioral raw data we calculated the median reaction times
of all subjects. Thereafter, these data together with the error
rates of participants were each entered into a 2 × 2 × 2
ANOVA with the within-subject factors Flanker (congruent
vs. incongruent) and SRC (congruent vs. incongruent), and
the between-subject factor Age (young vs. elderly). Figure 2

shows RTs and error rates for both groups and all conflict
conditions. The RT analysis (Figure 2A) revealed a significant
main effect for the factors Flanker (F(1,40) = 146.60, p < 0.001)
and SRC (F(1,40) = 77.51, p < 0.001). Both conflict types
elicited longer RT in incongruent (Flanker: M = 536 ms;
SEM = 11.88; SRC: M = 534 ms; SEM = 12.62) compared to
congruent trials (Flanker: M = 494 ms; SEM = 12.51; SRC:
M = 497 ms; SEM = 11.89). In addition, the interaction of
SRC × Flanker reached significance (F(1,40) = 21.22, p < 0.001).
The RT difference of congruent and incongruent trials was
larger in trials with two sources of incongruent information.
The Flanker congruency effect was larger in SRC incongruent
(∆: M = 51 ms; SEM = 3.79) than in SRC congruent trials (∆:
M = 33 ms; SEM = 4.06; p < 0.001). Additionally, the SRC
congruency effect was larger in trials with incongruent Flanker
(∆: M = 47 ms; SEM = 5.00) stimuli than in trials with congruent
Flanker stimuli (∆: M = 28 ms; SEM = 4.51; p < 0.001). The
factor Age also showed significant differences (F(1,40) = 18.60,
p < 0.001). RTs were increased in elderly (M = 567 ms;
SEM = 16.25) compared to young adults (M = 463 ms;
SEM = 17.88). Additionally, there was a significant interaction
of Age × SRC (F(1,40) = 4.50, p = 0.040). The SRC congruency
effect (incongruent-congruent) was significantly larger in elderly
(M = 46 ms; SEM = 4.52) than in young (M = 28 ms; SEM = 6.59)
participants (p = 0.040).

There was also a significant main effect for the factor SRC
(F(1,40) = 28.71, p < 0.001) regarding the error rates (Figure 2B).
All participants committed more errors in incongruent SRC
(M = 5.50%; SEM = 0.78) trials when compared to the congruent
SRC condition (M = 1.62%; SEM = 0.24). However, there was no
significant effect for the factors Age (F(1,40) = 0.38, p = 0.540) and
Flanker (F(1,40) = 3.87, p = 0.056).

Electrophysiological Data
Grand averages and scalp topography of P2, N2 and P3
are shown in Figure 3. Figure 3A displays the grand
average waveforms for young and elderly adults over parietal,
central and frontal electrodes. Figure 3B illustrates the scalp
topography for three time points referring to the P2, N2,
and P3 components. The topography of the P2 component
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FIGURE 2 | Reaction times (RTs; A) and error rates (B) of young and elderly participants for the conditions fcsc (both Flanker and SRC congruent),

fisc (Flanker incongruent, SRC congruent), fcsi (Flanker congruent, SRC incongruent), and fisi (both Flanker and SRC incongruent). Error bars show

standard error of mean.

is characterized by a peak amplitude over frontal and
frontocentral electrodes in both groups. The N2 also shows
a frontal distribution in young individuals. In elderly the
N2 is located more posteriorly. The P3 demonstrates a
centroparietal orientation in young and elderly participants.
The effects of the respective conflict tasks in both groups
are displayed in Figure 4. Furthermore, results of the
ANOVAs for the different components are presented in
Tables 1, 2.

P2 Time Window

Peak amplitude analysis revealed a significant effect of the
factor Flanker (F(1,40) = 27.75, p < 0.001). Incongruent
Flanker trials (M = 5.74 µV; SEM = 0.35) elicited higher
amplitudes compared to congruent Flanker trials (M = 5.25 µV;
SEM = 0.35). The factors Age (F(1,0) = 0.65, p = 0.800) and
SRC (F(1,0) = 2.38, p = 0.131) did not reach significance,
however, there was a significant interaction of the factors
SRC × Age × Laterality (F(2,39) = 5.28, p = 0.007). This
interaction resulted from a significant SRC congruency effect
over right electrodes (F2 and FC2) in elderly (congruent:
M = 5.21 µV; SEM = 0.48; incongruent: M = 5.88 µV;
SEM = 0.57; p = 0.004) which was not detectable in young
participants (congruent: M = 4.93 µV; SEM = 0.46; incongruent:
M = 5.00 µV; SEM = 0.42; p = 0.674). Furthermore, there
was a significant interaction of Frontality × Age indicating that
the P2 amplitude was most pronounced over frontal electrodes
in elderly individuals (frontal: M = 5.58 µV; SEM = 0.50;
frontocentral: M = 5.23 µV; SEM = 0.46), while young adults
exhibited enhanced amplitudes over frontocentral recording sites
(frontal: M = 5.37 µV; SEM = 0.55; frontocentral: M = 5.80 µV;
SEM = 0.51).

N2 Time Window

The analysis of the N2 component yielded a significant effect
of the factor Flanker (F(1,40) = 22.28, p < 0.001). Amplitudes

were more negative in the incongruent Flanker condition
(M = −1.88 µV; SEM = 0.38) than the congruent Flanker
condition (M = −1.34 µV; SEM = 0.41). Moreover, there were
significant effects for the factors Laterality (F(2,39) = 14.62,
p < 0.001), Frontality (F(1,40) = 4.31, p = 0.044), and Age

(F(1,40) = 20.80, p < 0.001). There was also an interaction of
Laterality × Age (F(2,39) = 5.22, p = 0.007) and Frontality ×

Age (F(1,40) = 19.91, p < 0.001). These interactions indicate
that the N2 component was most prominent over frontocentral
(frontal: M = 0.86µV; SEM = 0.58; frontocentral: M =−0.51µV;
SEM = 0.51) and left-sided electrodes (left: M = −0.10 µV;
SEM = 0.526; midline: M = 0.6 µV; SEM = 0.51; right:
M = 0.08 µV; SEM = 0.57) in elderly. In contrast, the
N2 peaked over frontal electrodes (frontal: M = −3.65 µV;
SEM = 0.64; frontocentral: M = −3.15 µV; SEM = 0.56)
and was most pronounced over midline electrodes (left:
M = −3.21 µV; SEM = 0.58; midline: M = −3.12 µV;
SEM = 0.56; right: M = −3.87 µV; SEM = 0.63) in younger
adults. There was no significant effect for the factor SRC
(F(1,40) = 1.96, p = 0.170) but a significant interaction
of Age × SRC × Laterality (F(2,39) = 4.23, p = 0.018).
Post hoc analyses showed that in incongruent SRC trials N2
amplitude was more positive than in congruent SRC trials
over midline (incongruent: M = 0.12 µV; SEM = 0.54;
congruent: M = −0.10 µV; SEM = 0.50; p = 0.023) and
right electrodes (incongruent: M = 0.71 µV; SEM = 0.50;
congruent: M = 0.50 µV; SEM = 0.46; p = 0.036) in elderly
adults. However, this difference did not survive Bonferroni
correction.

P3 Time Window

There was a significant effect for the factors Laterality

(F(2,39) = 9.49, p < 0.001) and Flanker (F(1,40) = 39.76,
p < 0.001). Furthermore, P3 analysis revealed a significant
interaction of Flanker × Age (F(1,40) = 7.64, p = 0.009) and
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FIGURE 3 | (A) Group-averaged event-related potentials (ERPs) for the conditions FcSc (Flanker and SRC congruent), FiSc (Flanker incongruent, SRC congruent),

FcSi (Flanker congruent, SRC incongruent) and FiSi (Flanker and SRC incongruent) for young and elderly adults. Stimulus onset is shown by the vertical line. Ticks on

the time axis represent 200 ms. (B) Topography of the P2, N2, and P3 component for young and elderly participants.

Frontality × Laterality × Flanker × Age (F(2,39) = 3.39,
p = 0.039). This interaction is based on significant Flanker
congruency effects over all electrodes included in the
ANOVA in elderly participants (all p < 0.001). The
difference of Flanker incongruent and congruent trials
did not survive Bonferroni correction (all p > 0.054) in
young adults over all recording sites. In addition, there
was a significant effect for the factor SRC (F(1,40) = 22.90,
p < 0.001) and a significant interaction of Laterality × Age

× SRC (F(2,39) = 3.92, p = 0.024). Again, elderly exhibited
significant SRC congruency effects over left, midline and
right electrodes (all p < 0.001) while these effects did not

survive correction for multiple comparisons in young adults
(p > 0.063).

In conclusion, data analysis revealed that both conflict
types affected RTs, while only the SRC had an effect on
error rates. RTs were found to be generally longer in
elderly subjects. In addition, the SRC congruency effect
on RTs was larger in elderly than young participants.
Furthermore, RT analysis showed that RT congruency
effects were lager when two sources of conflict were
present.

ERP analysis revealed increased P2 amplitudes in response
to incongruent Flanker trials, whereas only elderly exhibited
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FIGURE 4 | (A) Topography of amplitude difference between SRC incongruent—congruent condition for the P2 component (140–220 ms). Blue circles indicate

electrodes with a significant SRC amplitude effect. (B) Topography of amplitude difference between Flanker incongruent—congruent condition for the N2 component

(240–330 ms). Green circles represent electrodes with a significant Flanker conflict amplitude effect. (C) Topography of amplitude difference between SRC and

Flanker incongruent—congruent condition for the P3 component (310–570 ms). Colored circles indicate significant SRC (blue) and Flanker conflict (green) amplitude

effects.

an enhanced P2 amplitude in the incongruent SRC condition
over right electrodes. Furthermore, the N2 amplitude was
more pronounced in the incongruent Flanker condition.
Elderly participants elicited an attenuated N2 amplitude
in comparison to younger adults. The P3 amplitude in
elderly subjects was reduced in response to both conflict
types over parietal and centroparietal electrode sides while
these effects did not survive Bonferroni correction in young
participants. The overall P3 amplitude was also reduced
in elderly. There were age-related differences of the ERP
scalp topography: the P2 and N2 component peaked
over frontal electrodes in young and over frontocentral
electrodes in elderly individuals. In addition, the N2 was
most pronounced over left electrodes in elderly. In younger
subjects the P3 amplitude was most pronounced over parietal
recording sites, while elderly exhibited centroparietal P3
peak.

DISCUSSION

In the present study, we introduced a combined Flanker and
SRC conflict task to investigate how aging affects different
processing stages of conflict processing and whether these
effects are specific for different conflict types. The present

results corroborate data from previous studies demonstrating
the SRC task to be particularly vulnerable to aging effects.
Analysis of RT data yielded an age-related increase of
the SRC congruency effect while the Flanker congruency
effect did not significantly differ between young and elderly
adults. ERP data analysis furthermore demonstrated SRC
specific differences between both age groups in the early P2
component. This finding points to age-related differences in
early processing stages related to stimulus evaluation that
might account for SRC specific deficits in advanced age.
Elderly furthermore exhibited an increased modulation of
the P3 amplitude in response to incongruent conflict trials.
However, this age-related effect was found for both conflict
types.

The P2 amplitude was increased in Flanker incongruent
trials in comparison to Flanker congruent trials in both
groups, while only elderly elicited an amplitude enhancement
in response to the incongruent SRC task condition over right
electrodes. The sensitivity of the P2 amplitude to conflict
processing was also reported by Gajewski et al. (2008) who
found that the P2 amplitude is increased in incompatible
compared to compatible trials in a response-cueing task
in healthy younger adults. Similar data were reported by
West et al. (2004) using a numerical conflict task. However,
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TABLE 1 | Overview of the mean values (µV) and standard errors (SE) of

the P2 and N2 amplitude analysis.

P2 Mean (µV; SE)

Flanker

Con 5.25 (0.35)

Incon 5.74 (0.35)

Age × Frontality

Eldery F 5.58 (0.50)

FC 5.23 (0.46)

Young F 5.37 (0.55)

FC 5.80 (0.51)

Age × SRC × Laterality

Elderly

Right Con 5.21 (0.48)

Incon 5.88 (0.57)

Midline Con 5.38 (0.53)

Incon 5.63 (0.56)

Left Con 5.12 (0.55)

Incon 5.32 (0.54)

Young

Right Con 4.93 (0.46)

Incon 5.00 (0.42)

Midline Con 5.73 (0.50)

Incon 5.75 (0.45)

Left Con 5.41 (0.41)

Incon 5.53 (0.41)

N2 Mean (µV; SE)

Age

Elderly 0.17 (0.52)

Young −3.40 (0.58)

Frontality

Frontal −1.40 (0.43)

Frontocentral −1.83 (0.38)

Laterality

Right −1.26 (0.38)

Midline −1.93 (0.42)

Left −1.65 (0.39)

Age × Frontality

Eldery F 0.86 (0.58)

FC −0.51 (0.51)

Young F −3.65 (0.64)

FC −3.15 (0.56)

Age × Laterality

Eldery Right 0.08 (0.57)

Midline 0.60 (0.51)

Left −0.10 (0.53)

Young Right −3.87 (0.63)

Midline −3.12 (0.56)

Left −3.21 (0.58)

Flanker

Con −1.34 (0.41)

Incon −1.88 (0.38)

Age × SRC × Laterality

Elderly

Right Con 0.71 (0.50)

Incon 0.50 (0.46)

(Continued)

TABLE 1 | (Continued).

Midline Con −0.10 (0.50)

Incon 0.12 (0.54)

Left Con −0.11 (0.50)

Incon −0.08 (0.48)

Young

Right Con −3.15 (0.59)

Incon −3.09 (0.62)

Midline Con −3.88 (0.72)

Incon −3.85 (0.66)

Left Con −3.29 (0.64)

Incon −3.13 (0.62)

Values are arranged by significant main effects and interactions (factors written in

bold letters) extracted from the respective ANOVAs. F: frontal; FC: frontocentral;

con: congruent; incon: incongruent.

in the present study we could additionally show that the
conflict induced modulation of the P2 significantly differed
between the two conflict types and age groups. Several studies
reported that the P2 amplitude is associated with stimulus
evaluation and motivational salience (Luck and Hillyard, 1994;
Potts, 2004; Gajewski et al., 2008). In these studies, the
P2 amplitude was shown to be enhanced when a specific
target feature is task relevant. Another study introducing an
oddball task (Kim et al., 2008) demonstrated that the P2
amplitude is increased when the discriminability of the relevant
and irrelevant stimulus feature is low. Thus, in the present
study the P2 amplitude enhancement in incongruent trials
possibly reflects stronger recruitment of neural resources when
distinguishing between relevant and irrelevant information.
The age-related difference of SRC induced P2 amplitude
modulation suggests that this classification process seems to
be particularly stressing for the group of elderly subjects
while younger adults obviously do not rely on additional
resources for SRC related stimulus evaluation. Similar results
were reported by Riis et al. (2009). The authors demonstrated
that the P2 amplitude is elevated in response to novel stimuli
and thus argued that the P2 reflects cognitive processes
related to the mismatch of deviant stimuli with a standard
stimulus set. Importantly, this effect is particularly pronounced
in elderly, indicating that the matching process is possibly
enhanced in order to compensate for other age-related
alterations. Several studies demonstrated that the processing
of distractor stimuli significantly contributes to the decline
of conflict processing in elderly, while the processing of
relevant stimuli is relatively spared from detrimental aging
effects (Gazzaley et al., 2005; de Fockert et al., 2009). The
correct identification of the irrelevant stimulus is especially
difficult in the SRC task, because relevant and irrelevant
features are confounded in the same stimulus (Proctor et al.,
2005). Thus, elderly possibly enhance evaluation processes by
engaging compensatory cognitive resources to promote the
correct discrimination of relevant and irrelevant information
input. The enhancement of the P2 amplitude in response to
increased attention that was demonstrated in several studies
(Daffner et al., 2015) might also indicate that elderly process
irrelevant SRC features more intensely. This would imply that
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TABLE 2 | Overview of the mean values (µV) and standard errors (SE) of

the P3 amplitude analysis.

P3 Mean (µV; SE)

Flanker

Con 4.04 (0.36)

Incon 3.48 (0.34)

Laterality

Right 3.43 (0.33)

Midline 4.02 (0.37)

Left 3.81 (0.37)

SRC

Con 4.05 (0.36)

Incon 3.47 (0.34)

Age × SRC × Laterality

Elderly

Right Con 2.70 (0.49)

Incon 3.38 (0.51)

Midline Con 4.08 (0.60)

Incon 3.22 (0.56)

Left Con 3.78 (2.81)

Incon 2.96 (0.54)

Young

Right Con 3.56 (0.41)

Incon 4.09 (0.43)

Midline Con 4.56 (0.44)

Incon 4.24 (0.433)

Left Con 4.39 (0.45)

Incon 4.13 (0.46)

Age × Flanker/Age × Flanker ×

Frontality × Laterality

Elderly

CP1 Con 3.75 (0.67)

Incon 2.83 (0.62)

CPz Con 3.17 (0.62)

Incon 4.09 (0.62)

CP2 Con 2.73 (0.51)

Incon 3.55 (0.56)

P1 Con 3.08 (0.50)

Incon 3.81 (0.59)

Con 4.01 (0.59)

Incon 3.31 (0.52)

P2 Con 3.34 (0.53)

Incon 2.56 (0.47)

Young

CP1 Con 4.11 (0.40)

Incon 4.03 (0.44)

CPz Con 4.13 (0.42)

Incon 4.34 (0.38)

CP2 Con 3.42 (0.39)

Incon 3.99 (0.30)

P1 Con 4.33 (0.52)

Incon 4.56 (0.50)

Pz Con 4.79 (0.52)

Incon 4.34 (0.50)

P2 Con 4.11 (0.50)

Incon 3.77 (0.55)

Values are arranged by significant main effects and interactions (factors written in

bold letters) extracted from the ANOVAs. CP1, CPz, CP2, P1, Pz, P2 represent

electrode positions; con: congruent; incon: incongruent.

higher P2 amplitudes are associated with stronger interference
and thus poorer task performance. Indeed, elderly adults show
increased SRC congruency effects with regard to RT. However,
the study by Daffner et al. (2015) demonstrated that the P2

amplitude positively correlates with better task performance
and scores of neuropsychological tests of executive control,
suggesting a beneficial or compensatory effect of amplitude
enhancement.

The present findings are in line with the fMRI data obtained
with same task design and participants (Korsch et al., 2014).
fMRI analysis yielded distinctive activation patterns in response
to SRC incongruency in young and elderly individuals indicating
age-related differences of SRC processing. The incongruent
SRC condition was associated with signal increase in the
inferior parietal lobule and inferior frontal gyrus of the left
hemisphere in elderly participants only. These regions are
known to be involved in spatial attention (Culham et al.,
2001) and inhibitory and evaluative processes (Downar et al.,
2002; Chevrier et al., 2007). Thus, age-related differences of
P2 amplitude modulation are possibly related to activation
differences in IFG and IPL and reflect corresponding cognitive
processes. The frontal topography of the P2 suggests that
age-specific differences of the SRC modulation are mediated
by regions of the prefrontal cortex. A study by Verleger
et al. (1994) revealed that patients with frontal lesions of
the left hemisphere showed a marked increase of an early
positive component peaking at 150 ms (P150) that was
not detectable in patients with lesions of the right frontal
cortex or posterior brain regions. Studies investigating neural
generators of the P2 in healthy participants are sparse. Potts
(2004) demonstrated that the IFG is involved in the neural
generation of the P2 in a visual oddball task. These studies
point to the fact that the SRC induced P2 modulation in
elderly might also be associated with activation of the IFG as
observed in the fMRI study. Taken together, early evaluative
mechanisms indicated by the P2 component are enhanced in
elderly to possibly trigger the correct identification of relevant
and irrelevant input and to promote the processing of the
mismatch of spatial and color information in incongruent SRC
trials. This compensatory mechanism seems to be mediated by
the IFG.

In various ERP studies on conflict tasks the incongruent trials
exhibited higher N2 amplitudes than congruent trials (for review,
see Folstein and Van Petten, 2008) and were associated with early
inhibitory control and monitoring processes. Further evidence
for this hypothesis is also provided by studies using a source
analysis approach (Bekker et al., 2005; Wascher et al., 2011) that
demonstrated that the neural generators of the N2 are located
in the medial prefrontal cortex, a brain area associated with
conflict monitoring, conflict detection, and response selection
(Carter et al., 1998; Kiehl et al., 2000; Van Veen and Carter,
2002; Liu et al., 2004). Here, we also found an increase of the N2
amplitude in response to incongruent Flanker stimuli, however,
there was no modulation of the N2 component by the SRC task
in both groups. Similar data were obtained in a previous study
in our lab (Frühholz et al., 2011). Thus, the monitoring and
response selection mechanisms indexed by the N2 component
seem to be specifically related to the Flanker conflict. This
finding corroborates reports that argue for independent neural
mechanisms for the processing of different conflict types (Egner
et al., 2007; Nee et al., 2007). The present data additionally
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show that the N2 amplitude is generally more pronounced in
younger adults. An age-related attenuation of the N2 amplitude
has already been reported in previous studies (Czigler et al.,
1996; Amenedo and Diaz, 1998; Bertoli and Probst, 2005; Wild-
Wall et al., 2008; Wascher et al., 2011; Lucci et al., 2013; Hsieh
and Lin, 2014). Wild-Wall et al. (2008) argued that the more
pronounced N2 component in younger subjects possibly reflects
a stronger experience of response conflict. They concluded that
elderly reduce interference by narrowing the focus of attention
to the central target stimulus. This age-related processing strategy
change was also observed by Hsieh and Fang (2012).

Furthermore, Cespón et al. (2013) demonstrated age-related
differences of the N2pc in a Simon-like task. Interestingly, ERP
and behavioral data indicate increased interference effects in
young subjects in trials with mismatching color information
(target) and arrow direction (distractor). The data furthermore
suggested that the lack of interference in this condition in elderly
participants is based on an age-related delay of of the processing
of the semantic meaning of the distractor (arrow direction)
leading to a reduction of the conflict between target and
distractor inforamtion. The authors argued that the differences of
the N2pc reflect the increased experience of interference in young
adults. Similar processes possibly account for the age-related N2
amplitude differences in the present study. However, it must be
noted that the behavioral data of the present study rather point
to an increase of experienced conflict with regard to the SRC
task (direction of arrow) in elderly. Thus, further investigation
is needed to clarify the cognitive processes underlying the age-
related amplitude differences of the N2 component.

In addition, we found that distinct scalp distributions with
regard to N2 amplitude in young and elderly subjects. Young
adults elicited peak amplitudes in the N2 time frame over frontal
electrode positions while in elderly participants the N2 was most
pronounced over frontocentral electrodes.

In accordance with previous studies (van der Lubbe and
Verleger, 2002; Wild-Wall et al., 2008) we found age-related
differences of the conflict-induced P3 amplitude modulation.
Both, the incongruent SRC and the Flanker conflict task
conditions were associated with a significantly reduced P3
amplitude extending over parietal and parietocentral recording
sites in elderly subjects. In contrast, young adults did not
exhibit significant conflict induced amplitude changes over
these recording sites. Since the P3 amplitude has been shown
to reflect the amount of attentional resources (Polich and
Heine, 1996), the decreased P3 amplitude in incongruent
trials might indicate that elderly individuals consume more
cognitive resources due to higher task demands. A stronger
negativity classified as N450 with a broad distribution over

central electrodes in response to incongruent stimuli around
300–600 ms after stimulus onset is also consistently found
during Stroop task processing. This negativity was furthermore
found to be increased in elderly participants. This data is
comparable to the increased amplitude reduction in incongruent
trials found in elderly adults in the present task. Several Stroop
task studies suggest that stimulus-related conflict resolution is
decisive for this negative deflection. Mager et al. (2007) thus
concluded that elderly use more cognitive resources to resolve
conflicting information. This interpretation might also apply
for the present data. However, it is still under debate whether
the N450 and the P3 represent corresponding or dissociated
components. Importantly, according to the present data, the
cognitive operations associated with this processing stage seem to
be affected equally in different conflict contexts. So, Falkenstein
et al. (2002) found that aging effects on the P3 component are
less specific regarding task context than the effects on earlier
components such as the N2.

The data of the fMRI data of the same task design reported
in Korsch et al. (2014) revealed conflict specific activation
patterns and aging effects. Extending this finding, the present
data suggests that there also seem to be more general effects of
aging on interference control as indicated by the modulations
of the P3 component. Since neural generators of the P3 have
been localized in the temporoparietal cortex this area possibly
mediates the P3 amplitude effects detect in the present data.

Taken together, we found that the aging effect on conflict
processing seems to be specific for conflict type and the time
window of information processing. We furthermore confirmed
previous studies that demonstrated that the processing of the
SRC task is particularly affected by age-related processes. This
was shown by an increased behavioral SRC congruency effect in
elderly. The age-specific P2 amplitude increase in incongruent
SRC trials suggests that alterations of early processes of stimulus
evaluation might be responsible for the SRC-related processing
deficit in elderly. In contrast, later stages of information
processing associated with the P3 component were found to
be altered for both conflict types in elderly participants. This
data, in addition to the findings of our previous study (Korsch
et al., 2014), suggest that the differential effects of aging on
interference control is particularly associated with alterations
of early information processing stages associated with stimulus
evaluation.

AUTHOR CONTRIBUTIONS

All authors listed, have made substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

Amenedo, E., and Diaz, F. (1998). Effects of aging on middle-latency auditory
evoked potentials: a cross-sectional study. Biol. Psychiatry. 43, 210–219. doi: 10.
1016/s0006-3223(97)00255-2

Bekker, E. M., Kenemans, J. L., and Verbaten, M. N. (2005). Source analysis of the
N2 in a cued Go/NoGo task. Brain Res. Cogn. Brain Res. 22, 221–231. doi: 10.
1016/j.cogbrainres.2004.08.011

Bertoli, S., and Probst, R. (2005). Lack of standard N2 in
elderly participants indicates inhibitory processing deficit.
Neuroreport 16, 1933–1937. doi: 10.1097/01.wnr.0000187630.
45633.0a

Carter, C. S., Braver, T. S., Barch, D. M., Botvinick, M. M., Noll, D., and
Cohen, J. D. (1998). Anterior cingulate cortex, error detection and the online
monitoring of performance. Science 280, 747–749. doi: 10.1126/science.280.
5364.747

Frontiers in Aging Neuroscience | www.frontiersin.org 10 March 2016 | Volume 8 | Article 53



Korsch et al. Age-Related Deficits of Conflict Resolution

Cespón, J., Galdo-Álvarez, S., and Díaz, F. (2013). Age-related changes in ERP
correlates of visuospatial and motor processes. Psychophysiology 50, 743–757.
doi: 10.1111/psyp.12063

Chevrier, A. D., Noseworthy, M. D., and Schachar, R. (2007). Dissociation of
response inhibition and performance monitoring in the stop signal task using
event-related fMRI. Hum. Brain Mapp. 28, 1347–1358. doi: 10.1002/hbm.
20355

Culham, J. C., Cavanagh, P., and Kanwisher, N. G. (2001). Attention response
functions: characterizing brain areas using fMRI activation during parametric
variations of attentional load. Neuron 32, 737–745. doi: 10.1016/s0896-
6273(01)00499-8

Czigler, I., Csibra, G., and Ambro, A. (1996). Aging, stimulus identification and the
effect of probability: an event-related potential study. Biol. Psychol. 43, 27–40.
doi: 10.1016/0301-0511(95)05173-2

Daffner, K. R., Alperin, B. R., Mott, K. K., Tusch, E. S., and Holcomb, P. J. (2015).
Age-related differences in early novelty processing: using PCA to parse the
overlapping anterior P2 and N2 components. Biol. Psychol. 105, 83–94. doi: 10.
1016/j.biopsycho.2015.01.002

de Fockert, J. W., Ramchurn, A., van Velzen, J., Bergstrom, Z., and
Bunce, D. (2009). Behavioral and ERP evidence of greater distractor
processing in old age. Brain Res. 1282, 67–73. doi: 10.1016/j.brainres.2009.
05.060

Downar, J., Crawley, A. P., Mikulis, D. J., and Davis, K. D. (2002). A cortical
network sensitive to stimulus salience in a neutral behavioral context across
multiple sensory modalities. J. Neurophysiol. 87, 615–620. doi: 10.1016/s1053-
8119(01)91653-2

Dujardin, K., Derambure, P., Bourriez, J. L., Jacquesson, J. M., and Guieu,
J. D. (1993). P300 component of the event-related potentials (ERP)
during an attention task: effects of age, stimulus modality and event
probability. Int. J. Psychophysiol. 14, 255–267. doi: 10.1016/0167-8760(93)90
040-v

Duncan-Johnson, C. C., andKopell, B. S. (1981). The Stroop effect: brain potentials
localize the source of interference. Science 214, 938–940. doi: 10.1126/science.
7302571

Egner, T., Delano, M., and Hirsch, J. (2007). Separate conflict-specific cognitive
control mechanisms in the human brain. Neuroimage 35, 940–948. doi: 10.
1016/j.neuroimage.2006.11.061

Eriksen, B. A., and Eriksen, C. W. (1974). Effects of noise letters upon the
identification of a target in an onsearch task Percept. Psychophys. 16, 143–149.
doi: 10.3758/bf03203267

Falkenstein, M., Hoormann, J., and Hohnsbein, J. (2001). Changes of error-
related ERPs with age. Exp. Brain Res. 138, 258–262. doi: 10.1007/s0022101
00712

Falkenstein, M., Hoormann, J., and Hohnsbein, J. (2002). Inhibition-related ERP
components: variation with modality, age and time-on-task. J. Psychophysiol.
16, 167–175. doi: 10.1027/0269-8803.16.3.167

Fernandez-Duque, D., and Black, S. E. (2006). Attentional networks in normal
aging and Alzheimer’s disease. Neuropsychology 20, 133–143. doi: 10.
1037/e537102012-023

Folstein, J. R., and Van Petten, C. (2008). Influence of cognitive control and
mismatch on the N2 component of the ERP: a review. Psychophysiology 45,
152–170. doi: 10.1111/j.1469-8986.2007.00602.x

Frühholz, S., Godde, B., Finke, M., and Herrmann, M. (2011). Spatio-temporal
brain dynamics in a combined stimulus-stimulus and stimulus-response
conflict task. Neuroimage 54, 622–634. doi: 10.1016/j.neuroimage.2010.
07.071

Gajewski, P. D., Stoerig, P., and Falkenstein,M. (2008). ERP–correlates of response
selection in a response conflict paradigm. Brain Res. 1189, 127–134. doi: 10.
1016/j.brainres.2007.10.076

Gazzaley, A., Cooney, J. W., Rissman, J., and D’Esposito, M. (2005). Top-down
suppression deficit underlies working memory impairment in normal aging.
Nat. Neurosci. 8, 1298–1300. doi: 10.1038/nn1543

Hsieh, S., and Fang, W. (2012). Elderly adults through compensatory
responses can be just as capable as young adults in inhibiting the
flanker influence. Biol. Psychol. 90, 113–126. doi: 10.1016/j.biopsycho.2012.
03.006

Hsieh, S., and Lin Y. C. (2014). The boundary condition for observing
compensatory responses by the elderly in a flanker-task paradigm. Biol. Psychol.
103, 69–82. doi: 10.1016/j.biopsycho.2014.08.008

Ille, N., Berg, P., and Scherg, M. (2002). Artifact correction of the ongoing EEG
using spatial filters based on artifact and brain signal topographies. J. Clin.
Neurophysiol. 19, 113–124. doi: 10.1097/00004691-200203000-00002

Kawai, N., Kubo-Kawai, N., Kubo, K., Terazawa, T., and Masataka, N. (2012).
Distinct aging effects for two types of inhibition in older adults: a near-infrared
spectroscopy study on the Simon task and the flanker task. Neuroreport 23,
819–824. doi: 10.1097/wnr.0b013e3283578032

Kiehl, K. A., Liddle, P. F., and Hopfinger, J. B. (2000). Error processing and the
rostral anterior cingulate: an event-related fMRI study. Psychophysiology 37,
216–223. doi: 10.1111/1469-8986.3720216

Kim, K. H., Kim, J. H., Yoon, J., and Jung, K. Y. (2008). Influence of task difficulty
on the features of event-related potential during visual oddball task. Neurosci.
Lett. 445, 179–183. doi: 10.1016/j.neulet.2008.09.004

Kornblum, S., Hasbroucq, T., and Osman, A. (1990). Dimensional overlap:
cognitive basis for stimulus-response compatibility–a model and taxonomy.
Psychol. Rev. 97, 253–270. doi: 10.1037/0033-295x.97.2.253

Korsch, M., Frühholz, S., and Herrmann, M. (2014). Ageing differentially affects
neural processing of different conflict types-an fMRI study. Front. Aging

Neurosci. 6: 57. doi: 10.3389/fnagi.2014.00057
Kubo-Kawai, N., and Kawai, N. (2010). Elimination of the enhanced Simon

effect for older adults in a three-choice situation: ageing and the Simon
effect in a go/no-go Simon task. Q. J. Exp. Psychol. 63, 452–464. doi: 10.
1080/17470210902990829

Kutas, M., McCarthy, G., and Donchin, E. (1977). Augmenting mental
chronometry: the P300 as a measure of stimulus evaluation time. Science 197,
792–795. doi: 10.1126/science.887923

Larson, M. J., Clayson, P. E., and Clawson, A. (2014). Making sense of all the
conflict: A theoretical review and critique of conflict-related ERPs. Int. J.
Psychophysiol. 93, 283–297. doi: 10.1016/j.ijpsycho.2014.06.007

Liu, X., Banich, M. T., Jacobson, B. L., and Tanabe, J. L. (2004). Common
and distinct neural substrates of attentional control in an integrated Simon
and spatial Stroop task as assessed by event-related fMRI. Neuroimage 22,
1097–1106. doi: 10.1016/j.neuroimage.2004.02.033

Lucci, G., Berchicci, M., Spinelli, D., Taddei, F., andDi Russo, F. (2013). The effects
of aging on conflict detection. PLoS One 8: e56566. doi: 10.1371/journal.pone.
0056566

Luck, S. J., and Hillyard, S. A. (1994). Electrophysiological correlates of feature
analysis during visual search. Psychophysiology 31, 291–308. doi: 10.1111/j.
1469-8986.1994.tb02218.x

Mager, R., Bullinger, A. H., Brand, S., Schmidlin, M., Scharli, H., Muller-Spahn,
F., et al. (2007). Age-related changes in cognitive conflict processing: an
event-related potential study. Neurobiol. Aging 28, 1925–1935. doi: 10.1016/j.
neurobiolaging.2006.08.001

McEvoy, L. K., Pellouchoud, E., Smith, M. E., and Gevins, A. (2001).
Neurophysiological signals of working memory in normal aging. Brain Res.

Cogn. Brain Res. 11, 363–376. doi: 10.1016/s0926-6410(01)00009-x
Nee, D. E., Wager, T. D., and Jonides, J. (2007). Interference resolution: insights

from a meta-analysis of neuroimaging tasks. Cogn. Affect. Behav. Neurosci. 7,
1–17. doi: 10.3758/cabn.7.1.1

Nieuwenhuis, S., Ridderinkhof, K. R., Talsma, D., Coles, M. G., Holroyd, C. B.,
Kok, A., et al. (2002). A computational account of altered error processing
in older age: dopamine and the error-related negativity. Cogn. Affect. Behav.
Neurosci. 2, 19–36. doi: 10.3758/cabn.2.1.19

Oldfield, R. C. (1971). The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)
90067-4

Park, D. C., and Reuter-Lorenz, P. (2009). The adaptive brain: aging and
neurocognitive scaffolding. Annu. Rev. Psychol. 60, 173–196. doi: 10.
1146/annurev.psych.59.103006.093656

Polich, J. (1996). Meta-analysis of P300 normative aging studies. Psychophysiology
33, 334–353. doi: 10.1111/j.1469-8986.1996.tb01058.x

Polich, J., and Heine, M. R. (1996). P300 topography and modality effects from a
single-stimulus paradigm. Psychophysiology 33, 747–752. doi: 10.1111/j.1469-
8986.1996.tb02371.x

Potts, G. F. (2004). An ERP index of task relevance evaluation of visual stimuli.
Brain Cogn. 56, 5–13. doi: 10.1016/j.bandc.2004.03.006

Proctor, R. W., Vu, K. P., and Pick, D. F. (2005). Aging and response selection
in spatial choice tasks. Hum. Factors 47, 250–270. doi: 10.1518/00187200546
79425

Frontiers in Aging Neuroscience | www.frontiersin.org 11 March 2016 | Volume 8 | Article 53



Korsch et al. Age-Related Deficits of Conflict Resolution

Riis, J. L., Chong, H., McGinnnis, S., Tarbi, E., Sun, X., Holcomb, P. J.,
et al. (2009). Age-related changes in early novelty processing as
measured by ERPs. Biol. Psychol. 82, 33–44. doi: 10.1016/j.biopsycho.2009.
05.003

Sebastian, A., Baldermann, C., Feige, B., Katzev, M., Scheller, E., Hellwig, B., et al.
(2013). Differential effects of age on subcomponents of response inhibition.
Neurobiol. Aging 34, 2183–2193. doi: 10.1016/j.neurobiolaging.2013.
03.013

Simon, J. R. (1969). Reactions toward the source of stimulation. J. Exp. Psychol. 81,
174–176. doi: 10.1037/h0027448

Turner, G. R., and Spreng, R. N. (2012). Executive functions and neurocognitive
aging: dissociable patterns of brain activity. Neurobiol. Aging 33,
826.e1–826.e13. doi: 10.1016/j.neurobiolaging.2011.06.005

Umebayashi, K., and Okita, T. (2010). An ERP investigation of task switching
using a flanker paradigm. Brain Res. 1346, 165–173. doi: 10.1016/j.brainres.
2010.05.050

van der Lubbe, R. H., and Verleger, R. (2002). Aging and the Simon task.
Psychophysiology 39, 100–110. doi: 10.1111/1469-8986.3910100

Van’t Ent, D. (2002). Perceptual and motor contributions to performance
and ERP components after incorrect motor activation in a flanker
reaction task. Clin. Neurophysiol. 113, 270–283. doi: 10.1016/s1388-2457(01)
00730-1

Van Veen, V., and Carter, C. S. (2002). The timing of action-monitoring processes
in the anterior cingulate cortex. J. Cogn. Neurosci. 14, 593–602. doi: 10.
1162/08989290260045837

Verleger, R., Heide, W., Butt, C., and Kompf, D. (1994). Reduction of P3b in
patients with temporo-parietal lesions. Brain Res. Cogn. Brain Res. 2, 103–116.
doi: 10.1016/0926-6410(94)90007-8

Wang, K., Li, Q., Zheng, Y., Wang, H., and Liu, X. (2014). Temporal and
spectral profiles of stimulus-stimulus and stimulus-response conflict
processing. Neuroimage 89, 280–288. doi: 10.1016/j.neuroimage.2013.
11.045

Wascher, E., Falkenstein, M., and Wild-Wall, N. (2011). Age related strategic
differences in processing irrelevant information. Neurosci. Lett. 487, 66–69.
doi: 10.1016/j.neulet.2010.09.075

West, R., and Alain, C. (2000). Age-related decline in inhibitory control
contributes to the increased Stroop effect observed in older adults.
Psychophysiology 37, 179–189. doi: 10.1111/1469-8986.3720179

West, R., Bowry, R., andMcConville, C. (2004). Sensitivity of medial frontal cortex
to response and nonresponse conflict. Psychophysiology 41, 739–748. doi: 10.
1111/j.1469-8986.2004.00205.x

West, R. L. (1996). An application of prefrontal cortex function theory to cognitive
aging. Psychol. Bull. 120, 272–292. doi: 10.1037/0033-2909.120.2.272

Wild-Wall, N., Falkenstein, M., and Hohnsbein, J. (2008). Flanker interference in
young and older participants as reflected in event-related potentials. Brain Res.

1211, 72–84. doi: 10.1016/j.brainres.2008.03.025
Yeung, N., Botvinick, M. M., and Cohen, J. D. (2004). The neural basis of error

detection: conflict monitoring and the error-related negativity. Psychol. Rev.
111, 931–959. doi: 10.1037/0033-295x.111.4.931

Zurron, M., Lindin, M., Galdo-Álvarez, S., and Diaz, F. (2014). Age-related effects
on event-related brain potentials in a congruence/incongruence judgment
color-word Stroop task. Front. Aging Neurosci. 6:128. doi: 10.3389/fnagi.2014.
00128

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Korsch, Frühholz and Herrmann. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution and reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 12 March 2016 | Volume 8 | Article 53


	Conflict-Specific Aging Effects Mainly Manifest in Early Information Processing Stages—An ERP Study with Different Conflict Types
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Experimental Tasks
	EEG Recording
	Statistical Analysis

	RESULTS
	Behavioral Data
	Electrophysiological Data
	P2 Time Window
	N2 Time Window
	P3 Time Window


	DISCUSSION
	AUTHOR CONTRIBUTIONS
	REFERENCES


