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Conditions  that  render  the  selection  of  correct  actions  difficult  require  the  monitoring  of the  execution
and  outcomes  of  one’s  own  actions.  Such  performance  monitoring  abilities  undergo  maturational  and
aging-related  changes  across  the  lifespan.  This  review  highlights  evidence  for  qualitative  differences  in
behavior  and physiological  correlates  of performance  monitoring  across  the  lifespan.  Few  developmen-
tal  studies  examine  both  stimulus-locked  as  well  as  response-locked  components.  Here,  we examine  a
lifespan  pattern  of  stimulus-  as well  as  response-locked  ERPs  during  performance  monitoring  to inform
age differences  in  subprocesses  of  performance  monitoring.  Findings  from  functional  magnetic  reso-
nance  imaging  (fMRI)  studies  that  lend  further  support  for  the  observed  age  differences  in performance
monitoring  are also  reviewed.  Together,  the evidence  suggest  that suboptimal  performance  monitoring
during  maturation  is characterized  by a  reduced  ability  to flexibly  translate  experienced  conflicts  into
top-down  control,  whereas  declined  performance  monitoring  in  aging  is characterized  by  difficulties  in
maintaining  task  set representations.  Such  age  specific  deficits  are  apparent  in performance  monitoring
related  to response  conflicts  as  well  as  in performance  monitoring  during  reinforcement  learning  and
value-based  decision  making.
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1. Introduction

The observation of electrophysiological markers that are spe-
cific to response or action errors was first made in the early 1990s
(Falkenstein et al., 1990, 1991; Gehring et al., 1993a,b). Two decades
later, considerable progress has been made in understanding how
we monitor erroneous responses or error-prone situations and how
we adapt to those critical events in order to increase the likelihood
of accurate performance or obtaining desired action outcomes.
Such processes have been summarized under the cognitive con-
cept of performance monitoring (Ridderinkhof et al., 2004, see also
Botvinick et al., 2001; Falkenstein et al., 2000; Holroyd and Coles,
2002; Ullsperger et al., 2014). Specifically, performance monitoring
denotes a set of neurocognitive processes that signal the occurrence
of events that threaten overall task goals (e.g., errors or losses that
conflict with the goals of performing as correctly as possible or the
goal of maximizing gains). Furthermore, performance monitoring
is thought to support flexible adaptation of behavior in order to
reach and maintain an optimal level of performance. Performance
monitoring is thus of vital importance for goal-directed and flexible
behavior.

Clearly, especially cognitive systems that operate with either not
yet fully developed or already declining neurocognitive functions
would be particularly in need of an efficient performance monitor-
ing system. However, the brain substrates and cognitive processes
of performance monitoring undergo changes across the lifespan.
Children, adolescents and older adults have been consistently
observed to perform worse on tasks that require performance mon-
itoring (see Li et al., 2009; Segalowitz and Dywan, 2009; Segalowitz
et al., 2010 for reviews). This review focuses on age-specific differ-
ences in performance monitoring functions across the lifespan. To
this end, we review electrophysiological studies that reveal age dif-
ferences in ERPs associated with different aspects of performance
monitoring (e.g., the monitoring of conflicting stimulus inputs, the
monitoring of response execution or undesired action outcomes).
Electrophysiological measures are a particularly useful tool in char-
acterizing age differences during performance monitoring, as they
allow the separation of neurocognitive processes that are closely
spaced in time, such as the monitoring of stimulus inputs and the
monitoring of response outputs.

1.1. Organization and key themes

This review is organized as follows. We  start with a discussion
of brain substrates involved in performance monitoring and their
development across the lifespan. Next, evidence for age-specific
difficulties across the lifespan in the behavioral performance during
response conflict tasks is reviewed. In particular, during response

conflicts, children and adolescents are more prone to committing
errors whereas older adults are more prone to slowed responding,
as compared to younger adults. We  then relate these behavioral
age differences to age differences in electrophysiological corre-
lates (ERPs) of performance monitoring during stimulus inputs and
during response execution. The amplitude of ERPs associated with
stimulus- or response-related processing differ across the lifespan
and suggest a changing emphasis of subprocesses of performance
monitoring across the lifespan. Drawing on this behavioral and
electrophysiological evidence, we postulate age-specific difficulties
in different aspects of performance monitoring during childhood
and old age. Specifically, we argue that performance monitoring
during maturation is characterized by a reduced ability to flexi-
bly translate experienced conflicts into top-down control, whereas
performance monitoring in aging is characterized by difficulties
in maintaining task set representations. This postulate is then
evaluated in light of developmental findings in functional mag-
netic resonance imaging (fMRI) studies of performance monitoring.
Finally, as a yet outstanding question, we  compare performance
monitoring during response conflicts and during decision making
across the lifespan.

2. Assessing performance monitoring during response
conflict tasks

This section outlines common aspects of response conflict tasks
that are used to measure performance monitoring. In doing so, we
hope to illustrate more precisely the role of performance moni-
toring and cognitive control in the context of response conflicts.
Cognitive control is a comparatively broad concept that has been
discussed with respect to a variety of cognitive functions, such
as working memory, episodic memory, selective attention or per-
formance monitoring. Here we  focus on processes of cognitive
control as understood in the context of performance monitoring
(e.g. Ridderinkhof et al., 2004; Yeung et al., 2004) and illustrate
the key aspects of performance monitoring in a commonly used
set of response conflict tasks (i.e., Flanker, Go/Nogo, AX-CPT, and
Stroop tasks) that are relatively well delineated with respect to
the presumed cognitive processes involved. Of specific interest, in
these tasks, specific stimulus inputs have to be met with specific
responses (or the withholding of a response) according to prede-
fined stimulus-response mappings that are part of the task set.
Although the sources for response conflict in these tasks are differ-
ent (cf. Mansouri et al., 2009; Egner et al., 2007), the monitoring and
control processes required during these tasks have been accounted
for within the same computational model (cf. conflict monitoring
model; Botvinick et al., 2001) and are reflected in similar neu-
ral markers (cf. Nieuwenhuis et al., 2003; Rubia et al., 2006; see
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below for more details). Thus, the monitoring and control aspects
observed with these tasks may  share overlapping processes.

During such typical response conflict tasks, the demands of per-
formance monitoring increase particularly when stimulus inputs
map  onto – and thereby trigger – unwanted or contextually inap-
propriate responses (cf. Botvinick et al., 2001). For instance, in the
Stroop or Go/NoGo tasks stimulus inputs automatically trigger a
preferential or habitual response that has to be inhibited. In the
case of the Flanker task, distractors prime the incorrect conflicting
response. Apart from situations involving conflicting stimulus
inputs, response errors also signal higher demands on performance
monitoring as they indicate the need for corrective actions. Taken
together, there are hence two particular instances of critical events
during response conflict tasks that require stronger performance
monitoring: (a) conflicting stimulus inputs that require selective
sensory processing in order to follow the correct stimulus-response
mapping and (b) conflicting response tendencies that require a
stronger focus on the correct response tendency in order to avoid an
error. The specific electrophysiological potentials that arise during
those two types of critical events as well as the underlying cognitive
processes they presumably reflect are reviewed in a later section.

Finally, apart from the monitoring of events that impede the goal
of performing as accurately as possible, theories of cognitive con-
trol (Botvinick et al., 2001; Miller, 2000; Miller and Cohen, 2001;
Yeung et al., 2004) assume that in response conflict tasks, cognitive
control biases the processing of task- relevant stimulus inputs as
well as the execution of correct responses. Performance monitor-
ing is hence not only thought to detect critical events but also to
provide the basis for the initiation of an increase in cognitive con-
trol to decrease the likelihood of errors in the future. For instance,
after error commissions, a stronger attentional focus on stimulus
inputs and a more cautious response strategy have been observed
that were related to stronger performance monitoring signals (King
et al., 2010).

In the following, brain regions and neurotransmitters relevant
for performance monitoring and cognitive control processes are
briefly reviewed in order to further substantiate the different sub-
processes at work during performance monitoring. Age differences
in these brain regions and neuromodulation are also reviewed to
provide a basis for considering age differences in behavioral and
electrophysiological data during performance monitoring.

3. Brain substrates of performance monitoring

The most important cortical brain regions involved in perfor-
mance monitoring and cognitive control are lateral (BA 9/46/6) and
medial frontal cortex (anterior cingulate cortex, ACC (BA 24/32/33))
as well as the pre-supplementary motor area, preSMA (BA 6/8), and
the parietal cortex (BA 7/39). Subcortical structures, such as the
basal ganglia, dorsal striatum and the thalamus (e.g., Chudasama
and Robbins, 2006; Miller, 2000; Munakata et al., 2011; Velanova
et al., 2008) are also involved through the fronto-striatal path-
way. Source localization studies as well as concurrent EEG-fMRI
studies have localized generators of electrophysiological corre-
lates of performance monitoring (see below for more details) in
the medial frontal cortex (e.g., Yeung et al., 2004; Santesso and
Segalowitz, 2008; Debener et al., 2005). EEG source localization
measures, however, do not provide sufficient spatial precision to
answer the question whether different ERPs related to performance
monitoring reflect the same or different underlying cortical dipoles.
Apart from the detection of the need for cognitive control (such as
during response conflicts or errors), medial frontal areas are also
thought to signal to lateral prefrontal areas that then exert top-
down cognitive control (Botvinick et al., 2001; King et al., 2010;
Danielmeier and Ullsperger, 2011; Kerns et al., 2004; Miller and

Cohen, 2001; Ridderinkhof et al., 2004). Lateral prefrontal areas tar-
get higher order sensory and motor cortices to bias stimulus and
response processing (Miller, 2000; Nigbur et al., 2012). In terms
of controlling brain areas, a distinction has been made between
prefrontal and parietal areas (superior frontal lobe and superior
parietal lobe) that exert top-down control and regions that are
more driven by sensory inputs and are thus providing bottom-up
control of actions (temporo-parietal junction and inferior frontal
gyrus; Corbetta and Shulman, 2002). Finally, subcortical structures
are thought to relay cognitive control via dorsal striatum and thal-
amus as well as the subthalamic nucleus to motor areas, thereby
inhibiting or disinhibiting the thalamic control over motor outputs
(Aron, 2007; Chudasama and Robbins, 2006).

With respect to neuromodulatory processes, the neuromodula-
tor dopamine plays an important role in performance monitoring
and cognitive control (see Arnsten and Li, 2005; Cools and
D’Esposito, 2009; Montague et al., 2004 reviews). Dopamine levels
are thought to affect the ability for maintaining and flexibly updat-
ing task sets that guide response and stimulus selection (Braver
et al., 1999; Chudasama and Robbins, 2006). For instance, phasic
midbrain dopaminergic signals are thought to be particularly rele-
vant for updating task sets in accordance with contextual demands
(Braver and Cohen, 1999; D’Ardenne et al., 2012; Holroyd and Coles,
2002). In the following, the development of these anatomical and
neurochemical substrates across the lifespan is reviewed with a
view on identifying first hints on age-specific deficits in perfor-
mance monitoring.

3.1. Delayed maturation of prefrontal cortex and long-range
prefrontal connections in children and adolescents

Developmental differences in volumetric and connectivity
measures as well as in neuromodulation suggest particular diffi-
culties in prefrontally-based top-down control during maturation.
Volumetric studies show a protracted development of frontal brain
areas in children and adolescents (Gogtay et al., 2004; Sowell et al.,
2003). Long-range white matter connections that link the frontal
cortex to sensory and motor control areas also develop gradu-
ally and continue to mature until early adulthood (Edin et al.,
2009; Giorgio et al., 2010b). Functional connectivity evidence from
resting-state connectivity analyses also indicate that interactions
between medial and lateral prefrontal cortices and cerebellum,
occipital, thalamic as well as parietal areas are weaker in children
than in younger adults (Fair et al., 2007, 2009). Of direct relevance,
Liston and colleagues observed greater Go/Nogo accuracy in chil-
dren with stronger frontostriatal white matter connections (Liston,
2003). Also, larger gray matter volume in prefrontal cortex as well
as basal ganglia has been related to better Go/Nogo performance
(Casey et al., 1997a,b). With regard to neuromodulators, a pro-
tracted development in the cortical dopamine system is observed,
which reaches adult levels only in late adolescence (Diamond et al.,
2004; Wahlstrom et al., 2010; see Li, 2013 for review). This might
also impair the monitoring of performance as well as the initiation
of cognitive control.

3.2. Decreased prefrontal integrity and dopaminergic modulation
in aging

Similar to the age differences observed during maturation, the
frontal areas are particularly affected during aging. Prefrontal gray
matter volume declines markedly during aging (Raz et al., 2005;
Resnick et al., 2003). Furthermore, white matter – including long-
range connections – declines during aging as well (Giorgio et al.,
2010a). With regard to neuromodulators, ample evidence exists for
attenuated cortical and subcortical dopaminergic modulation that
underlie various aspects of cognitive aging (see Bäckman et al., 2006
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for review; see Li et al., 2001, for a theoretical account). Stud-
ies examining the link between age-related biological changes
and the decline in performance monitoring functions point to
impaired prefrontal processes. For instance, a reduced integrity
of the right inferior frontal cortex and its connections to the sub-
thalamic nucleus are predictive of prolonged stop signal reaction
times in older adults (Coxon et al., 2012). Moreover, in older adults,
decreases in prefrontal white matter volume have been associated
with hyperactivity during conflicting stimulus inputs on a flanker
task (Colcombe et al., 2005) and on an attentional shift task (Hedden
et al., 2012). These results hint at higher control demands or less
efficient control-related activations in older adults due to compro-
mised integrity in frontal white matter.

Taken together, brain networks implicating cognitive control
undergo substantial neuroanatomical and neurochemical changes
across the lifespan. Volumetric and neuromodulatory studies point
to particular deficits of performance monitoring and cognitive con-
trol processes attributed to the prefrontal cortex in children as well
as older adults. In addition, there is ample evidence on a reduced
dopaminergic modulation in subcortical structures in older adults.
A decline of prefrontally based functions might indicate difficulties
in maintaining task sets, or difficulties in exerting top-down control
in situations of conflicting stimulus inputs or response tendencies.
The few existing studies that link structural brain development and
performance monitoring functions appear to support this view. For
instance, as reviewed above, worse performance on response con-
flict tasks has been observed in individuals with reduced frontal
gray matter volume and reduced frontal white matter connections.
However, at the current stage, studies that address the relation-
ship between structural changes and cognitive changes related to
performance monitoring across the lifespan are still too scarce to
provide a clear picture as to which cognitive processes of perfor-
mance monitoring are particularly affected across the lifespan. In
the following, we thus review behavioral as well as electrophysio-
logical evidence in different age groups to shed light on age-specific
difficulties in subprocesses of performance monitoring.

4. Behavioral evidence of lower accuracy and prolonged
reaction times during maturation but only prolonged
reactions in older adults during performance monitoring

A review of behavioral findings from child developmental and
aging studies of response conflict monitoring (see Table 1) reveals
qualitative differences in behavioral performance that hint at age-
specific deficits. Children show prolonged reaction times and have a
greater tendency to commit errors in conditions involving response
conflicts (Davies et al., 2004; Hämmerer et al., 2010; Johnstone
et al., 2005; Jonkman et al., 2003; Jonkman, 2006; Santesso et al.,
2006; Van Meel et al., 2012; Wiersema et al., 2007); whereas older
adults often do not commit more errors than younger adults, but
only respond much slower (Nieuwenhuis et al., 2002; Hämmerer
et al., 2010; Falkenstein et al., 2001; Endrass et al., 2012; Themanson
et al., 2006; Wascher et al., 2011). In a recent study using the
Go-NoGo paradigm, we controlled for potential age differences in
speed-accuracy tradeoffs and confirmed that this pattern of behav-
ioral results is not attributable to age differences in speed-accuracy
tradeoff (Hämmerer et al., 2010). Similarly, another recent study,
which manipulated speed-accuracy tradeoffs experimentally in a
Flanker task, also did not observe adult age differences in accuracy,
but only in reaction times (Endrass et al., 2012). These qualitative
differences in behavioral performance thus provide a first hint that
different subprocesses of performance monitoring may  be affected
during development and aging.

The fact that children are more prone to respond erroneously
suggests that processes separating relevant and misleading

stimulus inputs or correct and incorrect response tendencies are
affected during maturation. Indeed, a child developmental study
that varied the difficulty of stimulus-response compatibility both
with respect to perceptual discrimination and with respect to
response preparation in a flanker task shows deficits in children
in the resistance to interference in stimulus-response translation
but not in perceptual filtering of correct and incorrect responses or
general aspects of motor preparation (Ridderinkhof et al., 1997). It
hence seems that monitoring and selectively focusing on relevant
stimulus inputs or correct response tendencies are the most chal-
lenging aspects of cognitive control for children and adolescents.
This notion is also in line with the observed protracted develop-
ment of prefrontal control structures during maturation reviewed
above. Prefrontal control structures have been implicated in the
top-down regulation of correct and erroneous response options
during response conflicts (Miller, 2000; Miller and Cohen, 2001)
and in post-error adjustments of cognitive control (King et al.,
2010).

In contrast, during tasks involving monitoring stimulus-
response conflicts older adults tend to perform slower but at
accuracy levels comparable to younger adults. Their overall slowing
in the absence of a greater tendency for commission errors sug-
gests rather a general deficit in stimulus or response processing
that affects correct and incorrect processes alike. Conceivable can-
didates for specific performance monitoring deficits during aging
are hence a reduced attentional processing of stimulus inputs, a
compromised retrieval of the current response demands based on
the task set, or a general tendency for cautiously slow responding
in older adults (cf. Band and Kok, 2000a,b). Again, the decline in
prefrontal structures in the elderly might contribute to the deficit
in maintaining task sets. Studies that control for age-related dif-
ferences in speed-accuracy trade-off show that the typical pattern
of slower responses in the elderly and more errors in children is
not entirely attributable to age differences in response strategies
(Hämmerer et al., 2010; Endrass et al., 2012) and thus suggest a gen-
eral tendency for children for premature responses and for slowed
responding in older adults. Moreover, adult age differences in the
ability to adapt response strategies have been observed (cf.; Smith
and Brewer, 1995; Forstmann et al., 2011). Existing studies suggest,
for instance, a reduced ability of children to monitor the accuracy of
responses (Brewer and Smith, 1989) and a reduced ability of older
adults to control the speed of responses (Smith and Brewer, 1995).

In the following, we discuss evidence from electrophysiolog-
ical studies, which provide more detailed evidence of affected
physiological processes than the anatomical evidence reviewed
in the previous section. This will provide the basis for identifying
which of the above suggested cognitive processes are the most
likely candidates for deficits in performance monitoring during
maturation and aging.

5. Event-related potentials related to performance
monitoring: evidence for distinct cognitive processes
associated with stimulus-locked and response-locked ERPs

Given that stimulus- and response-locked ERPs have been linked
to different processes during performance monitoring, we compare
stimulus-related and response-related electrophysiological indica-
tors of performance monitoring (cf. also Fig. 1). A comparison of
these ERPs will then help to delineate age differences in different
subprocesses of performance monitoring.

Various ERPs are observed during performance monitoring.
Among the most important are the error-related negativity
(Ne/ERN) that appears about 100 ms  after errors and the correct
response negativity (Nc/CRN), which can be observed shortly
after correct responses (Falkenstein et al., 1990, 1991). As a
stimulus-locked component, the N2 is a frequently investigated
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component. The N2 emerges about 250 ms  following stimulus
inputs that are mapped onto specific responses. It is larger in
conditions evoking conflicting response tendencies (Falkenstein
et al., 2000).

Several theoretical accounts of the cognitive processes reflected
in the response-locked and stimulus-locked ERPs exist. Among
these are: (a) the detection of errors (Falkenstein et al., 1990,
1991, 2000; Steinhauser et al., 2008); (b) the inhibition of incorrect
response tendencies (Falkenstein et al., 1999, 2000); (c) response
conflict monitoring (Botvinick et al., 1999; Yeung et al., 2004); (d)
response selection (Roelofs et al., 2006; Gajewski et al., 2008);
(e) error prediction or action outcome prediction (reinforcement
learning theory; Holroyd and Coles, 2002, predicted response-
outcome model; Alexander and Brown, 2010). It is beyond the
scope of our review to suggest which of the theories on the pro-
cesses reflected in ERPs related to performance monitoring is most
appropriate. In the following we will therefore review empirical
evidence regarding the cognitive processes reflected in Ne/ERN and
N2 in the age range of younger adults. This allows us to base our
review of lifespan age differences in these processes on an empiri-
cally supported common ground of existing theories. Given that we
observe a differential development of in particular Ne/ERN and N2
amplitudes across the lifespan, we focus on empirical and theoret-
ical accounts that lend themselves more readily to differentiating
processes reflected in these two ERPs.

Regarding the Ne/ERN, one of the most consistently observed
findings is an increase in Ne/ERN amplitude when errors are
more significant (see also van Noordt and Segalowitz, 2012 for
a review). For instance, the Ne/ERN is increased after errors if
participants are asked to focus more on correct than on fast
responding (Falkenstein et al., 1990; Gehring et al., 1993a,b).
Likewise, the Ne/ERN is higher if errors weight heavier because
they result in monetary losses (Potts, 2011) and is associated
with interindividual differences in error relevance (see Segalowitz
and Dywan, 2009 for a review). Also, evidence from studies with
patients suffering from obsessive-compulsive disorder (Endrass
et al., 2008) or generalized anxiety disorder (Weinberg et al., 2010)
shows that individuals who attribute more relevance to errors
exhibit higher Ne/ERN amplitudes. In healthy samples of younger
adults, a positive correlation across participants between Ne/ERN
size and response accuracy has also been observed (Herrmann
et al., 2004), suggesting that participants who  focus more on
correct responses show larger Ne/ERN amplitudes.

The Ne/ERN is specifically sensitive to errors resulting from
response conflicts. It is larger for errors due to premature respon-
ding as compared to errors related to ambiguous stimulus inputs
(Scheffers and Coles, 2000). However, the evidence as to whether
the Ne/ERN varies with different degrees of overlap in motor
effectors (i.e., a conflict between more or less different response
tendencies) is mixed. When the overlap in motor effectors was var-
ied (four possible responses distributed about two fingers and two
hands or two  hands and two feet), one study observed a higher
Ne/ERN with higher overlap between correct and error responses
(Gehring and Fencsik, 2001). However, another study observed a
lower Ne/ERN with more overlap in motor effectors (Bernstein
et al., 1995). An explanation for these contradictory results – apart
from differences in overlap between specific motor effectors –
might be that a subjective perception of error severity influences
the evaluation of errors. This subjective perception might very well
vary across studies independent of the assumed degree of overlap in
motoric effectors during errors. Indeed, there are now several stud-
ies which report a dissociation of the overlap between conflicting
motoric responses and the amplitude of the Ne/ERN (Burlé et al.,
2004; Carbonnell and Falkenstein, 2006). Finally, unlike later pos-
itive ERPs after errors (Pe), which will be discussed further below,
the Ne/ERN does not require conscious error detection and does not

vary with the detectability of an error (Nieuwenhuis et al., 2003;
Steinhauser and Yeung, 2010).

Taken together, in response conflict tasks, the Ne/ERN ampli-
tude is more sensitive to errors following conflicting response
tendencies than following ambiguous stimulus inputs. However,
the Ne/ERN appears to reflect the monitoring of critical response
events at a higher level rather than the more effortful specific
response selection or the overlap in motor activations. Intra- and
interindividual differences in error relevance modulate the Ne/ERN
amplitude. The more a correct performance is emphasized or the
more likely a correct performance is, the higher is the Ne/ERN
amplitude in case of an error. Finally, a variation of the detectability
of errors does not reflect in Ne/ERN amplitude, suggesting that the
amplitude of the Ne/ERN is rather modulated by an a priori, task-
set related emphasis of correct performance than by a retrospective
conscious appraisal of an error.

Following a similar line of reasoning as in the case of the Ne/ERN,
the Nc/CRN – a negativity observed after correct responses – has
been regarded as an index of response conflict in the form of
increased processing of erroneous response tendencies during a
correct response. A larger Nc/CRN would thus indicate a correct
response that is less certain (Yeung et al., 2004). Lending support to
views that suggest similar processes in Ne/ERN and Nc/CRN, recent
studies found that one independent EEG component is sufficient to
account for both Ne/ERN and Nc/CRN (Hoffmann and Falkenstein,
2010; Roger et al., 2010).

The N2 in response conflict tasks is usually examined after
conflicting stimulus inputs that nonetheless still result in correct
responses. The N2 reflecting performance monitoring can be dif-
ferentiated from an N2 as evident in mismatch, oddball or novelty
tasks (cf. Folstein and Van Petten, 2008). Unlike the mismatch N2,
which is associated with perceptually deviant stimuli, a higher N2
in conflict tasks is observed on Nogo stimuli that are perceptu-
ally more similar to Go stimuli (Azizian et al., 2006). Similarly, in
the flanker task a higher N2 is observed on incongruent stimulus
inputs that are as frequent as congruent stimulus inputs. During
performance monitoring, it is hence not the perceptual saliency
(related to stimulus frequency) or perceptual deviance of stimuli
that modulate the N2 amplitude but instead the propensity of stim-
ulus inputs to result in conflicting response tendencies. Similar to
the Ne/ERN, the N2 in response conflict tasks thus varies with a
conflict in response tendencies rather than being sensitive to a con-
flict in stimulus processing. If multiple stimuli are mapped onto
specific responses that are presented at the same time, a larger
N2 is observed only if the stimuli are mapped onto conflicting
responses (Van Veen and Carter, 2002). Moreover, the N2 is sen-
sitive to conflicting response tendencies irrespective of whether
the weaker response tendency is one of inhibiting or executing a
response (Nieuwenhuis et al., 2003). Indeed, the N2 appears to be
independent of response execution per se as the mere imagination
of inhibiting or executing responses in a Go/Nogo task results in
a higher N2 to Nogo stimuli (Burlé et al., 2004). As is true for the
Ne/ERN, the N2 amplitude is larger when more is at stake, i.e., when
errors result in punishments (Potts, 2011). Finally, higher N2 ampli-
tudes are observed in contexts of low error likelihood and slower
responses (Yeung and Nieuwenhuis, 2009).

Taken together, the N2 in response conflict tasks is higher
following stimulus inputs that engender conflicting response ten-
dencies. Similar to the Ne/ERN, the N2 is more sensitive to
response-related as compared to stimulus-related conflicts. More-
over, again similar to the Ne/ERN, the N2 appears to be unrelated to
actual response execution or inhibition but rather reflects a conflict
of response tendencies on a level of monitoring motor responses.
Finally, prolonged uncertainty about the correct response is related
to higher N2 amplitudes as evident in higher N2 amplitudes to
slower responses.
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In summary, both Ne/ERN and N2 reflect difficulties in response
monitoring rather than stimulus perception. Both ERPs are modu-
lated when manipulating the relevance of performance outcomes.
Of particular relevance for this review, however, there are also
distinct differences between the two components. The most obvi-
ous difference is that the Ne/ERN – observed after errors – varies
with the strength of correct response tendencies while the N2 –
examined before correct responses – varies with the strength of
stimulus inputs that prime incorrect response tendencies. This dif-
ference between these two  ERPs is nicely exemplified in an elegant
recent study that varied the strength of conflicting stimulus inputs
by varying their spatial distance to the target stimuli. As should
be expected, participants made more errors on trials with incon-
gruent stimulus inputs when distracting inputs were closer to the
target. In line with the assumption that the N2 increases with more
conflicting input, the increase of the N2 on incongruent trials was
larger when the distractors were close to the targets. In contrast,
the Ne/ERN was smaller when distractors where closer to the tar-
get, hence when the correct response tendency was stronger during
incorrect responses (Danielmeier et al., 2009).

In light of current theories that address response control
(response selection theory, response inhibition theory, conflict
monitoring theory), effects of the strength of correct response ten-
dencies on the amplitude of Ne/ERN can be understood as a greater
conflict between erroneous and correct response tendencies during
errors (Botvinick et al., 2001; Yeung et al., 2004). This might then
reflect in more effortful response selection or response inhibition
as well as more prominent errors (Falkenstein et al., 1999, 2000;
Gajewski et al., 2008; Roelofs et al., 2006).

A larger N2 following more conflicting inputs is thought to
reflect more conflict between correct and incorrect response ten-
dencies primed by the conflicting stimulus inputs (Yeung et al.,
2004; Yeung and Nieuwenhuis, 2009; Falkenstein et al., 1999, 2000;
Gajewski et al., 2008; Roelofs et al., 2006). Again, the notion of
conflicting responses triggered by stimulus inputs is in line with
suggestions of the N2 reflecting a greater need for response selec-
tion or inhibition (Falkenstein et al., 1999, 2000; Gajewski et al.,
2008; Roelofs et al., 2006).

In turn, theories that emphasize the evaluation of response
or outcome expectations during performance monitoring (rein-
forcement learning theory or predicted response-outcome model)
suggest that a higher Ne/ERN during errors reflects the fact that an
error is a less expected event in contexts with a strong focus on
correct responses (Holroyd and Coles, 2002; Alexander and Brown,
2011). Likewise, regarding the N2, correct responses after more
prevalent conflicting inputs are the less expected event (Alexander
and Brown, 2011) and thereby result in increased N2 amplitudes.

In summary, a common ground of empirical evidence is a vari-
ation of the Ne/ERN amplitude with the strength of the focus on
correct responses and a variation of the N2 amplitude with the
strength of conflicting stimulus inputs. Although existing theories
differ in their view on the precise processes reflected in perfor-
mance monitoring signals, we feel that this common ground of
empirical evidence can be accounted for within the diverse existing
theories. In the following, we will examine age differences across
the lifespan in Ne/ERN and N2 amplitudes in light of the reviewed
evidence and theoretical accounts. In doing so, we will in particular
focus on accounts that inform the observed differences across the
lifespan in the amplitudes of Ne/ERN and N2.

5.1. Lifespan age differences in stimulus- and response-locked
ERPs during performance monitoring

When comparing ERP amplitudes across the lifespan, compara-
ble measurement properties have to be assumed. We  have recently
shown that test-retest stability and reliability of ERPs related

to performance monitoring are comparable across the lifespan
(Hämmerer et al., 2013). Nonetheless, age differences in latency jit-
ter between trials might affect the overall amplitude of ERPs. As of
yet, few studies directly addressed whether age differences in ERP
amplitudes are related to age differences in latency jitter of ERPs
across trials. One that did – for the P3 – did not observe age differ-
ences in latency jitter between younger and older adults (Walhovd
et al., 2008). On the other hand, Papenberg et al. (2013) recently
observed lower inter-trial phase coherence in the theta range dur-
ing NoGo trials in developing and aging individuals, indicating
higher temporal variability in children, adolescents and older adults
in comparison to younger adults. Moreover, age and individual dif-
ferences in inter-trial theta coherence are related to performance
indicators, for instance reaction time variability (Papenberg et al.,
2013). However, direct empirical evidence is too scarce to be con-
clusive about the extent to which age differences in latency jitter
may  systematically contribute to amplitudes in ERPs in different
age groups. As will be outlined in more detail below, relative to
young adults, the N2 amplitudes are in general larger in children
and smaller in older adults. Given higher variability in children
as well as older adults, it is thus unlikely that age differences in
temporal jitter alone contribute to lifespan age differences in ERP
amplitudes.

Most of the evidence on lifespan age differences in ERPs dur-
ing performance monitoring comes from studies that employed
the Flanker or the Go/Nogo tasks (see Table 1 for an overview).
Few developmental studies report both stimulus-locked as well as
response-locked components. Here, we examine a lifespan pattern
of stimulus- as well as response-locked ERPs during performance
monitoring to inform age differences in subprocesses of perfor-
mance monitoring. An empirical example from a lifespan study that
included children, adolescents, younger and older adults is pro-
vided in Fig. 1 (cf. also Hämmerer et al., 2010). As shown in Table 1
and Fig. 1, when comparing response- and stimulus-locked com-
ponents across the lifespan, a distinct pattern of ERP amplitudes
during stimulus and response processing is apparent (indicated in
italic font in Table 1). Compared to younger adults, children show
larger N2 and smaller Ne/ERN amplitudes. In contrast, older adults
show smaller N2 as well as smaller Ne/ERN amplitudes relative to
younger adults. In the following, we will review age differences
in response-locked ERPs and stimulus-locked ERPs during perfor-
mance monitoring in more detail and outline their significance with
respect to age differences in performance monitoring processes.

5.1.1. Lifespan age differences in response-locked ERPs: ERPs that
reflect a focus on correct responses are reduced in children and
older adults

An example of stimulus- and response-locked ERPs during per-
formance monitoring in a lifespan study is given in Fig. 1 and
Box 1. An overview of the current literature on this topic can be
found in Table 1. As can be seen in Fig. 1 and Table 1, relative to
younger adults, the majority of studies observed smaller Ne/ERN
amplitudes in children or adolescents (Davies et al., 2004; Hogan
et al., 2005; Kim et al., 2007; Ladouceur et al., 2004; Santesso et al.,
2006; Van Meel et al., 2012; Wiersema et al., 2007) as well as
older adults (Beste et al., 2010; Endrass et al., 2012; Falkenstein
et al., 2001; Themanson et al., 2006). As reviewed above, a large
Ne/ERN can be taken as an index of a stronger focus on correct
response tendencies (Miller, 2000; Botvinick et al., 2001; Yeung
et al., 2004; Yeung and Cohen, 2006). The consistent findings of
reduced Ne/ERN amplitudes in children and older adults might
thus indicate reduced top-down control to assure correct perfor-
mance, or, relatedly, a reduced relevance of correct performance
(cf. Segalowitz and Dywan, 2009; Falkenstein et al., 2000). A recent
study that assessed the electrophysiological correlates of a speed
versus accuracy instruction in older adults showed overall reduced
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Table 1
Overview of studies using electrophysiological recordings to assess age differences in response conflict tasks.

Study Age groups examined Task used Accuracy Reaction time Ne/ERN
(error-related
negativity)

Nc/CRN
(correct-
related
negativity)

N2 PE (error
positivity),
post-error
slowing

Other
examined ERPs

Child developmental studies
Davies et al. (2004) Children, adolescents, younger

adults (7–25 years)
Flanker task Increases with

increasing agea
Decreases with
increasing agea

Increases with
increasing age

Decreases with
increasing age

– No post-error
slowing age
effect, np Pe
effect with age

–

Hogan et al. (2005) Adolescents, younger adults
(12–18; 18–22 years)

2
Forced-Choice
task

Adolescents =
younger adultsa

Adolescents =
younger
adultsa

Adolescents <
younger adults

Adolescents =
younger adults

– No Pe age effect –

Johnstone et al. (2005) Children, adolescents, younger
adults (7–47 years)

Go/Nogo task Increases with
increasing age

Decreases with
increasing age

– – Decreases with
increasing age

– N1, P2, P3

Jonkman et al. (2003) Children, younger adults (9–10
years; 19–23 years)

CPT-AX task Children <
adults

Children =
younger adults

– – Children >
younger adults

– CNV, P3

Jonkman (2006) Children, younger adults (6–7;
9–10; 19–23 years old)

CPT-AX task Children <
younger adults

Children >
younger adults

– – Children >
younger adults

– P2, CNV,
Cue-P3

Kim et al. (2007) Children, younger adults
(7–11; 21–25 years)

Go/Nogo task Children =
younger adults

Decreases with
increasing age

Children =
younger adults

(children >
younger
adults)

– – –

Lamm et al. (2006) Children, adolescents (7–16
years)

Go/Nogo task – Decreases with
increasing age

– – Children >
adolescents

– –

Santesso and Segalowitz
(2008)

Adolescents, younger adults
(15–16 years; 18–20 years)

Flanker task
(Go/Nogo task)

Adolescents =
younger adults
(Adolescents <
younger adults)

Adolescents =
younger adults
(Adolescents =
younger
adults)

Adolescents <
younger adults
(Adolescents <
younger
adults)

Adolescents =
younger adults
(Adolescents =
younger
adults)

– Adolescents <
younger adults
in post-error
slowing, no Pe
age effects

–

Santesso et al. (2006) Children, younger adults (10;
18–30 years)

Flanker task Children <
younger adults

Children >
younger adults

Children <
younger adults

(Children >
younger
adults)

– No age effect –

Van Meel et al. (2012) Children, younger adults (6–9;
10–12 years)

Flanker task Children <
younger adults

Children >
younger adults

Children <
younger adults

Children >
younger adults

Children >
younger adults

– –

Wiersema et al. (2007) Children, adolescents, younger
adults (7–8; 13–14; 23–24
years)

Go/Nogo task Increases with
increasing age

Decreases with
increasing age

Children <
adolescents =
younger adults

– – No Pe age
effect, no
post-error
slowing age
effect

–

Lifespan studies
Hämmerer et al. (2010) Children, Adolescents, Younger

Adults, Older Adults (9–10;
13–14; 20–30; 65–75 years)

AX-CPT task Children <
Adolescents <
younger adults =
older adultsb

Children >
Adolescents =
younger
adults <
older adults;
older
adults > childrenb

– – Children =
adolescents =
younger
adults >
older adults;
children >
younger adults.

– CNV, P3,
Cue-P3,

Aging  studies
Beste et al. (2010) Younger and older adults

(21–51; 41–75 years)
Go/Nogo Task Older adults >

Younger adults
Older
adults > young
adults

– – Older adults <
younger adults

– P3
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Box 1: Lifespan age differences in stimulus- and
response-locked ERPs during a Go/Nogo task.
A distinct pattern of ERP amplitudes across the lifespan can
be observed in stimulus-locked and response-locked compo-
nents. Stimulus-locked ERPs (N2 to Go and Nogo stimuli) are
largest in children and smallest in older adults (linear life-
span contrast: t = 3.78, p < .01, d = 0.68 for Go stimuli; t = 8.76,
p < .01, d = 1.65 for Nogo stimuli). With respect to the response
locked ERPs (lower panels), Ne/ERN amplitudes after errors
are smaller in children and older adults (curvilinear lifespan
contrast: t = −2.31, p < .01, d = .36) while Nc/CRN amplitudes
after correct responses are larger (curvilinear lifespan contrast:
t = 3.56, p < .01, d = .55), suggesting a reduced focus on the cor-
rect response tendency and higher uncertainty during correct
responses in children and older adults. For data preprocessing
methods and task details, see Hämmerer et al. (2010).
Although there is a higher level of experienced conflict in
children, the conflict signal may not trigger top-down control
effectively to focus on the correct response tendency, due to
an immature prefrontal network. In contrast, in older adults, a
strong reduction in stimulus-locked ERPs is observed, suggest-
ing weaker stimulus inputs or a reduced processing of stimulus
inputs based on task set representations. Reduced stimulus
inputs might then engender less discernable response ten-
dencies and explain the observed reduced focus on correct
response tendencies in older adults (see text for details). (Data
adapted and reanalyzed from Hämmerer et al., 2010 with per-
mission. Copyright 2010 Elsevier)

Ne/ERN amplitudes but an increase of the Ne/ERN under the accu-
racy instruction (Endrass et al., 2012). If a larger Ne/ERN is taken as
an indicator of stronger top-down control, this would suggest that
an adaptation of the strength of the focus on correct responses is
still possible in old age, although overall levels of top-down control
are reduced. It is an interesting topic for future studies whether
emphasizing performance accuracy may  modulate Ne/ERN ampli-
tude in children.

Fewer and less reliable findings exist with respect to develop-
mental effects in the Nc/CRN (cf. Table 1). In children, a higher
Nc/CRN has been repeatedly observed (Kim et al., 2007; Santesso
et al., 2006; Van Meel et al., 2012; but see Davies et al., 2004 for
a smaller Nc/CRN in children as compared to younger adults). If
the Nc/CRN is to be taken as an index of uncertainty during execu-
tion of the correct response, this would suggest that children are
less certain about their correct responses. In the elderly, increased
Nc/CRN amplitudes have been observed in the context of reinforce-
ment learning tasks (see also below). While the Nc/CRN decreased
with learning in younger adults, it remained high in older adults
(Pietschmann et al., 2008). In response conflict tasks, two  studies
have shown similar Nc/CRN amplitudes in younger and older adults
(Endrass et al., 2012; Falkenstein et al., 2001). To date, there is hence
too little evidence to conclusively suggest that response-locked
components in older adults are indicative of higher uncertainty
during correct responses.

Taken together, reduced Ne/ERN amplitudes and a trend for
increased Nc/CRN amplitudes in children suggest a reduced focus
on correct response tendencies during child development. Such
a reduced focus on correct responses might relate to a reduced
emphasis on correct performance as well as to more uncertainty
during correct responses. With regard to existing theories of
performance monitoring this might be indicative of a reduced
ability or willingness to ensure correct responses by exerting
response control in the form of enhanced response selection or
response inhibition. Somewhat analogously, according to theories
that emphasize the evaluation of response or outcome expecta-
tions, this might indicate a reduced certainty or expectation of a
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Fig. 1. Lifespan age differences in stimulus- and response-locked ERPs during a Go/Nogo task at electrode FCz (Bar graphs indicate mean amplitude for each age group. Error
bars  denote 1 SE of the mean). This exemplary result (as well as findings from the majority of studies, see Table 1) suggests different neural correlates for the maturation and
senescence of cognitive control processes during performance monitoring.

correct response. The fact that children and adolescents commit
more errors during response conflicts is coherent with the assump-
tion of a reduced ability or willingness to assure correct responses.
However, older adults do not commit more errors than younger
adults, a reduced focus on correct responses alone can thus not
explain the observed reduced ERN amplitudes during aging.

5.1.2. Lifespan age differences in stimulus-locked ERPs: ERPs that
reflect processing of conflicting stimulus inputs are increased
during maturation and reduced during aging

Differences between age groups seem to be more pronounced
in stimulus-locked ERPs. The N2 component is larger in children
(Hämmerer et al., 2010; Johnstone et al., 2005; Jonkman, 2006;
Jonkman et al., 2003; Lamm et al., 2006), suggesting that they
react more sensitively to conflicting stimulus inputs and/or that
stimulus-induced response conflict is experienced to a greater
extent (cf. also upper part of Fig. 1). Compared to evidence
from children and adolescents, a rather different pattern of ERP
components is observed in older adults (cf. upper part of Fig. 1).
Here, the N2 following incongruent or distracting stimuli during
response conflict tasks is clearly reduced in comparison with
younger adults (Beste et al., 2010; Wascher et al., 2011; Hämmerer
et al., 2010; Nieuwenhuis et al., 2002). This suggests reduced

levels of stimulus-induced conflicts or a reduced sensitivity to
stimulus-induced conflicts in older adults as compared to the
other age groups. The frequently observed slowing of older adults
during response conflicts might thus be related to a weaker or
prolonged accumulation of response-related stimulus evidence.

Taken together, response-related ERPs suggest a reduced ability
or willingness to focus on correct responses during maturation as
well as during aging. This matches well with the increased error
rates observed in children and adolescents. Higher N2 amplitudes
– which increase with a stronger impact of distracting stimulus
inputs – also suggest that the filtering of relevant inputs during
stimulus processing is still subject to further development in these
two maturing age groups. This inability to filter inputs might further
contribute to the observed greater tendency to fall prey to mislead-
ing stimulus inputs. In contrast, older adults show smaller Ne/ERN
amplitudes but are rather prone to slowed responding than to com-
mitting more errors. In addition, their N2 amplitudes are clearly
reduced as compared to the other age groups. Unlike children and
adolescents, in whom a reduced ability to isolate relevant stimu-
lus inputs and response tendencies might be assumed, in the case
of older adults, the reduced N2 suggests that their ability to focus
on correct responses during performance monitoring may  be com-
promised by a reduction in the strength of stimulus inputs. In the
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following, we examine these hypotheses in more detail in light of
current empirical and modeling evidence. In doing so, we  put spe-
cific emphasis on theories that differentiate the processes reflected
in response- and stimulus-locked ERPs.

According to the conflict monitoring theory (Botvinick et al.,
2001; Yeung et al., 2004), a larger conflict signal (e.g., as reflected
in a larger N2 amplitude) should lead to more deployment of top-
down control, which, in turn, reduces performance errors that are
usually associated with a smaller amplitude of the Ne/ERN. Specifi-
cally, the initiation of top-down control via lateral prefrontal areas
is thought to be associated with stronger conflict-related activa-
tion in medial frontal cortex (Kerns, 2006; King et al., 2010). This
does not seem to be the case in children and adolescents. Instead,
the fact that children and adolescents are more prone to commit-
ting errors (Davies et al., 2004; Hämmerer et al., 2010; Hogan et al.,
2005; Lorsbach and Reimer, 2008; Santesso et al., 2006; Van Meel
et al., 2012; Johnstone et al., 2005) while showing larger N2 ampli-
tudes suggests that they experience more conflict or react stronger
to conflicting inputs. The experienced conflict does not trigger suf-
ficient top-down control to focus on the correct response tendency
in the future. Interestingly, the same pattern—high N2 components
and low Ne/ERN components—has also been observed in a patient
with left hemispheric ACC lesions, a structure that is implicated
in the detection of conflicts and the targeting of controlling areas
(Swick and Turken, 2002). This parallel is especially interesting
given evidence of a reduced volume of the ACC during child devel-
opment (Gogtay et al., 2004; Sowell et al., 2003). Computational
models that alter specific subprocesses of performance monitoring
and predict ERP amplitudes might provide further indicators of the
subprocesses affected during child development. In particular, a
model with reduced translation of conflict into attentional control
replicated the pattern of higher N2 and lower Ne/ERN amplitude
observed in children and adolescents (Yeung and Cohen, 2006). One
possible interpretation of the pattern of increased N2 amplitudes
and reduced Ne/ERN amplitudes during maturation is hence that
response conflicts trigger top-down control to a lesser extent in
children and adolescents compared to younger adults. This might
be related to the fact that their medial and lateral prefrontal cortex
is not yet fully developed (Gogtay et al., 2004; Sowell et al., 2003)
as well as less well-connected than in younger adults (Hwang et al.,
2010).

As outlined above, older adults often show slower responses in
conditions involving response conflicts (Nieuwenhuis et al., 2002;
Hämmerer et al., 2010; Falkenstein et al., 2001; Endrass et al., 2012;
Themanson et al., 2006; Wascher et al., 2011) while they do not
commit more errors than younger adults (Falkenstein et al., 2001;
Nieuwenhuis et al., 2002; Hämmerer et al., 2010; Themanson et al.,
2006; Endrass et al., 2012). Together with the reduced Ne/ERN as
well as reduced N2 amplitudes in older adults, this suggests that
both the focus on a correct response as well as the impact of dis-
tracting stimulus inputs is reduced in the elderly. This reduction in
ERP amplitudes cannot be attributed to overall reduced ERP ampli-
tudes in older adults as, e.g., the Nc/CRN amplitude has been shown
to be the same or even larger in the elderly as compared to younger
adults (see above).

Since both the fostering of correct response tendencies as well
as the monitoring of distracting stimulus inputs are reduced in
elderly, a likely candidate for an aging-related change in perfor-
mance monitoring is a reduction in the strength of relevant as
well as distracting inputs. Such a reduction might be explained
by weaker stimulus inputs or a weaker attentional modulation of
stimulus inputs according to the current task set. The smaller N2
observed in older adults might hence be related to less distinct
representations of conflicting stimulus inputs and consequently
weaker emerging response tendencies. Indeed, reduced N2 ampli-
tudes have been observed in those elderly who show larger ERPs

indicating attentional distractability (P3a) during a Go/Nogo task
(Hämmerer et al., 2010). Besides, modeling work also shows that
reduced stimulus inputs as well as a reduced attentional focus on
stimulus inputs in general can result in lower N2 amplitudes as
well as prolonged reaction times (Yeung and Cohen, 2006). Also,
computational studies have suggested that aging-related declines
in dopaminergic modulation of neuronal gain control result in less
distinctive stimulus or task representations (Li et al., 2001, 2005;
Eppinger et al., 2011).

A less distinctive task-set guided attentional bias compromises
the build-up of correct and incorrect response tendencies alike and
should result in less discernable response tendencies during cor-
rect responses as well as during incorrect ones. Such a deficit might
explain the less distinct Nc/CRN and Ne/ERN amplitudes that have
been observed in older adults1 (Falkenstein et al., 2001; Endrass
et al., 2012; Pietschmann et al., 2008) as well as the prolonged
reaction times during aging.

Indeed, there is evidence of increased global switch costs in
elderly that occur in conditions of increased need for maintain-
ing different task sets (Kray, 2006; Kray and Lindenberger, 2000),
as well as evidence of an outsourcing of task set representations in
the form of a stronger reliance on guiding cue stimuli (Mayr, 2001;
Lindenberger and Mayr, 2013; Spieler, 2006; see also below). This
also points to a particular deficit of older adults in maintaining task
set information.

Taken together, during maturation, we observe a strong
response to critical stimulus inputs and weak ERPs associated with
the monitoring of errors. In contrast, during aging, we observe a
reduced response to conflicting stimulus inputs and weak ERPs
associated with the monitoring of errors. These age-specific pat-
terns of stimulus- and response-related ERPs during performance
monitoring can be interpreted in light of existing performance
monitoring theories and concurrent evidence and provide a basis
for developing hypotheses on age-specific deficits in performance
monitoring across the lifespan. Specifically, a strong monitor-
ing response to conflicting inputs during maturation and a weak
response to errors suggest a particular deficit to translate experi-
enced conflicts into stronger top-down control on correct inputs
and responses. This assumption is guided by modeling work that
details the processing of conflicts and fostering of control and
is in line with empirical evidence on an underdeveloped control
system in medial and lateral frontal cortices during maturation.
During aging, a different ERP pattern suggests different age-specific
deficits. Specifically, a weak monitoring response to conflicting
inputs as well as to correct response tendencies suggests a gen-
eral reduction in the monitoring of correct and incorrect response
tendencies. As outlined above, such a general reduction might be
explained by weaker stimulus inputs or a weaker attentional mod-
ulation of stimulus inputs according to the current task set. As a
first hint for the correctness of these assumptions, older adults
that show reduced N2 amplitudes to conflicting stimulus show also
increased attentional distractability during a performance moni-
toring task.

In the following, we  review these hypotheses further in light
of evidence from fMRI studies that assess lifespan age differences
in performance monitoring. Here, we put a particular emphasis
on age differences in prefrontal structures that support the initi-
ation of top-down control as well as the maintenance of task set

1 Note that a response strategy that emphasizes accuracy over speed should con-
tribute to higher Ne/ERN amplitudes in older adults than in younger adults (cf.
Gehring et al., 1993a,b), which have, in fact, not been observed, suggesting that
reduced N2 amplitudes in elderly are not indicative of a stronger focus on relevant
stimulus inputs.
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representations as these subprocesses have been identified as being
in particular affected.

6. Lifespan age differences during performance monitoring
in fMRI studies

6.1. Under-recruitment of prefrontal areas during higher task
demands in children and adolescents

The majority of fMRI studies on the maturation of performance
monitoring report an under-recruitment of lateral prefrontal areas
especially during challenging task conditions both in children and
adolescents (Bunge et al., 2002; Crone et al., 2006; Rubia et al.,
2006). Furthermore, connectivity analyses with resting state data
have shown a general trend of more short-range, but less long-
range connections in children as compared to younger adults (Fair
et al., 2007, 2009). Specifically, during the transition from ado-
lescence to adulthood, an increase in the strength of effective
connectivity between lateral and medial frontal cortex, lateral pre-
frontal cortex and parietal cortex as well as lateral prefrontal cortex
and thalamus has been observed (Hwang et al., 2010). This find-
ing is of particular relevance as a link between medial and lateral
prefrontal areas is implicated in the initiation of top-down control
following conflicting stimulus inputs. Overall, findings from devel-
opmental connectivity studies thus lend support for the conjecture
of a failure to exert top-down control when stronger cognitive con-
trol is required.

So far, only few studies have attempted to disentangle
age-related and performance-related differences in prefrontal acti-
vations during development. Crone et al. (2006) observed positive
correlations of frontal activations and better performance during a
2-choice rule switch task that were independent of age differences
within the sample. Rubia and colleagues (2006) observed a positive
correlation between performance on the Simon task and inferior
frontal activations in addition to performance-independent age-
related increases in frontal brain areas. In line with the assumption
of a particular deficit to initiate top-down control, fMRI studies thus
suggest an increase in prefrontal control-related activations during
maturation that is associated with developmental improvements in
performance.

Interestingly, some studies show greater parietal activations
in children as compared to adults during response conflict tasks
(Casey et al., 2005). For instance, a study by Rubia and colleagues
observed an increase in prefrontal and a decrease in parietal acti-
vations during maturation (Rubia et al., 2006). This might suggest
that immature prefrontal control in children and adolescents might
be countered by a greater orientation toward bottom-up processing
of task inputs that implicate the parietal regions. In line with this, a
recent review by Posner and colleagues (2012) suggests that a mat-
urational shift from externally toward internally driven control, is
accompanied by a shift from cholinergically toward dopaminer-
gically modulated control networks. Cholinergic projections from
the basal forebrain are thought to regulate orienting behavior that
is necessary for noticing the need for adaptive actions (Posner et al.,
2012). Further support for this interpretation comes from a study
that shows higher parietal and insula activations in children that is
correlated with better performance, whereas more active frontal
areas were predictive of better performance in younger adults
(Bunge et al., 2002). Finally, children show stronger connections
within parietal cortex as compared to adolescents and younger
adults, while adults show stronger connections between lateral and
medial frontal cortex, lateral prefrontal cortex and parietal cortex
as well as lateral prefrontal cortex and thalamus (Hwang et al.,
2010). Taken together, these findings suggest that during child-
hood, the top-down control network that exerts response control

via top-down regulation of lateral prefrontal areas is not yet in
place; instead, parietal areas appear to contribute more to cogni-
tive control than in adult samples. Future studies should address
whether this stronger involvement of parietal areas is related to
a greater reliance on stimulus-oriented processing and bottom-up
control during maturation.

6.2. Over-recruitment of prefrontal areas during lower task
demands in older adults

In older adults, the contribution of prefrontal control areas to
performance monitoring and cognitive control is less consistent
across studies. In some studies, relative to younger adults, older
adults over-recruit the prefrontal areas already at easier task lev-
els (DiGirolamo et al., 2001; Hedden et al., 2012; Nagel et al., 2009,
2011) suggesting that non-challenging tasks have to be met  with
greater top-down control in older adults than in younger adults.
However, whether stronger prefrontal activations in older adults
are indicative of compensatory or impedimentary recruitment of
prefrontal areas differs between studies. Additional prefrontal acti-
vations in older adults have been found to be associated with
better performance (Hedden et al., 2012) or worse performance
(Colcombe et al., 2005; Nielson et al., 2002). This may, in part,
reflect the increased between-person heterogeneity during aging.
To better understand the inconsistencies across studies, a better
anatomical delineation of the involved prefrontal areas is also in
order. For instance, a recent meta-analysis by Spreng and colleagues
(2010) showed that worse performing older adults tended to show
higher activations in the right inferior and middle frontal gyri, while
older adults with relatively better performance showed higher
activations in left middle frontal gyrus in a range of perceptual,
executive and memory tasks.

Taken together, in comparison to younger adults, older adults
tend to over-recruit prefrontal areas already at lower task demands.
Interestingly, a study that contrasted task periods that require
the maintenance of one or two  task sets showed similar lateral
prefrontal recruitment in older adults in both conditions, while
younger adults only showed increased activation in the condition
with more demanding task-set maintenance (DiGirolamo et al.,
2001). This suggests that increased prefrontal activations already
at lower task demands in the elderly might in part be related to
more effortful task set maintenance. Finally, studies that focus on
age-specific deficits in cognitive control suggest that older adults
find it particularly difficult to exert proactive, task-set based con-
trol during stimulus processing (Braver et al., 2001; Paxton et al.,
2008) and to suppress irrelevant information in working memory
paradigms (Clapp et al., 2011; Gazzaley et al., 2005). Interestingly,
the suppression deficit in working memory contexts is related to a
less differentiated early processing of target and distractor stimuli
(Gazzaley, 2011; Störmer et al., 2013), pointing again to particu-
lar difficulties of older adults in anticipatory stimulus selection,
possibly due to weaker task representations that limit anticipatory
filtering of task-relevant inputs.

In summary, evidence from developmental fMRI studies during
response conflict tasks corroborates our conjecture of age-specific
deficits postulated based on the pattern of stimulus-related and
response-related ERP components across the lifespan. In particular,
the conjecture of a reduced ability to initiate top-down control
in children is supported by evidence of reduced lateral prefrontal
activations during task conditions of stronger control demands.
Furthermore, resting-state and functional connectivity studies
suggest underdeveloped medial-lateral frontal connections in
children, which might affect the translation of monitored conflicts
into stronger top-down control. Additionally, stronger parietal
activations during tasks demanding cognitive control raise the
question whether a stronger tendency to employ stimulus-driven
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Fig. 2. Schematic overview of lifespan age differences in performance monitoring during response conflicts and decision making tasks. Subprocesses which appear to be
particularly difficult during maturation or aging are marked in red. During maturation (left graph), a strong response to undesired or conflicting inputs (N2 or FRN) is observed,
while  the Ne/ERN that reflects the focus on correct responses is reduced. A particular deficit during maturation appears to be hence the translation of experienced conflicts
during  stimulus processing into stronger top-down control during response processing. In contrast, during aging (right graph), reduced N2/FRN as well as reduced Ne/ERN
amplitudes are observed. A deficit in processing stimuli based on task set representations could explain this particular ERP pattern. Weaker stimulus representations might
then  in turn lead to a reduced ability to focus on the correct response. More effortful task set maintenance as well as less distinct stimulus inputs thus affect both, stimulus
and  response-related potentials (see text for details).

control mechanisms exists in childhood. With respect to aging, an
increase in prefrontal activations is frequently observed. However,
the evidence as to whether these increased activations support
or hinder performance monitoring is mixed. Tasks that varied
the relevance or difficulty of maintaining task set representations
however showed more effortful and less anticipatory task set
maintenance in older adults. These findings are in line with the
suggested greater difficulties of older adults to monitor critical
events based on task-set representations (for an overview of these
age-specific differences in performance monitoring see Fig. 2).

7. New insights about lifespan development of
performance monitoring

The present review has put a particular emphasis on elec-
trophysiological indicators to understand the development of
performance monitoring across the lifespan. A range of well-
established ERPs related to performance monitoring has been
heavily researched in the last decades in adults as well as in devel-
opmental and aging samples. Existing theories on the cognitive
processes reflected in these ERPs provide – also with the help of
computational models – a rich literature for interpreting age dif-
ferences in these ERPs and for formulating conjectures about age
differences in cognitive processes during performance monitoring.
The higher temporal resolution of electrophysiological data allows
for a separation of performance monitoring processes related to
stimulus or response processing (Ullsperger et al., 2014). The ability
to separate such processes has proven especially helpful in under-
standing age-related differences. We  have provided a summary
of the pattern of stimulus- and response-related ERPs across the
lifespan during performance monitoring and evaluated the related
cognitive age differences in light of existing theories of performance
monitoring. Age-specific deficits in performance monitoring ERPs
explain age-specific deficits observed in behavioral data and are
supported by evidence observed in fMRI studies. Our review hence
offers new insights into age differences in the dynamics of per-
formance monitoring that are helpful in interpreting the observed
qualitative differences across the lifespan.

7.1. Experienced conflicts trigger less top-down control in
children

In children and adolescents, the greater propensity to commit
errors during response conflicts can be understood as a reduced
ability to react to response conflicts with an increase in top-down
control. Increased susceptibility to distracting stimulus inputs – as
evident in larger N2 amplitudes – but reduced error-related ERPs

(Ne/ERN), that indicate a reduced focus on correct responses, are
observed during maturation. Experienced conflicts should result in
increased top-down control to bias processing of relevant stimu-
lus inputs and correct response tendencies. Increased responses to
conflicts and a reduced focus on correct response during matura-
tion indicate thus a reduced ability to initiate top-down control.
Neuroanatomical and neurochemical changes of prefrontal struc-
tures and in particular a prolonged development of long-range
connections as well as medial-to-lateral connections in prefrontal
cortex might underlie the reduced ability to initiate top-down con-
trol following response conflicts. Finally, parietal areas are more
active during cognitive control in children and adolescents as com-
pared to younger adults. This suggests a qualitative change in
cognitive control functions during child development, progressing
from parietally-related bottom-up, stimulus driven task control to
prefrontally-based top-down control (Luna and Sweeney, 2004;
Munakata et al., 2012; Posner et al., 2012).

7.2. Weaker stimulus processing and task set maintenance in
older adults

Older adults are not more likely to commit errors during
response conflicts, but show prolonged reaction times. Given that
error rates are similar to younger adults but electrophysiologi-
cal indices of experienced conflict during stimulus processing (N2
amplitudes) are lower, their performance monitoring deficit is sug-
gested to arise from difficulties in stimulus processing that affect
correct and incorrect response tendencies alike, namely weaker
task-set representations. Electrophysiological evidence shows a
reduced response to conflicting stimulus inputs as well as reduced
error-related ERPs. It is thus possible that the focus on correct
responses during errors is compromised by weaker stimulus inputs
that prime these responses. Neuroanatomical and neurochemical
changes support the assumption of a deficit in task set represen-
tations, given the decline in prefrontal cortex and dopaminergic
modulation of frontal areas, which is thought to be relevant for
task set maintenance (D’Ardenne et al., 2012). Electrophysiologi-
cal (Hämmerer et al., 2010) as well as fMRI (Paxton et al., 2008)
evidence further confirms a reduced ability to use task-set related
information in guiding stimulus processing.

7.3. Similarities between lifespan age differences in monitoring
response conflicts and value-based decisions

It is conceivable that insights in age differences of performance
monitoring during response conflict tasks generalize to age dif-
ferences in monitoring during decision making tasks. Performance
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monitoring encompasses both, response conflict monitoring as well
as action outcome monitoring, e.g., during decision making or rein-
forcement learning (Ridderinkhof et al., 2004). Response conflict
and outcome monitoring rely on partially overlapping brain areas,
with motivational control processes involving mostly ventral pre-
frontal and striatal areas, and cognitive control processes supported
mostly by medial dorsal and lateral prefrontal as well as dorsal
striatal areas (see Haber and Knutson, 2010 for a review). More-
over, ERP potentials observed during reinforcement learning tasks
(Ne/ERN, Nc/CRN, and FRN – Feedback-related negativity, an N2-
like component; Miltner et al., 1997; Holroyd and Coles, 2002)
resemble those observed during response conflict tasks.

Before assessing similarities in age effects in these two domains
of performance monitoring, we first assess similarities and differ-
ences in ERPs during response conflicts and decisions. ERPs related
to performance monitoring during decision making or reinforce-
ment learning have been reviewed extensively elsewhere (Santesso
et al., 2011; Walsh and Anderson, 2012; San Martin, 2012). The
FRN is typically observed to be largest following loss or error feed-
back in reinforcement learning or gambling tasks (Miltner et al.,
1997; Gehring and Willoughby, 2002). However, an increased FRN
can be observed after positive and negative events alike, as long as
they are unexpected or undesired in a given context (Talmi et al.,
2013). Moreover, the FRN does not reflect an absolute or graded
appraisal of potential outcomes, but rather a dichotomous evalu-
ation of desired and undesired outcomes given a certain context
(Holroyd et al., 2004). In line with this, studies that explored the
relationship of positive and negative prediction errors and N2 on
the single trial level showed that the distinction of positive and
negative outcomes is reflected in the FRN, while the size of the
prediction error varies with the ensuing P3 amplitude (Philiastides
et al., 2010; Fischer and Ullsperger, 2013). Finally, the FRN is larger
if errors are consequences of own volitional actions as compared
to instructed actions (Yeung et al., 2005).

Evidence on processes reflected in response-locked components
is comparatively sparse. A larger Ne/ERN is observed if the correct
response is more certain (Holroyd and Coles, 2002; Nieuwenhuis
et al., 2002; Eppinger et al., 2008, 2009). In turn, a larger Nc/CRN
is thought to reflect more uncertainty during correct responses
(Scheffers and Coles, 2000; Pailing and Segalowitz, 2004; Santesso
et al., 2011).

Taken together, parallel processes in performance monitor-
ing signals during decision making and during response conflicts
emerge. In both contexts, the Ne/ERN varies with the certainty
of correct responses or the focus on correct responses. Likewise,
increased Nc/CRN amplitudes are thought to reflect uncertain
responses in both domains. In response conflict tasks, the N2 is
larger for conflicting stimulus inputs, whereas in decision making
or reinforcement learning tasks, the FRN is larger for undesired
or unexpected action outcomes. A common theme for stimulus-
locked components is hence that they are larger for events that
indicate a threat to correct performance. Moreover, FRN as well as
N2 reflect a monitoring of events at a higher level, independent of
the actual nature of the event (response inhibition or response exe-
cution; gain or loss outcome). Also, both N2 components are larger
if correct performance is emphasized (Potts, 2011; Santesso et al.,
2011), and thus appear to be in part driven by the strength of the
monitoring focus. Given the many parallels, it is thus conceivable
that the processes reflected in stimulus-locked N2 amplitudes dur-
ing response conflicts and during decision making are comparable.

An important conceptual difference, however, is that the exper-
imental variation of expected action outcomes – and thereby
the importance of unexpected or undesired events – is easier in
decision making or reinforcement learning tasks as compared to
response conflict tasks. It is for instance possible to compare the
relative importance of positive, neutral or negative outcomes or to

assess the change of outcome values in different reward contexts.
Such a relative evaluation of outcome expectations in monitoring
responses has been a particular focus in studies of performance
monitoring during decision making, also in age comparative stud-
ies.

Studies investigating lifespan age differences in ERPs of per-
formance monitoring during decision making or reinforcement
learning are summarized in Table 2. As in the case of the
N2 during monitoring conflicting stimulus inputs, reduced FRN
amplitudes are consistently observed in older adults during rein-
forcement learning and decision making tasks (Nieuwenhuis et al.,
2002; Eppinger et al., 2008; Mathewson et al., 2008; Bellebaum
et al., 2011; Eppinger and Kray, 2011; Hämmerer et al., 2011;
Pietschmann et al., 2008, 2011). Apart from absolute amplitude
differences during aging, a reduction in the separation of gains
and losses in the monitoring of outcomes as evident in less dis-
tinct FRN amplitudes to the two  outcomes has also frequently been
observed (Nieuwenhuis et al., 2002; Hämmerer et al., 2011). More
distinct FRN amplitudes to different outcomes are thereby under-
stood as reflecting a stronger focus on desired action outcomes
(Holroyd et al., 2004). Importantly, less differentiated responses
to gain and loss feedback in older adults are observed specifi-
cally in conditions where feedback is less reliable (probabilistic)
(Nieuwenhuis et al., 2002; Eppinger et al., 2008; Hämmerer et al.,
2011). If a formation of outcome expectations is more challenging,
older adults apparently fail to form expectations that allow for a dis-
tinct evaluation of action outcomes (cf. also Eppinger et al., 2011;
Hämmerer and Eppinger, 2012 for a more thorough discussion of
this view). Analogously, older adults are less able than younger
adults to develop relational outcome representations during learn-
ing (i.e. distinct FRN amplitudes in ambiguous reward contexts:
neutral versus gain or neutral versus loss feedback; Eppinger and
Kray, 2011). Older adults are hence less able to rely on value rep-
resentations or outcome expectations during feedback evaluation.
This finding is compatible with the notion of a reduced attentional
focus based on reduced task set representations as observed during
response conflict monitoring in elderly outlined above.

Also during maturation, initial evidence suggests parallels
between the development of response conflict monitoring and
outcome monitoring. Regarding stimulus-locked components, a
decrease in FRN amplitudes during maturation as in the case of
response conflict monitoring is observed in the majority of stud-
ies (Eppinger et al., 2009; Hämmerer et al., 2011; Zottoli and
Grose-Fifer, 2012; Crowley et al., 2013). However, as in the case
of the older adults, despite an overall larger ERP amplitude, a less
distinct response to gain and loss outcomes is observed in partic-
ular in children (Hämmerer et al., 2011; Zottoli and Grose-Fifer,
2012). Behavioral and heart rate responses show that children
differentiate less than younger adults between informative and
uninformative feedback (Crone et al., 2004, 2006). This suggests
that their ability to use feedback to orient future actions is not yet
fully developed. A reduced ability to translate the observed strong
monitoring response to critical events into a behavioral adaptation
appears thus to be a common theme of the monitoring of response
conflicts and action outcomes during maturation.

Evidence in response-locked components is less consis-
tent, some studies observed comparable Ne/ERN amplitudes
(Pietschmann et al., 2008, 2011; Eppinger et al., 2009), some
reduced NE/ERN amplitudes in older adults as compared to younger
adults (Nieuwenhuis et al., 2002; Eppinger and Kray, 2011). Two
studies examined the Nc/CRN in older adults and found simi-
lar amplitudes as compared to younger adults. These have been
attributed to increased uncertainty during responses in older adults
(Pietschmann et al., 2008, 2011). Interestingly, children as well
as older adults showed particular decreases in Ne/ERN ampli-
tudes if the feedback was less reliable, and a focus on the correct



118
 

D
.

 H
äm

m
erer

 et

 al.

 /

 N
euroscience

 and

 Biobehavioral

 Review
s

 46

 (2014)

 105–123
Table 2
Overview of studies using electrophysiological recordings to assess age differences in reinforcement learning and decision making tasks.

Study Age groups examined Task used Accuracy Reaction time Ne/ERN
(error-related
negativity)

Nc/CRN
(correct-
related
negativity)

FRN (feedback-related
negativity)

Other
examined ERPs

Child developmental studies
Crowley et al.

(2013)
Children, adolescents
(10–17 years)

Gambling task – – – – Children > late
adolescents

–

Eppinger et al.
(2009)

Children, younger adults
(10–12, 19–24 years)

Probabilistic
reinforcement learning
task

Children < younger
adults

–  Children > younger
adults

–  Children > younger
adults

P3

Santesso et al.
(2011)

Adolescents, younger
adults (16–17, 18–29
years)

Gambling task – – – – Adolescents = younger
adults

–

Shephard et al.
(2013)

Children, younger adults
(10.2, 25.5 years)

Reversal learning task Children < younger
adults

Children > younger
adults

– – Children > younger
adults

Stimulus-
related
P3

Zottoli and
Grose-Fifer
(2012)

Adolescents, younger
adults (14–27, 22–26
years)

Gambling task Adolescents = younger
adults

– – – Adolescents > younger
adults

–

Lifespan studies
Hämmerer

et al. (2011)
Children, adolescents,
younger adults, older
adults (9–10; 13–14;
20–30; 65–75 years)

Probabilistic
reinforcement learning
task

Children < adolescents < younger
adults > older
adults

–  – – Children>
adolescents > younger
adults > older adults;
children > younger
adults

–

Aging  studies
Bellebaum

et al. (2011)
Younger adults, older
adults (20–31, 52–67
years)

Probabilistic
reinforcement learning
task

Younger
adults > older
adults

–  – – Younger adults > older
adults

P3

Eppinger and
Kray (2011)

Younger adults, older
adults (22.1, 69.7 years)

Probabilistic
reinforcement learning
task with neutral
versus positive or
neutral versus negative
feedback

Younger
adults > older
adults

–  Younger
adults > older
adults

–  Younger adults > older
adults

P3

Eppinger et al.
(2008)

Younger adults, older
adults (20.8, 68.5 years)

Probabilistic
reinforcement learning
task

Younger
adults > older
adults

–  Younger
adults = older
adults

–  Younger adults > older
adults

P3

Ferdinand and
Kray (2013)

Younger adults, older
adults (20–27, 70–77
years)

Time estimation task Younger
adults > older
adults

–  – – Younger adults > older
adults

P3

Mathewson
et al. (2008)

Younger adults, older
adults (18–26, 65–87
years)

Maze learning task Younger
adults > older
adults

Younger adults < older
adults

– – Younger adults > older
adults

P3

Nieuwenhuis
et al. (2002)

Younger adults, older
adults (18–23, 60–80
years)

Probabilistic
reinforcement learning
task

Younger
adults > older
adults

Younger adults = older
adults

Younger
adults > older
adults

–  Younger adults > older
adults

–

Pietschmann
et al. (2008)

Younger adults, older
adults (18–28, 60–71
years)

Reinforcement
learning task

Younger
adults > older
adults

Younger adults < older
adults

Younger
adults = older
adults

Younger
adults = older
adults

–  –

Pietschmann
et al. (2011)

Younger adults, older
adults (23.7, 66.1 years)

Probabilistic
reinforcement learning
task

Younger
adults = older
adults

Younger adults = older
adults

Younger
adults = older
adults

Younger
adults = older
adults

Younger adults > older
adults

P3

Note. Italics indicate study results that are in line with general picture across the lifespan as outlined in the text, i.e. children having larger N2 and smaller Ne/ERN components than younger adults and older adults showing
smaller  FRN and smaller Ne/ERN components.
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responses therefore harder to establish (Eppinger et al., 2008, 2009;
Pietschmann et al., 2011). Taken together, evidence in response-
locked ERPs during decision making in different age groups thus
confirms the increase in Ne/ERN with a stronger focus on correct
responses. During decision making, a decrease in Ne/ERN during
maturation and aging is less prominent as compared to response
conflict tasks. This might be related to the fact that the certainty of
the correctness of a response is more variable in decision making
and probabilistic reinforcement learning tasks – in all age groups.

7.4. Summary

We  have reviewed evidence of lifespan age differences in perfor-
mance monitoring during response conflicts and decision making. A
coherent picture of age-specific challenges emerges across behav-
ioral, imaging, and in particular electrophysiological evidence of
age differences during performance monitoring. In children and
adolescents, a particular deficit to ensure correct response exe-
cution has been identified. ERPs that reflect the monitoring of
response conflicts suggest an increased sensitivity to distracting
stimulus inputs and a reduced focus on correct responses. Together
with imaging evidence of a reduced connectivity of prefrontal
top-down control areas, this suggests a weaker ability to initiate
cognitive control following experienced response conflicts or unde-
sired action outcomes. Likewise, during reinforcement learning or
decision making, monitoring responses to undesired action out-
comes are larger during maturation than in adulthood. However,
children appear to make less use of the information provided by the
feedback to adapt future choices. In general, performance monitor-
ing during maturation is thus characterized by a strong sensitivity
to external feedback that indicates the necessity for a behavioral
adaptation, but a reduced ability or willingness to implement the
relevant changes via internal control structures.

In older adults, prolonged reaction times during response con-
flicts have been observed. More importantly, a striking reduction
in ERP amplitudes that reflect the monitoring of conflicting stim-
ulus inputs or undesired actions outcomes is characteristic for
older adults. In the domain of decision making or reinforcement
learning, this is evident as a reduced separation of desired and
undesired action outcomes. This is particularly evident in reward
contexts that require the formation of outcome expectations. In
light of imaging evidence that suggests particular difficulties of
older adults to maintain or develop task set representations, we
suggest that the aging performance monitoring system is in general
characterized by weaker task set representations and task-set-
related attentional modulation that impairs selective stimulus and
response processing during performance monitoring.

8. Outlook and future research questions

The present review summarized behavioral, electrophysiologi-
cal and fMRI results that reflect changes in performance monitoring
across the lifespan. We  hope to have provided an important first
step toward identifying age-specific deficits in performance moni-
toring across the lifespan. Future studies should follow up on this
attempt to understand mechanisms of these age-specific differ-
ences in performance monitoring. In the following, we outline three
aspects of research on age differences in performance monitoring
that in our view might be most relevant in this regard.

8.1. Formalizing lifespan age differences in performance
monitoring using computational models

Model-based approaches provide an excellent tool to further
test the hypotheses outlined in this review. They allow for the quan-
tification of qualitative age differences within the same conceptual

framework via an age-specific pattern of weights of nonlinearly
interacting dynamic cognitive processes (see also Munakata et al.,
2012 for a review of another successful example of using computa-
tional models to pinpoint qualitative age differences). In addition,
experimental manipulations as well as training of specific cogni-
tive subprocesses that are affected in different age groups (e.g.
the difficulty in maintaining task sets or the difficulty of apply-
ing cognitive control) should be employed more often. This is for
instance relevant to identify whether deficits observed during mat-
uration or aging are due to capacity or strategy-related limitations.
A combination of experimentally manipulated and computation-
ally modeled target processes provides a powerful tool for the
investigation of age-related limitations in functional subprocesses
of performance monitoring, such as focusing on accurate respon-
ding or reacting to conflicting stimulus inputs.

8.2. Lifespan age differences in electrophysiological correlates of
error awareness (Error positivity Pe)

Following the Ne/ERN, positive-going ERPs – often termed error
positivity or Pe – are observed (Falkenstein et al., 1990). Unlike
the Ne/ERN, which does not differentiate between conscious and
unconscious error, the Pe is related to the conscious detection
of errors and is larger with more error awareness (Falkenstein
et al., 1990, 2000; Leuthold and Sommer, 1999; Steinhauser and
Yeung, 2010; Hughes and Yeung, 2011). Up to now, few stud-
ies investigated developmental differences in conscious post-error
adaptational processes as evident in the error positivity (Pe). Of
those that did, many studies observe no age effect (cf. Table 1) while
some did observe smaller Pe amplitudes during aging (Falkenstein
et al., 1998; Band and Kok, 2000a,b). Future studies should investi-
gate whether Pe amplitudes vary with error awareness to a similar
extent across the lifespan. This would provide first insights into age
differences in conscious post-error adaption.

8.3. Lifespan age differences in the temporal coherence of
performance monitoring signals

Finally, in lifespan developmental research, the investigation
of oscillatory electrophysiological processes during performance
monitoring is still in its early stages (Beste et al., 2011; Müller and
Anokhin, 2012; Papenberg et al., 2013; Schmiedt-Fehr and Basar-
Eroglu, 2011). These studies, however, yield important insights into
age-specific differences in performance monitoring. For instance,
improved performance during response conflict tasks has been
shown to relate to the temporal coherence of electrophysiologi-
cal oscillations (faster target detection with faster synchronization
of oscillations in stimulus-processing areas; Müller and Anokhin,
2012). In lifespan developmental studies, temporal coherence –
also in monitoring-related oscillations – changes markedly across
the lifespan (Müller et al., 2009; Papenberg et al., 2013; Sander et al.,
2012; Werkle-Bergner et al., 2012). These age-related differences
in temporal coherence also relate to behavioral age differences.
For instance, increased response variability during response con-
flict tasks in children and older adults was  related to a decreased
inter-trial theta phase coherence of monitoring signals (Papenberg
et al., 2013). Future studies should extent this research to inves-
tigate age differences in the temporal coherence between frontal
areas that implicate top-down control and motor or sensory areas
during performance monitoring.
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