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We recorded Electroencephalograms (EEGs) during a cued Continuous Performance Task (CPT) to inves-
tigate lifespan differences in the efficiency of response conflict processing under conditions that put high
demands on the ability to suppress a prepotent response. Previous evidence indicates that children and
adolescents commit more errors under such conditions than younger adults, whereas older adults are
disproportionately slow in responding. We measured event-related potentials (ERPs) in a sample of 45
children, 44 adolescents, 46 younger adults, and 47 older adults to investigate response conflict moni-
toring (Nogo-N2), cue utilization (Cue-P3), response anticipation (contingent negative variation, CNV),
and response suppression (Nogo-P3). In comparison to adolescents and adults, children showed larger
ERPs associated with cue utilization. At the same time, children committed more errors and their ERPs
Cognitive control reflecting response anticipation and response suppression were smaller and uncorrelated. In contrast,
Attention older adults showed ERP indices of attentional distraction (P3a elicited by the infrequent Non-Cue stim-
ERP uli), reduced conflict monitoring signals (Nogo-N2), and took more time to respond than the other age
groups. The present findings reveal marked lifespan differences in processes related to response conflict
monitoring. In middle childhood, the readiness to utilize cues for guiding actions is not yet fully matched
by the ability to suppress prepotent responses, leading to a relatively large number of commission errors.
In older adults, higher indices of attentional distraction as well as lower conflict monitoring signals were
observed. This might reflect a dampened build-up of response tendencies, thereby leading to slower
responding and relatively low error rates.

Keywords:

Lifespan development
Response inhibition
Motor control

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction 1.1. Lifespan differences in conflict monitoring and associated
processes

The last decade has seen a rapidly growing interest in studying

conflict monitoring. Conflict monitoring is thought to come into
play in challenging and non-routine situations that involve sev-
eral concurring and potentially conflicting response options (see
Botvinick, Braver, Barch, Carter, & Cohen, 2001; Botvinick, Cohen,
& Carter, 2004; Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis,
2004; Rushworth, Walton, Kennerley, & Bannerman, 2004; Yeung,
Botvinick, & Cohen, 2004 for reviews). For example, conflict mon-
itoring has been suggested to take place during tasks involving
response suppression, signaling the need to detect and control the
conflict between the actions of executing or suppressing a response
(Braver, Barch, Gray, Molfese, & Snyder, 2001; Nieuwenhuis, Yeung,
van den Wildenberg, & Ridderinkhof, 2003).
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The ability to process response conflicts differs across the
human lifespan, with children and older adults being less efficient
than younger adults. Moreover, when comparing the performance
during maturation and aging, a distinct pattern of difficulties in
processing response conflicts emerges. While children and adoles-
cents are more likely to commit errors in the context of response
conflicts than young adults (e.g., Davies, Segalowitz, & Gavin, 2004;
Jonkman, 2006; Jonkman, Lansbergen, & Stauder, 2003; Lorsbach
& Reimer, 2008), difficulties in dealing with response conflicts
are evident in disproportionately slowed response latencies in
older adults (e.g., Falkenstein, Hoormann, & Hohnsbein, 2001;
Li, Himmerer, Miiller, Hommel, & Lindenberger, 2009; Rabbitt,
Osman, Moore, & Stollery, 2001; Rush, Barch, & Braver, 2006;
Themanson, Hillman, & Curtin, 2006; Williams, Ponesse, Schachar,
Logan, & Tannock, 1999).

The observed differences during child development and aging
suggest that various processes that are relevant for processing
response conflicts function less well at both ends of the lifespan.
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Developmental theories and recent empirical findings corroborate
this view. Extant findings suggest that deficits in resisting interfer-
ence and in using cue information for attentional control are likely
to contribute to lifespan changes in dealing with response conflicts
during tasks involving response suppression (Braver, Barch, & Keys
et al.,, 2001; Braver, Satpute, Rush, Racine, & Barch, 2005; Burke &
Osborne, 2007; Dempster, 1992; Kane, Hasher, Stoltzfus, Zacks, &
Connelly, 1994; Lorsbach & Reimer, 2008; Rush et al., 2006). More
specifically, compared to younger adults, children and adolescents
are less able to inhibit unwanted action tendencies, while older
adults show greater difficulties in using contextual cues to aid the
top-down attentional control of conflicting actions (Braver, Barch,
& Gray et al.,, 2001; Braver, Barch, & Keys et al., 2001; Braver et al.,
2005; Burke & Osborne, 2007; Houdé, 1995; Pascual-Leone, 1983;
Rush et al., 2006; see Craik & Bialystok, 2006; Diamond, 2006; Geier
& Luna, 2009 for reviews).

Hence, cue utilization and response suppression appear to
contribute differently to response-conflict processing during mat-
uration and aging. When investigating the development of
response-conflict processing, it is thus helpful to examine (a)
both child development and aging, and (b) changes in other task-
relevant cognitive functions in order to better characterize the
multifaceted nature of response-conflict processing. Therefore, in
addition to ERPs assumed to be related to conflict monitoring, in the
present study we also investigate ERP correlates of the individuals’
ability to (a) use cue information in guiding actions, and (b) antic-
ipate or suppress responses. In the following, we review the ERPs
thought to reflect the cognitive functions in question. We will start
with ERPs reflecting conflict monitoring (Nogo-N2) and response
suppression (Nogo-P3), before describing ERPs reflecting the use of
cue information (Cue-P3) and response anticipation (Cue-CNV).

1.2. ERP correlates of response conflict monitoring, cue
utilization, response suppression, and response anticipation

In a typical response suppression task, such as the stop-signal
task or the continuous performance task (CPT), participants are
asked to suppress a prepotent response (Lappin & Eriksen, 1966;
Rosvold, Mirsky, Sarason, Bransome, & Beck, 1956). To facilitate the
investigation of inhibitory mechanisms, a bias for response exe-
cution is often established by introducing response deadlines or
by increasing the probability of Go trials, that is, trials in which a
response needs to be executed (e.g., Jonkman, 2006). ERPs to Go and
Nogo stimuli typically show a negative deflection in a time window
200-300ms following the imperative stimulus, and a prominent
positive deflection in an interval of 300-500 ms post stimulus,
referred to as N2 and P3, respectively. The N2 is maximal over
the frontal regions and larger after Nogo (Nogo-N2) than after Go
stimuli (Go-N2). Previous findings suggest that the Nogo-N2 arises
from the anterior cingulate cortex or medial frontal generators
(Bekker, Kenemans, & Verbaten, 2005; Nieuwenhuis et al., 2003),
which are known to be involved in response conflict monitoring
(Ridderinkhof et al., 2004). The P3 after Nogo stimuli (Nogo-P3)
is also larger than the P3 after Go stimuli (Go-P3). The Nogo-P3
shows a central scalp distribution, whereas the Go-P3 is maximal
in amplitude at parietal electrodes (Bruin & Wijers, 2002; Eimer,
1993; Karlin, Martz, & Mordkoff, 1970; Kok, 1986; Pfefferbaum,
Ford, Weller, & Kopell, 1985). The generator of the Nogo-P3 has
been localized in inferior frontal cortices (Bokura, Yamaguchi, &
Kobayashi, 2001).

The Nogo-N2 was originally assumed to reflect an inhibitory
mechanism (e.g., Jodo & Kayama, 1992; Nakata et al., 2006; van
Boxtel, van der Molen, Jennings, & Brunia, 2001). However, more
recent views see the Nogo-N2 as a signal emitted from a more gen-
eral conflict monitoring system, which is activated by tasks that
include several conflicting response tendencies such as the flanker

task (Nieuwenhuis et al., 2003). Strong evidence in favor of this
view comes from studies showing that the N2 is actually larger for
Go trials than for Nogo trials if the less frequent response type is a
Go response. This finding supports the view that (a) the response
tendencies for either executing or suppressing a response are in
conflict during tasks involving response suppression; (b) the con-
flict is larger for the less frequent or less prepotent response type,
resulting in a larger N2 amplitude (Donkers & van Boxtel, 2004;
Nieuwenhuis et al., 2003). In contrast, the Nogo-P3 has been more
consistently linked to response suppression (Bekker, Kenemans,
& Verbaten, 2004; Bruin & Wijers, 2002; Jonkman, 2006; Karlin
et al., 1970; Schupp, Lutzenberger, Rau, & Birbaumer, 1994; Smith,
Johnstone, & Barry, 2008). This distinction of the processes reflected
in the Nogo-N2 and the Nogo-P3 is supported by evidence show-
ing that when participants are asked to only count Go and Nogo
stimuli, the Nogo-N2 is still present while the Nogo-P3 is reduced
(Bruin & Wijers, 2002; Donkers, Nieuwenhuis, & van Boxtel, 2005).

With respect to assessing the ability to utilize cue information,
the ERP responses of participants to cues that are instructive in
terms of preparing their responses can be examined. For example,
in the AX-CPT task, participants are asked to respond to the letter
X only if this letter is preceded by the letter A (e.g., Braver, Barch, &
Gray et al., 2001; Braver, Barch, & Keys et al., 2001). A larger P3 to
cue stimuli has been interpreted as indicating a higher amount of
information extracted from the cue (Gratton et al., 1990; Wright,
Geffen, & Geffen, 1993). In addition to the utilization of cue infor-
mation, the investigation of EEG activity prior to the target stimulus
offers a means of assessing indices of response anticipation. Here,
the late contingent negative variation (CNV), seems to be a promis-
ing candidate, as it has been linked to central processes of motor
preparation or stimulus expectation (e.g., Damen & Brunia, 1994;
Gomez, Marco, & Grau, 2003; Rektor et al., 2004; Ulrich, Leuthold,
& Sommer, 1998). The putamen, pre SMA, inferior parietal cortex,
and primary motor cortex have been suggested to contribute to the
generation of the CNV (Gomez et al., 2003; Rektor et al., 2004).

In summary, assessing ERPs during a cued CPT provides the pos-
sibility for examining three task-relevant cognitive functions in
addition to the process of conflict monitoring: (a) the use of cue
information (Cue-P3), (b) ERPs reflecting motor control (response
suppression as evident in the Nogo-P3), and (c¢) response anticipa-
tion as evident in the CNV.

1.3. Lifespan differences in ERP correlates of response conflict
monitoring, cue utilization, response suppression, and response
anticipation

To date, ERP studies on developmental differences in inhibition
and conflict monitoring are scarce. Existing studies that have com-
pared children and adolescents in an age range spanning from 6
years to young adulthood report a decrease of the Nogo-N2 with
increasing age (Johnstone et al., 2007; Johnstone, Pleffer, Barry,
Clarke, & Smith, 2005; Jonkman, 2006; Jonkman et al., 2003).
This suggests a reduction of monitored conflict or responsive-
ness of the monitoring system with maturation. A recent study by
Lamm, Zelazo, and Lewis (2006) showed that the decrease in Nogo-
N2 amplitude is not a mere artifact of peripheral changes with
chronological age (e.g., increasing skull thickness with increasing
age) but related to the increase in the executive functions with
increasing age. To the best of our knowledge, thus far only two
studies have investigated age differences in the Nogo-N2 from
early to late adulthood. In these studies, smaller N2 amplitudes
have been observed in older adults (Czigler, Csibra, & Ambro, 1996;
Falkenstein, Hoormann, & Hohnsbein, 2002).

The amplitude of the Nogo-P3 has been shown to increase
during childhood and adolescence (Johnstone et al., 2007, 2005;
Jonkman, 2006). The difference in amplitude between the Nogo-P3
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and the Go-P3 seems to increase as well, indicating improvements
in the ability to suppress unwanted responses. So far, only a hand-
ful of studies have focused on senescent changes in the Go- and
Nogo-P3. Generally, the amplitude of the P3 component has been
found to decrease with advancing adult age (Czigler et al., 1996;
Falkenstein et al., 2002; Pfefferbaum & Ford, 1988). In addition, the
results of the few studies conducted so far suggest that the differ-
ence between Nogo-P3 and Go-P3 amplitudes observed in younger
adults is smaller in old age. Note, however, that the older adults in
the study by Falkenstein et al. (2002) were relatively young (mean
age =58.3 years), and that the ERPs reported by Pfefferbaum and
Ford (1988) were based on three midline electrodes only. Thus, the
currently available evidence may not present a typical or complete
picture of adult age differences in ERP correlates of response conflict
monitoring.

To date, only a few studies have used EEG to assess ERP com-
ponents that are related to cue processing (e.g. Cue-P3) in addition
to other known ERP components associated with conflict moni-
toring and response suppression (Jonkman, 2006; Jonkman et al.,
2003). Jonkman (2003, 2006) demonstrated that children showed
a larger Cue-P3 than adults. This was interpreted as reflecting a
stronger cue-driven Go-stimulus expectation in children. The CNV
was shown to be reduced in children relative to young adults or
absent until the age of 11 or 12 years (Jonkman, 2006; Jonkman
et al., 2003; Segalowitz & Davies, 2004). This finding has been
interpreted as indicating weaker response anticipation in chil-
dren. Similar observations have been made for older adults (Botzel,
Mayer, Oertel, & Paulus, 1995).

1.4. Study aim and hypotheses

The aim of this study was to arrive at a more complete picture of
lifespan differences in the various processes relevant for handling
response conflicts, with a particular focus on ERP correlates of con-
flict monitoring, cue utilization, response anticipation and response
suppression. Given that ERP studies on response conflict monitor-
ing have, thus far, either focused on child development or aging,
the present study aims at directly comparing ERP correlates of con-
flict monitoring, cue utilization, response anticipation and response
suppression in a lifespan sample covering middle childhood to old
age.

In light of developmental theories and empirical findings sug-
gesting that children and adolescents are less able to inhibit
unwanted action tendencies and thus are more prone to errors
during response conflicts (e.g., Davies et al., 2004; Houdé, 1995;
Jonkman, 2006; Pascual-Leone, 1983; see Craik & Bialystok, 2006;
Diamond, 2006; Geier & Luna, 2009 for reviews), we expected
smaller amplitudes of the ERPs reflecting motor control in chil-
dren and adolescents (Nogo-P3 and Cue-CNV; cf: Jonkman et al.,
2003; Jonkman, 2006) relative to young adults. Regarding age dif-
ferences in adulthood, behavioral as well as imaging studies show
that older adults have greater difficulties in using cue information
to guide attentional control while processing response conflicts
than younger adults (Braver, Barch, Keys et al., 2001; Braver et al.,
2005; Burke & Osborne, 2007; Rush et al., 2006). We thus expected
reduced amplitudes of ERPs reflecting cue processing (Cue-P3) and
conflict monitoring (Nogo-N2)in the elderly (cf. Czigler et al., 1996).

Table 1

2. Method
2.1. Participants

The sample included 182 participants covering four age groups:
45 children (22 girls), 44 adolescents (22 girls), 46 younger adults
(22 women), and 47 older adults (22 women). Given that response
conflict monitoring evolves more rapidly from childhood to early
adulthood than from early to late adulthood (e.g., Li et al., 2004), the
age ranges within age groups were smaller in the groups of children
and adolescents than in the groups of younger and older adults
(see Table 1). Data from one adolescent and one younger adult who
did not comply with the task instructions were excluded from the
analyses. Furthermore, one adolescent subject was excluded due to
technical problems during EEG recordings.

The educational level of the participants was comparatively
high. The majority of the children were still attending elemen-
tary school (81%), with some already attending the Gymnasium,
the college preparatory track of high school. Most of the adoles-
cents were attending the Gymnasium (78%), the majority of the
younger adults were enrolled at a university (91%), and most of the
older adults held academic high school diploma (53%) or vocational
school diploma (34%). All subjects were right-handed (Oldfield
Questionnaire: LQ > 80; Oldfield, 1971).

In a separate test session prior to the EEG session, the Digit
Symbol Substitution test (DSS; Wechsler, 1981) and a modified ver-
sion of the Spot-a-Word test (Lehrl, 1977; see also Lindenberger,
Mayr, & Kliegl, 1993) were administered as marker tests of per-
ceptual speed and verbal knowledge, respectively (Horn, 1989).
According to two-component theories of life span cognition (Baltes,
1987; Lindenberger, 2001), fluid intelligence relies relatively more
on basic cognitive mechanics, whereas crystallized intelligence
depends relatively more on experience and acquired knowledge.
Thus, it can be expected that the lifespan trajectories of marker
tests of fluid intelligence match more closely the maturation- and
senescence-related age trajectories of brain development than the
lifespan trajectories of measures of crystallized intelligence. As
can be seen in Table 1, in our sample, DSS performance increased
from childhood to early adulthood and decreased from early to
late adulthood (planned contrast: t=11.66, p<.01,d=1.81,r=.67),
whereas performance on the Spot-a-Word test increased with age
(X2 (3,N=182)=129.5, p<.01). The observed dissociation between
lifespan age gradients of these two tests in our sample is consistent
with well-established empirical evidence on the development of
these two facets of intelligence obtained in larger and more rep-
resentative samples (e.g., Li et al., 2004). Informed consent was
obtained from each participant or parent of the participant before
testing. The study was approved by the Ethics Committee of the
Max Planck Institute for Human Development. Participants were
paid 10p for the first, and 7o for every following hour of the exper-
iment.

2.2. Procedure

Participants were comfortably seated in an electrically and
acoustically shielded room. The distance to the computer screen
was 80cm. Each session started with a relaxation phase of three

Sample description: age, perceptual speed (digit symbol score), and verbal knowledge (spot-a-word) across the age groups.

Age group Mean age (years) Mean digit symbol score (correctly filled fields) Mean spot-a-word score (correct responses)
Children 10.15 (0.59) 35.58 (7.67) 4.64 (4.28)
Adolescents 14.42 (0.55) 52.16 (10.13) 12.55(6.08)
Younger adults 24.27 (2.07) 62.24 (12.07) 21.35(5.63)
Older adults 71.24(2.91) 45.55 (8.66) 26.43 (5.16)

Note: S.D. in parentheses.
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minutes (1.5 m with eyes closed and 1.5 m with eyes open). There-
after, subjects performed a modified version of the Continuous
Performance Task (Rosvold et al., 1956). We modified a variant of
the CPT task, the AX-CPT task (Braver, Barch, & Gray et al., 2001)
for testing with children. During the CPT task, 12 squares of differ-
ent colors were presented one at a time in succession on a white
screen. The blue square was the Cue stimulus and the yellow square
was the Target stimulus. Participants were instructed to respond as
fast as possible by pressing a button with their right index finger
whenever the blue square was followed by the yellow square. The
remaining 10 colored squares were Non-Cue stimuli and, like the
Cue stimulus, were not to be responded to with a button press.
There were altogether 270 Go pairs (Cue followed by Target) and
195 Nogo pairs, with 65 pairs for each possible type of Nogo pair:
prime-based Nogo pair (Cue followed by Non-Target), response-
based Nogo pair (Non-Cue followed by Target), and Non-Cue Nogo
pair (Non-Cue followed by Non-Target). Note that other studies that
used the cued variant of the CPT task refered to these trial types as
AX, AY, BX and BY trials, respectively.

Based on prior assessments of electrophysiological correlates
during this task, only the prime-based Nogo trials were used for the
Go-Nogo comparison in the EEG components (cf. Jonkman, 2006)
since response conflict is assumed to be largest on this type of Nogo
pair. The ratio of Go responses to Nogo responses over all trials
was 58-42%. The total number of trials was 930 trials, which were
divided into 5 blocks of 186 trials each. Before the task started, par-
ticipants underwent a practice block with a sequence of 20 stimuli.
The complete task took approximately 35 min to complete. After
each block, participants were allowed to take a short self-timed
break and received feedback informing them how many correct
and how many late responses (exceeding a response time limit,
see below) they had made up to this point in time. They were also
reminded to respond as quickly as possible.

2.3. Stimulus material and trial structure

Stimulus materials were chosen to be suitable for all age groups
including children. The colored squares used in the task were 1.07°
tall and wide and presented in the center of the screen. At the
beginning of each trial, a colored square was presented for 200 ms
before being followed by a blank screen. A fixation cross (0.35° tall
and wide), presented after the blank screen, indicated the response
time limit. It appeared 650 ms after the beginning of the trial for
children and older adults and 500 ms after the beginning of the
trial for adolescents and younger adults. These response time limits
were determined in pilot experiments such that the four age groups
would be motivated to the same extent to respond as quickly and
as accurately as possible. The fixation cross remained on the screen
for 1500 ms (in the case of children and older adults) or 1650 ms
(in the case of adolescents and younger adults), resulting in a total
trial duration of 2150 ms.

2.4. EEG recordings and analyses

EEG was recorded continuously (BrainAmp DC amplifiers, Brain
Products GmbH, Gilching, Germany) from 64 Ag/AgCl electrodes
placed according to the 10-10 system in an elastic cap (Braincap,
BrainVision), using BrainVision Recorder. The sampling rate was
1000 Hz with a bandpass filter applied in the range of 0.01-250 Hz.
EEG recordings were referenced online to the right mastoid. The
ground was positioned above the forehead. Impedances were
kept below 5k . Vertical and horizontal electro-oculograms were
recorded next to each eye and below the left eye.

Using BrainVision Analyzer, the recorded data were re-
referenced to a linked mastoid reference. Using the Fieldtrip soft-
ware package (for more details see http://www.ru.nl/fcdonders/

fieldtrip), the data were segmented into epochs of 1.5 s before and
2.5 s after the onset of the colored square. Epochs or channels with
severe muscular artifacts or saturated recordings were excluded
manually. An average of 12.01% of the trials had to be removed
from the EEG data; children: 19.25%, adolescents: 12.56%, younger
adults: 8.41%, older adults: 8.10%. The number of trials per con-
dition was included as a covariate in the multivariate repeated
measures analyses of variance (MANOVA) on the condition and age
effects at the electrodes with maximal effects (see statistical analy-
ses below). All main and interaction effects reported below proved
to be robust with respect to differences in the number of trials per
condition. The prepared data were subjected to an ICA decompo-
sition using EEGLAB (Delorme & Makeig, 2004). ICA components
of ocular and muscular artifacts were removed from the data. The
recombined data were bandpass-filtered in the range of 0.5-25Hz
and epoched according to the time windows of interest (1000 ms
after stimulus onset for the Go and Nogo comparison and 2150 ms
after stimulus onset for the Cue and Non-Cue stimulus compari-
son). Baseline corrections were applied on the epoched data with
respect to a 100 ms prestimulus baseline. Epochs for the analyses
of the CNV were not bandpass-filtered, but only lowpass-filtered at
25 Hz. ERPs were obtained by averaging across trials for each elec-
trode and condition for each subject, and across subjects within
each age group.

Latencies and amplitudes of the P2, N2 and P3 components
following Go stimuli (Target after a Cue) and Nogo stimuli (prime-
based Nogo: Non-Target after a Cue) were defined as the most
positive (or negative) peaks in the individual averages in the time
windows 100-250 ms, 200-350 ms and 200-500 ms, respectively.
For the P3 component following Non-Cue and Cue stimuli, the most
positive peakin the time windows 300-600 ms after stimulus onset
was chosen. The CNV amplitude was determined by identifying the
amplitude immediately preceding the onset of the next stimulus,
that is, the measurement of the CNV occurred at 2150 ms (i.e., the
total trial duration) following the onset of the Cue or Non-Cue stim-
uli (cf. Falkenstein et al., 2002; Johnstone et al., 2007; Jonkman,
2006 for comparable time windows in developmental studies).

2.5. Exclusion criteria for behavioral data

Reaction times on Go trials were prepared prior to data anal-
yses by excluding reaction times faster than 100 ms and slower
than 2000 ms. Then, for each age group, reaction times deviating
more than 3.5 standard deviations from the mean of the age group
were excluded. Altogether, 5.6% of the reaction times needed to be
excluded in children, 4.0% in adolescents, 2.3% in younger adults,
and 1.3% in the older adults.

2.6. Statistical analyses

Data were analyzed using SPSS (Release 15.0.0, Sept 6th 2006)
and SAS (SAS 9.1.3, Windows Version 5.2.3790). Deviations from
normality were corrected by transforming the data (square root and
logarithmic transformations). In the case of unequal variances, tests
that allow for unequal variances like the SAS PROC MIXED proce-
dure assuming unstructured variances were used. Non-parametric
tests were used when transformations failed to establish normality
of the data in all four age groups.

To identify differences in scalp distribution between the age
groups, multivariate repeated measures analyses of variance were
performed on normalized data (cf. scaling method following
McCarthy & Wood, 1985) for each ERP component on 9 leads (F3,
Fz, F4, C3, Cz, C4, P3, Pz, P4). Condition (Go vs Nogo or Cue vs
Non-Cue), laterality (3 levels: medium-left, mid-sagittal, medium-
right), and the anterior-posterior distinction (3 levels: frontal,
central, parietal) were within-subject factors, whereas age group
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Table 2
Mean of median reaction time and percent errors across the age groups.

Age group Go RT (ms) Misses (%) Prime-based errors (%) Response-based errors (%)
Children 292 (39) 9.7 (7.6) 42.1(18.2) 13.8(12.2)

Adolescents 267 (30) 8.2(8.1) 27.6 (15.4) 7.1(6.1)

Younger adults 275(29) 3.7 (4.5) 143 (11.9) 4.6 (4.6)

Older adults 321(41) 3.4 (4.5) 13.1(10.4) 5.6 (4.3)

Note: S.D. in parentheses.

(children, adolescents, younger adults, and older adults) was the
between-subject factor. Given that we were most interested in
testing age differences in scalp distributions, we focused on inter-
actions including the factor of age group. Furthermore, only reliable
effects with effect sizes r;>.35 were considered for follow-up anal-
yses to avoid reporting non-essential effects.

To assess lifespan differences in Go and Nogo, Cue and Non-
Cue conditions, the ERP responses from predetermined electrodes
based on existing developmental literature were compared across
the four age groups using multivariate repeated measures analyses
of variance as outlined above. The N2 following Go and Nogo stimuli
was examined at electrode Fz (e.g., Jonkman, 2006), the Go-P3 at
electrode Pz and the Nogo-P3 at electrode Cz (e.g., Czigler et al.,
1996). Cue and Non-Cue P3 were investigated at electrode Pz (cf.
Jonkman, 2006), with the exception of the age group of the older
adults, where the maximal effect after Non-Cue stimuli appeared
at electrode Cz (see below for details). Finally, the CNV following
Cue and Non-Cue stimuli was assessed at electrode Cz (cf. Jonkman,
2006).

Significant main effects of age group were followed by three
planned contrasts (which did not assume equal variances) to fur-
ther characterize differences between age groups. The first contrast
tested for a linear pattern across the age groups, the second for
a curvilinear pattern across the age groups and the third for a
difference between the younger (children and adolescents) and
the adult (younger and older adults) age groups. Furthermore,
Games-Howell pairwise comparisons, which correct for type I error
accumulation and are suitable for samples with unequal variances,
were calculated to investigate differences between the age groups.
Significant interactions of age and condition were analyzed fur-
ther using paired samples t-tests to assess differences between
the levels of the condition factor separately for each age group.
The intraclass correlation coefficient r; was calculated as the effect
size indicator for MANOVA, and Pearson’s r was computed as an
effect size for correlational analyses. Cohen’s d was calculated as
the effect size indicator for planned contrasts and pairwise com-
parisons across the age groups; the effect sizes of the latter where
based on pooled standard deviations to account for differences in
variances between age groups. To allow for further comparisons
of the effect sizes across statistical tests, we report in addition the
transformation of Cohen’s d to Pearson’s r (cf. Fern & Monroe, 1996).
Behavioral data were compared across age groups using univari-
ate analyses of variance robust to unequal variances across the
age groups, as well as planned contrasts and pairwise corrected
comparisons as described above for the analyses of the EEG data.

3. Results
3.1. Behavioral performance: reaction times and accuracy

The behavioral data are summarized in Table 2. The median
reaction times on Go responses differed significantly across the four
age groups, F(3,178)=21.00, p<.01, r;=.51. Planned contrasts con-
firmed the expected curvilinear pattern across the age groups, with
children and older adults having the largest median reaction times,
t=6.80, p<.01, d=1.06, r=0.47. A comparison of the median reac-

tion times in children and older adults revealed that older adults
had significantly longer reaction times than children, mean differ-
ence 28.59ms, t=3.43,p<.01,d=.72,r=.39.

Prime-based errors were the most common type of errors, fol-
lowed by response-based errors and misses, main effect of error
type: X2 (2,172)=156, p<.01, indicating that suppressing a prepo-
tentresponse tendency was indeed the critical event in the CPT task.
When the four age groups were compared separately for each type
of error, significant differences in error frequency across the lifes-
pan were observed for prime-based errors, F(3,168)=16.31, p<.01,
r;=.47, response-based errors, F(3,153)=8.42, p<.01, r;=.38, and
misses, F(3,177)=38.99, p<.01, r;=.63. Planned contrasts between
age groups performed separately for each error type revealed that
children and adolescents committed more errors than younger
and older adults for prime-based errors, t=10.06, p<.01, d=1.5,
r=0.60, response-based errors, t=3.99, p<.01, d=.65, r=.31, and
misses: t=6.78, p<.01, d=1.03, r=.46. As expected, children and
adolescents had greater difficulties in suppressing inappropriate
responses than younger and older adults.

Pairwise comparisons that were conducted to follow up on
the contrast effects further examined the patterns across the
lifespan for the different types of errors. The frequency of
prime-based errors decreased from childhood to early adult-
hood and did not differ between younger and older adults
(mean differences: children—adolescents 14.5%, p<.01, d=.85,
r=.39; adolescents — younger adults 13.3%, p<.01, d=1.01, r=.45;
younger — older adults 1.2%, p=1.0). The frequency of response-
based errors was higher in children than in any of the
other age groups (mean differences: children — adolescents 6.7%,
p=.036, d=.56, r=.27; adolescents — younger adults 2.6%, p=.59;
younger — older adults 1.0%, p =1.0. Finally, misses were more fre-
quent in children and adolescents than in younger and older adults
(mean differences: children —adolescents 1.5%, p=.49; adoles-
cents — younger adults 4.5%, p<.01, d=.78, r=.36; younger — older
adults 0.3%, p=1.0.).

3.2. Speed-accuracy trade-offs

In all four age groups, we observed strong negative correla-
tions between the median reaction time and the frequency of
prime-based errors, indicative of a speed-accuracy trade-off: chil-
dren: r=-.70, p<.01; adolescents: r=—.74, r<.01; younger adults:
r=-.63, p<.01; older adults: r=-.63, p<.01. To examine whether
a speed-accuracy trade-off was also present within individuals, we
binned individual reaction time data for every 30 trials, and split
up the bins into those with low and high median reaction times
for each particular individual. The number of prime-based errors
committed within a 30-trial bin was then averaged separately
for the bins with large median reaction times and the bins with
small median reaction times. A multivariate repeated measures
analysis with the factors age group and number of errors (levels:
errors during slower responding, errors during faster responding)
revealed that participants committed more prime-based errors
during periods of faster responding, F(1,179)=25.57,p<.01,r;=.35,
demonstrating that the speed-accuracy trade-off was also present
at the intraindividual level. Importantly, the age group x number
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Fig. 1. (A) Grand average of the stimulus-locked ERPs in Go and Nogo conditions across the four age groups. Four midline electrodes (Fz, FCz, Cz and Pz) are displayed. P2,
N2, and P3 ERP components are indicated by arrows. Insets indicate mean amplitude for each age group of the N2 peak at electrode Fz as well as the P3 peak at electrode Pz

in Go and Cz in Nogo condition. Error bars denote 1 SE of the mean.

(B) Scalp topographies of the stimulus-locked ERPs in Go and Nogo conditions across the four age groups. To exclude the influence of the positivity on which the N2 is
superimposed, N2 amplitudes relative to preceding P2 components (amplitude difference P2-N2 peak) are depicted. Timings below the maps are given relative to stimulus

onset. Maps are based on mean amplitudes of a 50 ms interval around indicated time.

of errors interaction was not statistically significant, F(3,179)=.61,
p=.61,indicating that the average magnitude of the intraindividual
speed-accuracy trade-off did not differ reliably across the four age
groups. Taken together, these results indicate that speed—accuracy
trade-offs did not differentially affect variations in error prone-
ness between and within participants in each of the four age
groups. Thus, age-group differences in speed-accuracy trade-off
are unlikely to confound the observed lifespan trends.

3.3. Age differences in the topography of the ERPs

As expected, the P3 amplitude following Go stimuli was
largest at Pz while the P3 following Nogo stimuli was max-
imal at Cz (F(2.00,27.00)=13.36, p<.01, r;=.71; cf. Czigler et
al,, 1996). The P3 following Go and Nogo stimuli showed an
age group x anterior—posterior interaction, F(4.00,237.33)=9.33,
p<.01, r;=.37. Follow up analyses revealed a comparatively
stronger effect at Pz in children (cf. Fig. 1) that was appar-
ent especially following Nogo stimuli (mean difference Cz — Pz,
children: 0.09 V, p=0.16; adolescents: 0.31 V, p<.01, d=2.56,
r=.79; younger adults: 0.36 V,p<.01,d=3.39,r=.86; older adults:
0.33 V, p<.01, d=2.74, r=.81). In contrast, older adults showed
a comparatively reduced increase from Cz to Pz (cf. Fig. 1) in
the P3 following Go stimuli (mean difference Cz— Pz, children:
-0.30 V, p<0.1, d=2.32, r=.76; adolescents: —0.13 V, p<.01,
d=0.94, r=.42; younger adults: —0.13 V, p<.01, d=1.04, r=.46;
older adults: —0.02 V,p=.65).The more posteriorly localized P3 in
children especially during Nogo stimuli might indicate the need for
arecruitment of additional posterior sources (cf. Jonkman, Sniedt, &
Kemner, 2007 for a similar finding with respect to the N2 following
Nogo stimuli in children). The more anterior Go P3 in older adults
is in line with evidence of a frontal shift of P3s with aging (i.e., P3b,

P3a, Go P3, and Nogo P3; see Fallgatter, Mueller, & Strick, 1999;
Fjell & Walhovd, 2004), which has been proposed to be related to
volume decreases in medial prefrontal areas and volume increases
in orbitofrontal cortex in the elderly (Fjell, Walhovd, & Reinvang,
2005). Since the topographical differences in Go and Nogo P3 in
children and older adults were not reflected in a reliably larger
amplitude at electrode sites other than those suggested by the lit-
erature (cf. Czigler et al., 1996), we assessed Go and Nogo-P3 at
the standard electrode sites (i.e., Nogo-P3 at electrode Cz and Go
P3 at electrode Pz) for comparisons within Go or Nogo conditions.
However, comparisons across conditions were performed across
both, Cz and Pz, taking into account the observed topographical
differences of the Go and Nogo condition.

The P3 following Cue and Non-Cue stimuli showed a reliable
age group x anterior-posterior interaction (F(3.97,235.33)=13.05,

p<.01, r;=.42) indicating age-related differences in the
topological distribution of the P3. An additional three-
way age group x condition x anterior-posterior interaction

(F(3.86,228.88)=3.67, p<.01, r;=.24) revealed that these age-
related differences in the topological distribution were different
for Cue and Non-Cue stimuli. Post hoc tests showed that the
P3 in older adults was larger at electrode Cz following Non-Cue
stimuli (mean difference Cz — Pz after Non-Cue stimuli, children:
-0.33 V, p<0.1, d=2.17, r=.74; adolescents: —0.36 V, p<.01,
d=1.86, r=.68; younger adults: —0.23 V, p<.01, d=1.31, r=.55;
older adults: 0.10 V, p=.12). As can be seen in the scalp maps
in Fig. 2, older adults showed a centrally distributed P3 following
Non-Cue stimuli, while the other age groups show P3s with a
parietal maximum. This suggests that the processes captured by
the P3 following Non-Cue stimuli may differ across age groups. We
thus examined differences between the age groups on Non-Cue
stimuli at electrode Cz in addition to electrode Pz. Also, condition
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Fig. 2. (A)Grand average of the stimulus-locked ERPs following Cue and Non-Cue stimuli across the four age groups. Four midline electrodes (Fz, FCz, Cz and Pz) are displayed.
The dashed lines indicate stimulus onset on the following trial. P3 and CNV ERP components are indicated by arrows. Insets indicate mean amplitude for each age group
of the CNV at 2150 ms at electrode Cz as well as the P3 peak at electrode Pz. In the group of the older adults, the peak of the P3 following no Cue stimuli was assessed at

electrode Cz (see Section 3). Error bars denote 1 SE of the mean.

(B) Scalp topographies of the stimulus-locked ERPs following Cue and Non-Cue stimuli across the four age groups. Timings below the maps are given relative to stimulus

onset. Maps are based on mean amplitudes of a 50 ms interval around indicated time.

differences between Cue and Non-Cue-P3s were examined at both,
electrodes Cz and Pz.

3.4. Age differences in conflict monitoring as reflected in the
Go-N2 vs. Nogo-N2 effect

To assess age differences in the size of the monitoring reaction as
evident in the N2 amplitude, peak amplitudes at electrode Fz were
compared across the four age groups on Go and Nogo trials (see
Fig.1). Asexpected, the amplitude of the N2 was larger on Nogo than
on Go trials, F(1,134)=342.18, p<.01, r; =.85, suggesting higher lev-
els of response conflict on trials requiring response suppression.
Furthermore, N2 amplitudes differed significantly between age
groups, F(3,81.2)=23.95,p<.01, r;=.69. Planned contrasts between
age groups, performed separately for Go and Nogo trials, revealed
a linear decrease of N2 amplitude with increasing age in the Go
condition, t=3.78, p<.01, d=0.68, r=.32, and the Nogo condition,
t=8.76,p<.01,d=1.65, r=.64. As revealed by the significant condi-
tion x age group interaction, the linear amplitude decrease with
age group was steeper in the Nogo than in the Go condition,
F(3,86)=24.63, p<.01, r;=.68. This might be related to age differ-
ences in the amount of monitored conflict in the Nogo condition or
in the responsiveness of the monitoring system to conflicts.

3.5. Age differences in response suppression as reflected in the
Go-P3 vs. Nogo-P3 effect

In line with previous findings, the Go P3 amplitude was largest
at electrode Pz while the P3 following Nogo stimuli was largest at
electrode Cz (Czigler et al., 1996; see topographical analyses above
and Fig. 1). When examined at electrodes Cz and Pz together, the

P3 following Nogo trials was larger than the P3 following Go trials,
F(1,174)=64.03, p<.01, r;=.51. Furthermore, P3 amplitudes dif-
fered between age groups, F(3,174)=12.25, p<.01, r;=.42. Planned
contrasts, performed separately for Go (at electrode Pz) and Nogo
trials (at electrode Cz), revealed a curvilinear lifespan pattern, with
children and older adults having the smallest P3 amplitudes, Go-
P3: t=3.76, p<.01, d=.58, r=.28; Nogo-P3: t=6.14, p<.01, d=.96,
r=.43. In addition, on Nogo trials we found a reliable linear trend,
t=5.70,p<.01,d=.96,r=.43, due to the comparatively small Nogo-
P3 amplitudes in children (see Fig. 1). This effect was confirmed in a
reliable condition x age group interaction, F(3,174)=12.18, p<.01,
r=.42.

3.6. Age differences in cue utilization as reflected in the
Non-Cue-P3 vs. Cue-P3 effect

Tested across electrodes Cz and Pz, the amplitude of the Cue-
P3 was larger following a Cue than following a Non-Cue stimulus,
F(1,178.0)=89.19,p <.01, r;=.58 (cf. Fig. 2). Furthermore, the ampli-
tudes of Cue-P3 and Non-Cue-P3 showed a reliable interaction
between age group and cue type (F(3,178.0)=19.89, p<.01,r;=.50).
Follow-up analyses revealed that the P3 amplitude at electrode
Pz following Cue stimuli was largest in children. Mean differences
between age groups for the P3 (at Pz) following Cue stimuli were as
follows: children — adolescents 2.27 V, p=.03,d=.54, r=.26; ado-
lescents — younger adults 0.31 V, p=1.0; younger — older adults
—0.99 V, p=1.0. In the case of the older adults, as compared to
younger adults, reliably larger P3 amplitudes after Non-Cue stimuli
but not after Cue stimuli (see above) were observed (mean dif-
ferences for Non-Cue-P3 at electrode Pz: younger — older adults
-3.29 V, p<.01,d=1.07, r=.47, at electrode Cz: younger — older
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adults —5.01 V,p<.01,d=1.34,r=.55). As will be discussed below,
together with the different scalp distribution on the Non-Cue-P3
in older adults (only the older adults have a centrally distributed
P3 following Non-Cue stimuli, see topographical analyses above),
these analyses suggest that the processes captured by the P3 fol-
lowing Non-Cue stimuli may differ in the older adults.

3.7. Age differences in response anticipation as reflected in the
CNV-Cue vs. CNV-Non-Cue effect

As can be seen in Fig. 2, the CNV was larger after a Cue than
after a Non-Cue stimulus, F(1,149)=524.76, p<.01, r;=.88. Hence,
as expected, participants were showing greater response anticipa-
tion after Cue stimuli that signal a Go response. The CNV amplitude
differed between age groups, F(3,81.2)=5.74, p<.01, r;=.42, espe-
cially following a Cue stimulus, F(3,74.4)=4.54, p<.01, r;=.39. To
follow-up on this interaction effect, we conducted pairwise cor-
rected comparisons between the age groups for the CNV following
Cue stimuli. CNV amplitudes following Cue stimuli were signif-
icantly smaller in children than in the other age groups; mean
differences: children — adolescents —3.01 V,p<.01,d=.95,r=.43;
adolescents — younger adults .88 V,p=.57,younger — older adults
.36 V, p=.93. In line with earlier findings (Jonkman, 2006;
Jonkman et al., 2003; Segalowitz & Davies, 2004), children showed
smaller CNVs in response to action-relevant cues.

3.8. Correlations among the ERP components

The amplitude of the CNV after Cue stimuli and Nogo-P3 ampli-
tudes were negatively correlated in adolescents (r=-.48, p<.01),
younger adults (r=-.55, p<.01), and older adults (r=-.49, p<.01),
indicating that participants with a larger CNV also showed a larger
Nogo-P3 (see Fig. 3). However, this was not the case among the
children age group, r=-.17, p=.28. The correlations among ado-
lescents, younger adults, and older adults remained reliable even
after controlling for DSS performance and age differences within
the age groups. The Nogo-N2 was not reliably correlated to the CNV
amplitude following Cue stimuli (p values ranged from .80 to .41).

4. Discussion

In this study, we used a cued CPT to identify and compare ERP
components of cue utilization, response anticipation, and response
suppression and response conflict monitoring among children, ado-
lescents, younger adults, and older adults. In the following, we first
summarize the behavioral and the ERP findings, and then discuss
the major implications of our findings.

The behavioral data revealed clear age group differences.
Median reaction times were longer for children and older adults
than for adolescents and younger adults, confirming the curvilinear
lifespan pattern in speed of responding (cf. Liet al., 2004). It is worth
noting that children, who responded under the same response
deadline than older adults, answered considerably faster than older
adults. The most frequent type of error in all age groups was the
prime-based error, indicating that the inhibition of a prepared
response is indeed the critical event in a speeded CPT. Prime-based
errors were more frequent in children and adolescents than in
younger and older adults, confirming the claim that the ability to
suppress prepared responses matures relatively late (cf. Diamond,
2006; Geier & Luna, 2009). In addition, misses and response-based
errors also occurred more frequently in children and adolescents
than in younger and older adults. These two types of errors are
supposed to result from inattentiveness or insufficient use of cue
information (Braver, Barch, & Gray et al., 2001; Braver, Barch, &
Keys et al., 2001; Halperin et al., 1988). It is noteworthy that ado-
lescents committed less prime-based errors than children, while

children and adolescents did not differ in the frequency of misses.
The greater reduction in prime-based errors than in misses from
childhood to adolescence supports the view that the ability to sup-
press prepared responses, as indexed by prime-based errors, shows
particularly pronounced changes from middle childhood to adoles-
cence. In line with this observation, the amplitude of the Nogo-P3
component, which is assumed to reflect response suppression, was
larger in adolescents than in children. Complementing our finding,
Jonkman (2006) reported more frequent misses in younger children
aged 6 or 7 years as compared to 9 or 10 year olds, but a compa-
rable number of prime-based errors, and suggested that the ability
to control impulsive behavior matures later than attentional pro-
cesses. Finally, we found that the response accuracies of younger
adults and older adults did not differ reliably. Although response
deadlines as well as reaction times were longer in the groups of
the older adults, speed-accuracy trade-off appeared to be compa-
rable in the two adult age groups, suggesting that the comparable
error rate is not related to a more conservative response strategy
among older adults. Furthermore, this finding is in line with a pre-
vious study using a CPT with short delay without different response
deadlines for younger and older adults (Braver, Barch, & Gray et al.,
2001; Braver, Barch, & Keys et al., 2001).

4.1. Lifespan differences in Cue utilization and response conflict
monitoring

We assessed electrophysiological correlates of CPT performance
to delineate the contributions of cue utilization, response anticipa-
tion, and response suppression to lifespan differences in response
conflict monitoring. For this purpose, EEG signals were locked to the
cue or to the target, respectively. In agreement with earlier findings
(for a review, see Miiller, Brehmer, von Oertzen, Li, & Lindenberger,
2008), the amplitude of the N2 after Go stimuli decreased with
increasing age (see Fig. 1). The Nogo-N2 proved to be larger than the
Go-N2 in all age groups, suggesting that all age groups experienced
more conflict in Nogo than in Go trials. However, the conflict-
related amplitude difference between Nogo and Go trials decreased
from childhood to early adulthood, and was drastically diminished
in older adults relative to the other three age groups.

The observed reduction in Nogo-N2 amplitude from childhood
to early adulthood suggests a decrease of experienced conflict dur-
ing this age period (Johnstone et al., 2007; Jonkman, 2006) and has
been related to an increase in executive functions (Lamm et al.,
2006). This view is supported by the linear decrease in the fre-
quency of prime-based errors, which suggests an increasing ability
to manage response conflicts, probably reflecting the late matu-
ration of relevant brain areas such as the ACC and the prefrontal
cortices (Raz et al., 2005; Resnick, Pham, Kraut, Zonderman, &
Davatzikos, 2003). As we will argue in more detail below, the fur-
ther reduction of the Nogo-N2 among older adults may require a
different explanation.

So far, only few studies (e.g., Bekker et al., 2004; Jonkman,
2006; van Leeuwen et al., 1998) have investigated how compo-
nents reflecting attention to cue stimuli might be related to indices
of response conflict, such as the Nogo-N2. In these studies, age dif-
ferences during maturation in Nogo-N2 amplitude were linked to
age differences in cue processing. Specifically, a stronger reaction
to the cue in children was interpreted as reflecting a stronger Go
expectation on the following trial. This stronger Go expectation
would then result in a stronger deception of an expectation when a
Non-target follows the cue, similar to the stronger monitoring sig-
nal to unexpected or infrequent outcomes during reinforcement
learning tasks (Gehring & Willoughby, 2002; Holroyd, Larsen, &
Cohen, 2004). Given that the N2 is also found with tasks that do
not require overt responding (Bruin, Wijers, & van Staveren, 2001;
Burle, Vidal, & Bonnet, 2004; Smith et al., 2008), it seems plausible
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that the expectation of a critical target stimulus might contribute
to the conflict signal as reflected in the Nogo-N2 in children.

In our study, ERPs reflecting the amount of information
extracted from the Cue stimulus (Cue-P3) were larger in chil-
dren and adolescents (see Fig. 2). Our findings hence confirm the
decrease of the Cue-P3 amplitude from childhood to adulthood
(Jonkman, 2006), and suggest a stronger Go expectancy in children
and adolescents than in younger and older adults. Furthermore,
the parallel age-associated reductions in the Nogo-N2 and the
Cue-P3 towards adulthood support the assumption that expecting
an upcoming target stimulus contributes to the response conflict
reflected in the Nogo-N2 during maturation. However, it should
be kept in mind that this view of potentially different functions
underlying performance monitoring in children and adults is based
on age-group comparisons of the different profiles of ERP compo-
nents that are related to monitoring and motor control processes.
A more thorough test of this proposition needs to investigate the
responsiveness of the performance monitoring system across the
lifespan by systematically manipulating the information provided
by external feedback and internal motor-control related moni-
toring demands (e.g., by a block-wise manipulation of cue-target
contingencies and different levels of conflicting response map-
pings).

Comparing the P3 amplitudes after Non-Cue stimuli to those
after Cue stimuli across age groups suggested that older adults dif-
fered in their reaction to Non-Cue stimuli from the other age groups.
In children, adolescents, and younger adults, P3 components were
larger after a Cue stimulus than after a Non-Cue stimulus, suggest-
ing that participants in these age groups devoted more attention
to Cue stimuli, which informed them about a probable response
on the following trial. They paid less attention to Non-Cue stim-
uli, which informed them that no response needed to be prepared.
In contrast, older adults showed a P3a component after Non-Cue
stimuli. The P3ais thought to reflect involuntary and transient allo-
cation of attention to novel or unexpected stimuli (Fjell & Walhovd,
2004; Squires, Squires, & Hillyard, 1975; Wetzel & Schroger, 2007).
Allocation of attention to irrelevant or unexpected stimuli comes
with costs of attentional distraction such as prolonged reaction
times and decreased hit rates (e.g., Roeber, Berti, & Schroger, 2003 ).
Also, a larger P3a seems to be related to greater attentional dis-
traction costs; when participants receive information about the
forthcoming deviant, they exhibit a reduced P3a and showed less
reaction time prolongation (Sussman, Winkler, & Schréger, 2003).
We do not wish to claim that a non-Cue stimulus in the CPT is non-
informative, as it indicates that no response needs to be prepared
for the following trial, even if it is a target stimulus. Neverthe-
less, at least in the present study, this type of stimulus is less
frequent than Cue and Target stimuli and also more variable in
its appearance (e.g., color). In contrast to the P3a found in older
adults, with largest amplitudes at central electrodes, children, ado-
lescents, and younger adults showed a P3 with parietal maxima in
reaction to both Cue and Non-Cue stimuli. Taken together, these
differences suggest that older adults were extracting less task-
relevant information from cues than individuals from the other
three age groups. Instead, older adults may have processed the
Non-Cue stimuli as being deviant from the Cue or Target stimuli
and hence may have failed to use them effectively for suppress-
ing a response on the next trial. Recently, Vallesi, Stuss, McIntosh,
and Picton (2009) reported a similar result in a non-cued GoNogo
task. As in the present study, a central P3a component to irrele-
vant and less frequent Nogo stimuli was found in older adults only.
The notion that older adults are more distractible and less likely
to prepare responses is consistent with studies reporting greater
response time costs for switching between different task sets with
advancing adult age (e.g., Kray, Li, & Lindenberger, 2002; Kray &
Lindenberger, 2000; Mayr, 2001).

We thus provide electrophysiological evidence that the
observed senescent declines in the Nogo-N2 during response con-
flict monitoring may reflect difficulties in maintaining attentional
focus. This interpretation also fits the larger picture that aging-
related impairments in cognitive control affect the capacity for
generating or maintaining action goals (Braver, Barch, & Gray et
al., 2001; Braver, Barch, & Keys et al., 2001; Braver et al., 2005; De
Jong, 2001; De Jong, Berendsen, & Cools, 1999; cf. Craik, Routh, &
Broadbent, 1983) since they suggest that already the acquisition of
the information needed to form this goal is compromised in older
adults. For instance, Braver and colleagues (2001) proposed a cog-
nitive model that attributes the observed deficits in maintaining
context information during aging to a faster decay and a reduced
reliability of context representation due to the senescent decline in
prefrontal dopaminergic modulation.

Alternatively, given evidence that heightened activity in the ACC
might be related to action selection rather than to conflict moni-
toring (Roelofs, van Turennout, & Coles, 2006), the lower Nogo-N2
in the older adults might point to a weaker action selection in this
age group. According to this alternative explanation, the pattern
of lower Nogo-N2s and Non-Cue P3a components in older adults
would suggest that older adults experience greater difficulties in
attentional and action-related selection.

In the context of a comparable speed-accuracy trade-off, older
adults did not differ in error frequencies from younger adults,
even though the Nogo-N2 amplitude was much lower than among
younger adults. Although a reduced N2 amplitude in older adults is
a common finding on similar conflict monitoring tasks such as e.g.
the Flanker task (e.g. Falkenstein et al., 2001), the lower N2 in older
adults in the presence of a comparable number of errors raises the
question whether the assumed relationship between the amount
of conflict and the proneness to errors is the same in younger and
older adults. However, as outlined above, a reduced attentional
focus to Cue and Non-Cue stimuli among older adults may result in
reduced representations of cue information and hence a reduced
build-up of response tendencies according to the conflict monitor-
ing model (cf. Botvinick et al., 2001; Yeung et al., 2004). Weaker
response tendencies would then cause less conflict, as apparent
in a lower Nogo-N2 component, while not necessarily harming
response accuracy as long as both correct and incorrect response
tendencies are reduced to the same degree (Yeung & Cohen, 2006).
The same line of reasoning may also help to explain why response
times were disproportionately prolonged (also when compared to
children who were responding under the same response deadline)
among older adults, as activations would need more time to reach
a given threshold (Yeung & Cohen, 2006).

4.2. Lifespan differences in response anticipation and response
suppression

In line with previous findings (Polich, 1997; Falkenstein et al.,
2002), the Go-P3 amplitude decreased from early to late adulthood
(seeFig. 1). Again, the ERP component that is of interest in the inves-
tigation of lifespan age differences in coping with response conflicts
is the component following Nogo trials, where a prepared response
must be suppressed. Adolescents, younger adults, and older adults
showed a marked increase in P3 amplitude after Nogo stimuli, but
children showed no increase of the P3 amplitude in the Nogo as
compared to the Go trials. Apparently, children were less able to
invest cognitive effort into the suppression of an inappropriate
response (cf. Diamond, 2006).

The late CNV is thought to reflect central processes of motor
preparation or stimulus expectation (e.g., Damen & Brunia, 1994;
Ulrich et al.,, 1998). In agreement with this interpretation, the
amplitude of the CNV was larger after a Cue than after a Non-Cue
stimulus (see Fig. 2). Furthermore, paralleling the age differences
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Fig. 3. Scatter plots of the correlation between the CNV following Cue Stimuli at electrode Cz and the P3 following Nogo Stimuli at electrode Cz across the four age groups.

for the Nogo-P3, the CNV following a Cue was smallest in chil-
dren when compared to the other age groups. We also found that
adolescents, younger adults, and older adults with a larger late
CNV following Cue stimuli also exhibited a larger Nogo-P3 (for a
previous report on this relationship in younger adults, see Smith,
Johnstone, & Barry, 2006). The observed correlations in the three
age groups were robust against controlling for the size of the CNV
following Non-Cue stimuli and the size of the Go-P3, indicating
that they were not an epiphenomenon of individual differences in
CNV or P3 amplitudes in general. Rather, this correlation appears to
reflect interindividual differences in the intensity of motor control
processes (Fig. 3).

In contrast, the correlation between the CNV following Cue stim-
uli and Nogo-P3 amplitudes was not reliable among children. We
conclude that children not only show reduced levels of response
anticipation and response suppression but that these preparatory
processes are also less tightly coupled. This pattern of findings sug-
gests that the motor control system is not yet fully functional in
children, presumably pointing to a late maturation of the fronto-
parietal motor control network (Garavan, Ross, & Stein, 1999;
Jonkman, 2006; Luna & Sweeney, 2004; Watanabe et al., 2002).
This interpretation is corroborated by the observed age differences
in commission errors, which were by far the most frequent among
children. At the same time, and somewhat ironically, children also
showed the strongest ERP responses to cues. In middle childhood,
then, the behavioral risks of one’s ability to use cues for guiding
actions are not yet brought under control by an equally developed
ability to suppress action when needed. This pattern might be seen
as corroborating the assumption of a transition from exogenous to
endogenous control of behavior during cognitive maturation (Luna
& Sweeney, 2004).

5. Outlook

In this study, we were able to show that different compo-
nents related to response conflict monitoring follow dissociable
lifespan trajectories. Relative to younger adults, children showed
less response suppression, whereas older adults showed greater
attentional distractibility and less efficient conflict monitoring. The
combined assessment of cue utilization, response anticipation and
response suppression was helpful in improving the understanding
of the lifespan changes in the relationship of conflict monitoring
processes to other task-relevant cognitive functions. Future studies
need to further probe the dependency of conflict monitoring pro-
cesses on other task-relevant cognitive functions by systematically
manipulating the relevance of cue information and closely exam-
ining the contribution of lifespan differences in the fronto-parietal
motor control network.
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