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Abstract Recent models on cognitive aging consider the
ability to maintain and update context information to be a
key source of age-related impairments in various cognitive
tasks (Braver & Barch in Neuroscience & Biobehavioral
Reviews, 26: 809-817, 2002). Context updating has been
investigated with a modified AX-continuous-performance
task by comparing performance and brain activity between
context-dependent trials (i.e., correct responses require
updating of the preceding cue information) and context-
independent trials (i.e., correct responses are independent of
cue information). We used an event-related potential (ERP)
approach to identify sources of age differences in context
processing in the early and late processing of cue information.
Our behavioral data showed longer latencies and higher error
rates on context-dependent than on context-independent trials
for older than for younger adults, suggesting age-related im-
pairments in context updating. The ERP data revealed larger
P3b amplitudes for context-dependent than for context-
independent trials only in younger adults. In contrast, in older
adults, P3b amplitudes were more evenly distributed across
the scalp and did not differ between context conditions. Inter-
estingly, older but not younger adults were sensitive to chang-
es of cue identity, as indicated by larger P3b amplitudes on
cue-change than on cue-repeat trials, irrespective of the actual
context condition. We also found a larger CNV on context-
dependent than on context-independent trials, reflecting active
maintenance of context information and response preparation.
The age-differential effects in the P3b suggest that both youn-
ger and older adults were engaged in updating task-relevant
information, but relied on different information: Whereas
younger participants indeed relied on context cues to update
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and reconfigure the task settings, older adults relied on chang-
es in cue identity, irrespective of context information.
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Introduction

It is generally assumed that successful behavioral adaptation
requires cognitive control mechanisms that guide actions and
thoughts according to internal and external goals (see Braver
& West, 2008; Miller & Cohen, 2001). Cognitive control
refers to a set of processes including the active representation,
maintenance, and updating of goal information (Braver &
Cohen, 2000). In daily life, for example, one may intend to
go to the gym in the evening. This goal needs to be maintained
and protected against incoming events (e.g., an unexpected
dinner invitation). However, cognitive control is also seen as a
flexible mechanism allowing the updating of representations
even after goal failure—that is, when confronted with salient
trigger information (e.g., sport shoes). Such cues can help to
update goal representations and ensure a reorientation toward
previously specified goals.

One model that describes the neural basis of cognitive
control, the guided activation theory of prefrontal cortex
(PFC) function, has been suggested by Miller and Cohen
(2001). In this model, frontal dopamine (DA) projections are
thought to carry new information into PFC, whereas persistent
activity of PFC neurons is associated with the representation
of goals as well as the means to achieve them. This represen-
tation serves as a top-down signal for posterior (sub)cortical
areas that are responsible for implementing stimulus—response
mappings and output processes. Meanwhile, a large body of
evidence suggests that the PFC (Raz, 2000; West, 1996) and
the DA system (Backman & Farde, 2005; Backman, Ginovart,
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Dixon, Wahlin, Wahlin, Halldin, & Farde, 2000; Rinne, 1987,
Suhara, Fukuda, Inoue, Itoh, Suzuki, Yamasaki, & Tateno,
1991) are particularly sensitive to aging, because negative
changes are stronger and occur at an earlier age than in
posterior cortical structures and other neurotransmitter sys-
tems. Such age-related changes are found at the neuronal
level—for example, in significant gray and white matter loss,
neurofibrillary tangles, and decreased cerebral blood flow and
glucose metabolism in the PFC (Bickman & Farde, 2005;
Raz, 2000; Suhara et al., 1991). Moreover, at the behavioral
level, performance deficits in older adults have been shown in
a range of cognitive control tasks thought to be mediated by
PFC and DA functions—for instance, in working memory
tasks (Hale, Myerson, Emery, Lawrence, & Dufault, 2007;
Reuter-Lorenz & Sylvester, 2005), switching tasks (for a
meta-analysis, see Wasylyshyn, Verhaeghen, & Sliwinski,
2011; for a review, see Kray & Ferdinand, 2014), or
performance-monitoring tasks (Eppinger & Kray, 2011;
Ferdinand & Kray, 2013; Hiammerer & Eppinger, 2012;
Nieuwenhius, Ridderinkhof, Talsma, Coles,Holroyd, Kok, &
van der Molen, 2002).

In the dual-mechanisms-of-control theory (DMC), Braver
and colleagues (Braver, 2012; Braver & Barch, 2002; Braver,
Satpute, Rush, Racine, & Barch, 2005; Braver & West, 2008)
suggested that age differences in these cognitive control tasks
can be explained by one common underlying mechanism,
referring to the ability to represent, update, and maintain context
information. By context, they meant all kinds of representations
about the task instructions, rules, and internal or external goals
that guide behavior. The active online maintenance of context
information is thought to rely on sustained activity of dorsolat-
eral PFC (DL-PFC) neurons, whereas DA projections to the
DL-PFC serve as a “gating mechanism.” This “gating mecha-
nism” insulates and refreshes context representations by regu-
lating the access of new information into PFC. Given the
known negative age-related changes in the PFC and the DA
system, the theory posits that older adults show impairments in
the processing of contextual information.

To measure context processing Braver and colleagues often
used a modified version of the AX-continuous-performance
task (AX-CPT). In the AX-CPT, letters are consecutively
presented in cue—probe pairs and correct responses to probes
are dependent on the context provided by the preceding cue.
Interestingly, they found evidence for age-related changes in
the dynamic control of behavior during this task (Braver et al.,
2005; Rush, Barch, & Braver, 2006). Whereas younger adults
showed a tendency to be strongly engaged in updating and
maintaining context information to prepare for the upcoming
response execution (proactive control), older adults typically
engaged less in advance preparation and needed to reactivate
the context information when confronted with the probe
(reactive control; for a review, see Braver & Barch, 2002).
Initial evidence from studies using functional magnetic
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resonance imaging (fMRI; Braver & Barch, 2002; Braver,
Paxton, Locke, & Barch, 2009; Jimura & Braver, 2009;
MacDonald & Carter, 2003; Paxton, Barch, Racine, &
Braver, 2008) has suggested that these age-related changes
in the control of behavior are linked to differential activation
patterns within PFC. For younger adults who usually show a
rather proactive, cue-based control style, an increase in lateral
PFC activation was found after cue presentation that persisted
during the cue—probe delay (Braver & Bongiolatti, 2002;
Jimura & Braver, 2009; Perlstein, Dixit, Carter, Noll, &
Cohen, 2003). In contrast, for older adults who often show a
reactive, probe-based control style, larger lateral PFC activa-
tion was found with the onset of the probe presentation
(Jimura & Braver, 2009; Paxton et al., 2008).

Moreover, age-related differences in context processing
have been shown to be susceptible to various experimental
manipulations: Extended practice and directed strategy train-
ing toward processing of the cue reduced context processing
deficits and induced a proactive shift to larger cue-based
activations in the elderly (Braver et al., 2009; Paxton, Barch,
Storandt, & Braver, 2006). In turn, penalty-based monetary
incentives reduced the proactive bias in younger adults and
changed the temporal activation in PFC toward a reactive
control style (Braver et al., 2009; Locke & Braver, 2008).
On the basis of these findings, Braver and colleagues conclud-
ed that the neural mechanisms underlying different cognitive
control processes are anatomically organized within the same
brain areas. However, contrasting temporal activation within
these brain areas account for different cognitive control
modes. Thus, age differences in context updating should be
visible in temporal activations of PFC regions during cue and
probe presentation. So far, evidence for this view is primarily
based on behavioral and fMRI methods that are less suitable to
capture age differences in the more fine-grained temporal
resolution of information processing during cue and probe
intervals. The main goal of our study was to use an electro-
encephalogram (EEG) approach to examine whether age-
related changes are reflected in neuronal correlates of context
processing by using a modified AX-CPT.

EEG correlates of cue-related processing in cognitive
control tasks

One study so far has applied an EEG approach to a modified
version of the AX-CPT in a student sample, to determine the
neuronal correlates of context processing (Lenartowicz,
Escobedo-Quiroz, & Cohen, 2010). Updating of context in-
formation was manipulated on a trial-by-trial basis, and par-
ticipants responded to cue—probe pairs that differed in their
dependency on the preceding cue. Four cue—probe combina-
tions were context-dependent, and four combinations were
context-independent pairs (see Fig. la). On context-
independent (c-indep) trials, the correct response to probes
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was independent of the preceding context cue, and thus only
relied on the assignment to one of two response buttons. On
context-dependent (c-dep) trials, correct responses to probes
were exactly reversed for the cue—probe combinations, and
therefore required the processing of the cue information as
well as the reconfiguration of cognitive processes as stimulus—
response (S—R) mappings were reversed. C-dep and c-indep
trials had a 25 % probability each and were intermixed with
50 % control trials, which did not require any response. The
results of this study showed a context effect at the behavioral
level—that is, better performance on c-indep than on c-dep
trials. At the electrophysiological level, they revealed a larger
frontally distributed P2 component after context cue presen-
tation on c-dep trials than on c-indep and control trials, which
was interpreted as early updating of the context cue informa-
tion. A second context effect was observed in a parietally
distributed P3b, with a larger amplitude for c-dep trials than
for c-indep and control trials that was linked to task reconfig-
uration processes. Finally, the results indicated a context effect
in the centrally focused negative slow wave. It was more
negative for c-dep than for c-indep and control trials, lasting
from 700 ms to the end of the cue interval; this was attributed
to task maintenance processes. Altogether, three EEG compo-
nents—the P2, the P3b, and the negative slow wave—have
been identified to be sensitive to cue-related processing in the
AX-CPT, which has been applied to measure context
updating. We used a similar approach in the present study, to
determine whether age differences in cue-related processing
would be reflected in all three components, or whether differ-
ential age effects would be obtained in these components.
Given that context processing contains the updating of all
types of information, it also includes the updating of task sets,
frequently investigated with the task-switching paradigm. In
cued task-switching paradigms, the to-be-executed task is also
announced by a preceding cue. If enough time is provided, the
cue information can be used to configure and reconfigure the
task set in advance. The term fask set refers to the configura-
tion of the cognitive processes required for selection, adop-
tion, and execution of an appropriate response according to
the prior task-goal instructions, and thus task switching mea-
sures the efficient reconfiguration of two or more task-set
instructions (Monsell, 2003; Rogers & Monsell, 1995). Costs
of switching between tasks can be derived at a more local level
by calculating the difference between performance on task-
switch trials and task-repetition trials within mixed blocks (see
Rogers & Monsell, 1995); these are termed specific switch
costs (Kray & Lindenberger, 2000). Moreover, the costs of
switching between tasks have also been measured by deter-
mining the differences between performance on mixed blocks
and single-task blocks involving only performing one task
(see Allport, Styles, & Hsieh, 1994); these are termed general
switch costs (Kray & Lindenberger, 2000). Importantly, age
differences are usually found in general switch costs and

explained as age-related impairments in dealing with dual-
task demands, since mixed blocks require the selection and
maintenance of different task sets in working memory (for a
meta-analysis, see Wasylyshyn, Verhaeghen, & Sliwinski,
2011; for a review, see Kray & Ferdinand, 2014). Age effects
on specific switch costs have revealed mixed results and seem
to be smaller than age differences in general switch costs
(Kray, Eber, & Karbach, 2008; Kray, Eber, & Lindenberger,
2004). This pattern of findings has been explained by, for
instance, the assumption that older adults have a tendency to
update the task set even when it is not required—that is, even
on repeat trials within mixed blocks (see Mayr, 2001)—in this
way reducing the difference between repeat and switch trials
(see also Kray & Ferdinand, 2014).

ERP studies on age differences in task switching have
examined psychophysiological processes associated with
cue- and target-related processes (e.g., Eppinger, Kray,
Mecklinger, & John, 2007). Of specific interest of the present
study are ERP findings that have been reported on age differ-
ences in updating and reconfiguration of task sets in cue-
related time intervals. The results of these studies indicated
that younger adults typically show a posteriorly distributed
positive component approximately 300 ms after task cue
presentation, which is larger in mixed relative to single-task
blocks. This “mixing cost positivity” (Karayanidis, Provost,
Brown, Paton, & Heathcote, 2011a; Karayanidis, Whitson,
Heathcote, & Michie, 2011b) bears resemblance to the P3b
subcomponent of the P300 event-related potential. Although
the functional meaning of the P3b is still a matter of debate
(Verleger, Jaskowski, & Wascher, 2005), one model by
Donchin and Coles (1988) associates the amplitude of the
P3Db to the amount of resource allocation that is available for
revising working memory content to incoming stimuli. Given
that the mixing cost positivity in task switching has a striking
resemblance to the P3b usually investigated with the oddball
paradigm, it is frequently labeled as P3b. Accordingly, the
larger amplitude on mixed relative to single-task blocks in
younger adults was interpreted as reflecting the updating of
task sets after task cue presentation, which is essential on
mixed but not on single-task blocks (Eppinger et al., 2007;
Kray, Eppinger, & Mecklinger, 2005; West, 2004). In older
adults, the majority of cued task-switching studies have found
the P3b to be delayed, but have not found amplitude differ-
ences as compared to younger adults (but see West & Moore,
2005, for an attenuated P3b in older adults that they associated
with impaired WM updating). This delay in P3b latency
indicates a slowing of updating processes (Karayanidis et al.,
2011b). However, the delayed and/or prolonged P3b ampli-
tudes may also reflect older adults’ tendency to use the whole
cue—target interval (CTI) to prepare for the upcoming re-
sponse (Karayanidis et al., 2011b). Accordingly, shortening
the CTI leads to an earlier onset of the P3b in older adults
(Czernochowski, 2011). However, age differences have also
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Fig. 1 (a) Example of the assignment of cue and probe pictures to correct
response keys on c-dep and c-indep trials. On c-dep trials, the correct
responses to probes (represented by the pictures of the bird and the cat) after
presentation of the cues (represented by the pictures of the younger woman
and the older man) are exactly reversed for the two cues; for example, here
participants have to press the left response key if the bird follows the younger
woman, whereas they have to press the right key if the bird follows the older
man. Thus, the correct responses to probes depend on information about the
cue presentation. On c-indep trials, correct responses to the probes

been found in the distribution of the P3b: Although the
P3b amplitude typically increases from frontal to poste-
rior electrodes in younger adults, older adults exhibit a
more evenly distributed P3b—that is, a flattened anteri-
or—posterior gradient, associated with a compensatory
recruitment of frontal regions during task cue updating
(Eppinger et al., 2007; Friedman, Kazmerski, & Fabiani,
1997). Younger adults also show a larger positive com-
ponent on switch relative to repeat trials within mixed
blocks (Karayanidis et al., 2011b), and this “switch cost
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(represented by the pictures of the fish and the rabbit) are exactly the same
for both cues (represented by the pictures of the younger man and the older
woman); for example, here participants always have to press the left key if
they see the picture of the fish and the right key if they see the picture of the
rabbit. Thus, correct responses are independent of the cue presentation. (b)
Trial procedure and presentation times of the stimuli in the modified AX-
CPT. The probe was presented for 5,000 ms or until a response was made,
and the intertrial interval was set to 200 ms

positivity” has been interpreted as reflecting anticipatory
reconfiguration processes on mixed blocks. In older
adults this P3b-like switch cost positivity is small or
absent due to a larger amplitude on repeat trials. This
suggests that older adults may pursue a specific control
strategy and update task sets on both switch and repeat
trials. This finding may account for the lack of behav-
ioral age effects on specific switch costs (Eppinger
et al., 2007; Karayanidis et al., 2011b). At the end of
the cue interval, age effects in ERPs have been obtained
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in a negative slow wave that was linked to the mainte-
nance of task representations over time. For instance,
Kray et al. (2005) found a centrally focused contingent
negative variation (CNV) that was larger on mixed than
on single blocks in older but not in younger adults,
suggesting a deficit in maintaining the updated task set
until presentation of the executive stimulus in the elder-
ly. ERP task-switching studies are a basis for expecta-
tions of the present study, because the context cue in
the modified AX-CPT and the task cue in cued
switching paradigms serve the same purpose—that is,
informing participants about the upcoming task and
providing information required for task preparation in
advance. Nevertheless, it is essential to note that there
are important differences between the AX-CPT and cued
switching tasks. First, although c-indep trials bear a
resemblance to single-task blocks, because the context
cue is not necessary to be able to respond correctly to
the subsequent probe, no genuine single block is actu-
ally included in the AX-CPT. Second, cued task-
switching paradigms usually include two different task
cues that announce which of the two tasks should be
performed on the upcoming trial. In contrast, the AX-
CPT consists of two context conditions (c-dep, c-indep)
and each one is represented by two context cues, yield-
ing a total of four different context cues. Given the task
structure, a change in the context cue identity from one
to the other therefore has a differential impact on con-
text updating and task-reconfiguration processes on c-
dep and c-indep trials. On two consecutive c-dep trials,
a change in the context cue (e.g., a trial including the
cue of the younger woman followed by a trial including
the cue of the older man in Fig. la) should involve
context updating and task-set reconfiguration, because
response assignments are directly reversed for both
cues. In contrast, a change in the context cue identity
on two consecutive c-indep trials (i.e., a trial including
the cue of the younger man followed by a cue—probe
combination including the older-woman cue in Fig. la)
should not require context updating and task reconfigu-
ration, because the response assignments are the same
for the two cues. Since the response assignments are the
same as in the previous (n — 1) trial, an exact repetition
of the context cue should not require context updating
and task reconfiguration on both c-dep and c-indep
trials. In order to ensure that context effects in the ERPs
were actually due to differential context-updating re-
quirements on c-dep and c-indep trials, and did not
reflect a perceptual change in the context-cue identity,
irrespective of the context condition, the study by
Lenartowicz et al. (2010) included a control analysis.
This analysis focused on sequence effects; that is, they
investigated ERPs time-locked to perceptual changes in

the context-cue identity across c-dep and c-indep trials.
As we outlined above, only changes in context-cue
identity on c-dep trials should require context updating
and task reconfiguration, but not changes in cue identity
on c-indep trials. In contrast, an exact context cue
repetition should not require context-updating processes
on either c-dep or c-indep trials. The authors found a
larger P2 amplitude for context-cue changes on c-dep
than on c-indep trials, signaling that different processes
were involved in changes of cue identity and changes of
context. However, c-dep trials in which the context cue
was exactly repeated had the largest P2 amplitude, in-
dicating that participants updated context information
even when the cue signaled no change in task-set re-
configuration. Lenartowicz et al. further found that the
P3b and the negative slow wave were sensitive to
changes in context-cue identity independent of the con-
text manipulation, and concluded that this result might
indicate an effect of cue priming on the P3b and the
negative slow wave.

The present study

The main goal of this study was to examine age differences in
the neuronal correlates of processing context information by
means of an ERP approach on the modified AX-CPT. Specif-
ically, we were interested in whether age-related differences
could be found already in early cue-related potentials (P2), or
only in the late cue-related potentials (P3b, CNV) that have
previously been identified and linked to context processing in
the study by Lenartowicz et al. (2010). Therefore, we adapted
the AX-CPT used in the previous study. First, given that
context-specific effects and context-unspecific effects had
been clearly separated in this preceding study, we did not
include control trials (also in order to increase the number of
trials for EEG analysis). Second, we used different stimulus
materials—that is, pictures of neutral faces as cues, and pic-
tures of animals as probes. This was done to make sure that
older adults could separate cue from probe events and to help
them keep track of the response assignments.

On the basis of previous findings, we expected to reveal a
context effect—that is, a difference between c-dep and c-indep
trials—in the behavioral and ERP data (Karayanidis et al.,
2011b; Kray et al., 2005; Kray & Ferdinand, 2014). Latencies
and error rates should be larger on c-dep than on c-indep trials,
because c-dep trials, but not c-indep trials, require updating of
cue information in order to respond correctly. Moreover, we
also expected to replicate (1) a larger P2 amplitude for c-dep
than for c-indep trials, an effect that has been specifically
linked to early context updating; (2) a larger P3b for c-dep
than for c-indep trials, associated with subsequent task recon-
figuration; and (3) a larger CNV on c-dep than on c-indep
trials, linked to task-maintenance processes (Kray et al., 2005;
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Lenartowicz et al., 2010). We also expected to see age differ-
ences in context processing—that is, larger context effects for
younger than for older adults—at the behavioral level (Braver
& Barch, 2002; Kray et al., 2005; Lenartowicz et al., 2010). At
the neuronal level, it was an open question whether age
differences would be found in all or only in the late ERP
components. According to the DMC theory (Braver, 2012;
Braver & Barch, 2002; Braver et al., 2001), we should expect
to find age differences already in the P2 if this component is
specifically related to context updating (Lenartowicz et al.,
2010). On the basis of a number of studies from the task-
switching literature, we further expected effects of age and
context manipulation to show up in the later P3b. Here, older
adults should show a smaller P3b context effect and a more
evenly distributed P3b topography (Friedman et al., 1997)
than should younger adults. At the end of the cue interval,
we expected to find effects of age and the context manipula-
tion in the CNYV, linked to the maintenance of task rules (Kray
et al., 2005; West, 2004). Finally, to make sure that the
behavioral and ERP differences between c-dep and c-indep
trials were not simply due to perceptual changes in the context
cue identity, without any changes in the context condition, we
also examined the effects of cue changes in the present study
(Lenartowicz et al., 2010).

Method
Participants

Groups of 23 younger and 26 older adults participated
in the study. The older adults were recruited from a
participant pool and the younger adults were students
at Saarland University. They were paid €24 or received
course credit for their participation. Informed consent
was obtained from all participants. Five younger and
eight older adults had to be excluded' because their
error rates were more than three standard deviations
above the corresponding group mean, technical prob-
lems during EEG recording occurred, less than 15
artifact-free trials were obtained for EEG analysis, or
due to psychoactive drug use. The final sample included
18 younger adults (mean age = 22.4, range = 19—

! In the younger age group, two participants were excluded due to error
rates higher than three standard deviations above the corresponding group
mean in the AX-CPT. Second, one participant was excluded because of
psychoactive use, and two were excluded due to a large number of
artifacts in the EEG files. In the older age group, one participant produced
a very high error rate (above three SDs from the corresponding group
mean) on context-dependent trials in the AX-CPT. Second, two older
adults had to be excluded because of health reasons and psychoactive
drug use that could have affected the EEG recording. Third, five older
adults were excluded due to a large number of artifacts in the EEG-files—
for example, caused by motor artifacts (e.g., restless-leg syndrome).
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27 years, 44 % females) and 18 older adults (mean
age = 75.1 years, range = 68—82 years, 44 % females).
According to self-report, all participants were German
native speakers, had normal or corrected-to-normal vi-
sion, reported no signs of color-blindness, and were free
of neurological or psychological disorders.

Participants performed three psychometric tests in order to
show the representativeness of the age groups on fluid and
crystallized intelligence performance measures. The digit
symbol substitution test (DSST; adapted from Wechsler,
1955, 2008) measured speed of processing, the backward digit
span task (BDST; adapted from Wechsler, 1955, 2008) served
as a working memory span measure, and the spot-a-word test
(Lehrl, 1977; Lindenberger, Mayr, & Kliegl, 1993) as an
indicator of vocabulary.” In line with the existing literature
and the two-process model of intellectual development
(Baltes, Lindenberger, & Staudinger, 1998), we found age
differences in the fluid domain of intelligence: Younger adults
performed better than older adults in the DSST, F(1, 34) =
60.4, p <.001, 1,> = .64, and the BDST, F(1, 34) = 5.7, p <
.05, an =.14. In the spot-a-word test, an indicator of crystal-
lized intelligence, older adults reached higher scores than did
younger adults, F(1, 34) = 29.8, p < .001, 77p2 = 47. The
results on the three intellectual control variables and the char-
acteristics of the samples are displayed in Table 1.

Apparatus, tasks, and stimuli

Similar to the paradigm used by Lenartowicz et al. (2010),
participants performed a modified version of the AX-CPT,
here consisting of pictures of animals and faces instead of
letters. Participants watched a series of cue—probe combina-
tions and had to respond to the probe with a left or a right
keypress. To especially help older adults separate cue from
probe events, we used pictures of faces as the cues and
pictures of animals as the probes. Performance was measured
in two different trial types. On c-dep trials, the correct re-
sponses were dependent on the preceding cue, since correct
responses to probes were exactly reversed for both cue—probe

2 In the DSST, participants were presented with a sheet containing three
lines of numbers from 1 to 9 in a random order. A template on the top
showed which number belonged to each of nine different symbols.
Participants had to insert the correct symbol below each number as
quickly and as accurately as possible. The score was the number of
correctly combined symbols within 90s (maximum value 93). The BDST
was conducted to assess working memory. Participants were orally pre-
sented with sequences of digits ranging from 3 to 8, and had to repeat
aloud each sequence in the reversed order of presentation. Three se-
quences for each span were given, and participants’ scores were the
numbers of correctly repeated sequences. The spot-a-word test consisted
of 35 items presented successively on a computer screen. Each item
consisted of one word and four nonwords, and participants had to select
the genuine word. Three practice examples were given in advance. The
test score was the total number of correctly identified words (maximum
value 35).
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Table 1 Sample characteristics and results of psychometric measures
(means and standard deviations)

Younger Adults Older Adults

Measure M SD M SD
n 18 18
Age range (years) 19-27 68-82
Gender distribution (% female) 44 % 44 %
Mean age (years) 22.4 24 75.1 3.8
Cognitive Variables

Digit Symbol Substitution Test ~ 67.4 9.5 44.9 7.8

Backward Digit Span Task 7.8 3.0 5.8 1.8

Spot-a-word Task 222 3.0 28.9 3.0

combinations, and therefore were dependent on context infor-
mation (see Fig. 1a). For example, participants had to respond
with a right keypress to the picture of the cat and a left
buttonpress to the picture of the bird if they followed the
picture of the young woman, and vice versa if the probe
pictures followed the picture of the old man. On c-indep trials,
the correct response was independent of the preceding cue;
that is, the correct response to probes could be given without
information about the preceding cue. As is shown in Fig. 1a,
the correct responses to the pictures of the fish and the rabbit
were the same for both facial-context cues on c-indep trials.

The stimuli were presented in a 3.5 X 5.5 cm black frame at
the center of a 24-in. monitor on a white background (see
Fig. 1b). We presented four colored pictures of animals as
probes (i.e., rabbit, bird, cat, and fish, taken from the databases
of Snodgrass & Vanderwart, 1980, and Rossion & Pourtois,
2004) and four colored pictures of young and old faces as cues
(Minear & Park, 2004).

Procedure

All participants were individually tested in one session, which
took approximately 3 h. Participants first filled in an informed
consent, a demographic questionnaire, and a handedness rat-
ing (Oldfield, 1971, German version). Then they were tested
in the three psychometric tests described above and the AX-
CPT. Before starting the experimental task, all participants
initially performed three practice blocks of the AX-CPT, with
the first block consisting of 24 c-indep trials, and the second
block of 24 c-dep trials. The third block was a mixed block,
consisting of 24 c-dep and c-indep trials. If participants did not
understand the task during the first practice run, practice
blocks were repeated. Inspection of the experimental protocol
showed that none of the participants had more than two
repetitions of any practice block. The experimental phase
was composed of eight blocks with 104 trials each, yielding
a total of 832 trials per subject. Between blocks, a short rest
period was mandatory.

The blocks consisted of equal numbers of c-dep and c-
indep trials, which were randomly presented. The assignments
of cues and probes to response keys and trial types were
pseudorandom across participants, with the only constraint
being that a young and an old facial picture were presented
in both trial types for each participant. This led to four cue—
probe conditions, which were equally assigned to male and
female participants separately in each age group.

The trial procedure is displayed in Fig. 1b. Each trial started
with a fixation cross (250 ms) followed by the cue (750 ms).
After a blank interstimulus interval (750 ms), the probe was
presented for 5,000 ms or until the participant responded (see
Lenartowicz et al., 2010). If the response was not given within
5,000 ms after probe presentation, the trial was considered a
timeout. The probe was followed by another blank screen
(500 ms). Afterward, feedback (“correct,” “incorrect,” or
“too slow”) was given for 300 ms. The intertrial interval was
200 ms. All participants were instructed to respond as quickly
and as accurately as possible.

EEG recording

Participants were seated in a dimly lit, electrically shielded,
and sound-attenuated chamber. During the task, EEG and
electro-ocular (EOG) activity were recorded simultaneously
by Brain Vision Recorder (Brain Products, Munich, Germany)
with 59 Ag-AgCl active electrodes (extended international
10-20 system; Jasper, 1958) in an elastic cap (Acticap, Brain
Products, Munich, Germany). The left mastoid served as a
reference, and the ground electrode was placed at AFz. Im-
pedances were kept below 20 k2. The EOG measured vertical
eye movements from two electrodes above and below the right
eye, and horizontal eye movements from the outer canthi of
both eyes. EEG and EOG were low-pass filtered online
(250 Hz) and analog-to-digital converted (500 Hz SR). The
data were band-pass filtered offline from 0.01-30 Hz and re-
referenced to linked mastoids prior to statistical analysis. Re-
cording epochs including eye movements were corrected by
using a linear regression approach (Gratton, Coles, & Donchin,
1983), and epochs with other recording artifacts were rejected
before averaging whenever the standard deviation in a 200-ms
time interval exceeded 30 1V in ocular electrodes, or 20 1V in
the representative electrode Cz. After ocular correction, data
preprocessing also included a visual screening for artifacts in all
electrodes. Additional artifacts in this screening procedure were
rarely found, and trials containing technical and muscular arti-
facts were removed before averaging.

Data analysis
Behavioral data Practice blocks and trials with reaction times

(RTs) faster than 100 ms were excluded from analysis (<1 %
of trials). The analysis of latencies was based on correct
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responses. The analysis of error rates included incorrect re-
sponses without timeouts® that exceeded the maximum re-
sponse time of 5,000 ms. To analyze effects of context ma-
nipulation and to control for perceptual changes in cue iden-
tify, a repeated measure analysis of variance (ANOVA) with a
significance criterion of & = .05 containing the factors Age
Group (younger and older adults), Trial Type (c-dep and c-
indep trials), and Cue Change Type (cue-repeat and cue-
change trials), was computed for latencies and error rates.

ERP data To analyze cue-locked ERPs, trials in the interval
lasting from 200 ms preceding the cue onset to 1,500 ms
thereafter were averaged. The selection of the time interval
and the electrodes involved in statistical analyses for the three
EEG components and for both age groups described in the
following were based on the literature (Karayanidis, Coltheart,
Michie, & Murphy, 2003) and on visual inspection. The P2
peaked postcue at about 180 ms in the younger age group, and
at about 200 ms in the older age group. Because the age
difference in P2 latencies was statistically significant, (1,
35) = 22.0, p < .001, and in line with previous studies
(Lenartowicz et al., 2010), we defined the mean P2 amplitudes
as the 80-ms time interval around the peak latency in each age
group. Since the P2 had been analyzed at frontal, fronto-
central, and central electrodes in the study by Lenartowicz
etal. (2010), we also restricted the analysis to these areas. The
electrodes of interest (F3, FZ, F4, FC3, FCZ, FC4, C3, CZ,
and C4) were organized according to the factors Anterior—
Posterior (frontal, fronto-central, and central areas) and
Laterality (left, midline, and right lateral electrodes), resulting
in three electrodes in each lateral position. The inspection of
P3b peak latencies revealed a difference in peak latencies
between the age groups (at about 520 ms for younger and
590 ms for older adults) that was statistically significant, F(1,
35) = 26.5, p < .001. Thus, we defined the time window in
which the P3b amplitude was measured as ranging from 420
to 620 ms for the younger adults, and from 490 to 690 ms for
the older adults. The P3b analysis included 15 electrodes at
three laterality sites over frontal (F3, FZ, F4), fronto-central
(FC3, FCZ, FC4), central (C3, CZ, C4), centro-parietal (CP3,
CPZ, CP4), and parietal (P3, PZ, P4) regions. The CNV
component was analyzed in a time window from 1,200 to
1,500 ms at six electrodes (F3, FZ, F4, FC3, FCZ, FC4) at
three laterality sites over the frontal (F3, FZ, F4) and fronto-
central (FC3, FCZ, FC4) areas in both age groups.

For each component, a repeated measures ANOVA was
conducted including the factors Age Group (younger and
older adults), Laterality (left lateral, midline, and right lateral

3 Because of the long presentation time of the probe, timeouts were
generally rare, occurring on less than 0.01 % of trials. Timeouts were
produced only by three older adults and by one younger adult, who
together generated only 15 timeouts (out of 832 trials per participant).
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electrodes), Anterior—Posterior (frontal, fronto-central, cen-
tral, centro-parietal, and parietal electrodes), and the experi-
mentally manipulated factors Trial Type (c-dep and c-indep
trials) and Cue Change Type (cue-repeat and cue-change
trials). In line with previous literature (Karayanidis et al.,
2011b; Kray et al., 2005; Lenartowicz et al., 2010), the factor
Anterior—Posterior included frontal, fronto-central, and central
electrodes for the P2 analysis; frontal, fronto-central, central,
centro-parietal, and parietal electrodes for the P3b analysis;
and frontal and fronto-central electrodes for analysis of the
CNV. To control for age differences in scalp distributions,
ANOVAs were conducted using vector-normalized amplitude
data (McCarthy & Wood, 1985). If necessary, Greenhouse—
Geisser corrections for nonsphericity (Keselman & Rogan,
1980) were applied for behavioral and ERP data, and
epsilon-corrected p values are reported, together with the
epsilon values (¢) and uncorrected degrees of freedom. Post-
hoc analyses of significant interactions were only applied if
they contained the factor Age Group or the experimentally
manipulated factors Trial Type or Cue Change Type.

Results
Behavioral data

The means and standard errors of the means (SEMs) of laten-
cies and error rates for c-dep and c-indep trials are displayed in
Fig. 2, for both age groups and separately for changes and
repetitions of cue identity. An ANOVA with the factors Age
Group (younger, older adults), Trial Type (c-dep, c-indep
trials), and Cue Change Type (cue-repeat, cue-change trials)
on error rates showed significant main effects of the factors
Age Group, F(1,34)=28.0,p <.01, npz =.19, Trial Type, F(1,
34)=88.0, p<.001, np2 =.72, and Cue Change Type, F(1, 34)=
28.5, p < .001, npz = .46. Moreover, we obtained significant
interactions between age group and trial type, F(1, 34) = 6.6,
p<.05, np2 = .16, and between trial type and cue change type,
F(1,34) = 24.1, p < .001, ,> = 41. To understand the nature
of the two-way interactions, post-hoc comparisons were com-
puted. The interaction between trial type and age group was
due to higher error rates on c-dep than on c-indep trials for
younger adults, F(1, 17) =774, p <.001, np2 = .82, as well as
for older adults, F(1, 17) = 42.0, p < .001, npz = .71. Higher
error rates for older than for younger adults were only found
on c-dep trials, F(1, 34) = 8.7, p < .01, npz = .20 (see Fig. 2a).
In order to analyze the significant interaction between trial
type and cue change type, separate analyses were computed
for each level of the factors Cue Change Type and Trial Type.
Error rates were higher on cue-change than on cue-repeat trials
for c-dep trials only, F(1, 35) = 35.9, p < .001, np2 = 51.
Moreover, error rates were higher on c-dep than on c-indep
trials for both cue-change and cue-repeat trials [cue-change
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Fig. 2 (a) Mean error rates and standard errors of the means for c-dep
and c-indep trials, shown separately for cue-change and cue-repeat trials
for younger and older adults. (b) Mean reaction times (RTs) and standard

trials, F(1, 35) = 83.4, p <.001, npz = .71; cue-repeat trials,
F(1, 35) = 26.6, p < .001, npz = 43], thus confirming that a
context effect occurred, irrespective of changes in cue identity.

The ANOVA with the factors Age Group (younger,
older adults), Trial Type (c-dep, c-indep trials), and Cue
Change Type (cue-repeat, cue-change trials) on laten-
cies* revealed significant main effects of age group,

4 To take into account that interactions including the factor Age Group
may have been due to age differences in baseline performance, we also
used the natural logarithm of raw RTs (Kray & Lindenberger, 2000) for
the ANOVA. This analysis confirmed the analysis of the RT data, in that
significant main effects of age group, F(1, 34) =50.3, p <.001, 17p2 =.60,
trial type, F(1,34)=121.9, p <.001, 7],)2 = .78, and cue change type, F(1,
34) =713, p <.001, npz = .68, occurred. We also found higher-order
interactions involving the factors Age Group and Trial Type, F(1, 34) =
10.1 p<.01, npz = .23, and Trial Type and Cue Change Type, F(1, 34) =
47.9 p < .001, n,> = .59.

cue change
Older adults

cue repeat

cue change
Older adults

cue repeat

errors of the means for c-dep and c-indep trials, shown separately for cue-
change and cue-repeat trials for younger and older adults

F(1, 34) = 419, p < .001, npz = .55, trial type, F(1,
34) = 107.2, p < .001, np2 = .76, and cue change type,
F(1, 34) = 42.6, p < .001, np2 = .56. Significant higher-
order interactions were found between age group and
trial type, F(1, 34) = 15.9, p < .001, n,” = .32, between trial
type and cue change type, F(1,34)=31.5,p <. 001, 7,> = .48,
and marginally between age group, cue change type, and trial
type, F(1,34)=4.1,p=.051, np2 =.11. Given that the three-
way interaction was only marginally significant, and no longer
significant when analyzing the natural logarithm of raw RTs
(see note 4), post-hoc comparisons were computed for the
two-way interactions. Again, separate analyses for each level
of the factors Age Group and Trial Type revealed longer
latencies on c-dep than on c-indep trials for younger adults,
F(1,17)=41.8, p <.001, 77p2 =.71, and for older adults, F(1,
17)=67.9,p <.001, npz =.80. Longer latencies for older than
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Fig. 3 Grand average waveforms elicited by cues during c-dep (black
lines) and c-indep (gray lines) trials, shown separately for cue changes
(solid lines) and cue repetitions (dotted lines) at five midline electrodes
over frontal (FZ), fronto-central (FCZ), central (CZ), centro-parietal
(CPZ), and parietal (PZ) regions for younger (a) and older (b) adults.
C-dep and c-indep trials elicited comparable P2 amplitudes in younger

8 uv

for younger adults were obtained on c-dep trials, F(1, 34) =
38.7,p<.001, 17,,2 =.53, and on c-indep trials, F(1, 34)=35.6,
p<.001, 77p2 = .51, but were more pronounced on c-dep trials
(see Fig. 2b). The analysis on the interaction between trial type
and cue-change type showed longer RTs for c-dep than for c-
indep trials on both cue-change, F(1, 35) = 66.2, p < .001,
= .60, and cue-repeat trials, F(1,35)=51.2, p<.001, npz =
.59. Latencies were also longer on cue-change than on cue-
repeat trials for both levels of the factor Trial Type [c-dep, F(1,
35)=36.7,p<.001, np2 =.51; c-indep, F(1,35)=7.9,p<.01,
=.16].
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and older adults, but larger parietal P3b amplitudes were found for c-dep
than for c-indep trials in younger, but not in older, adults. The contingent
negative variation (CNV) was more negative-going for c-dep than for c-
indep trials, and this effect was most pronounced at midline electrodes in
both age groups. For visual presentation, the waveforms were low-pass
filtered at 12 Hz

ERP data

Figure 3 displays grand average waveforms in the cue interval
at five midline electrodes for c-dep and c-indep trials, shown
separately for cue-change and cue-repeat trials and for older
and younger adults (see Fig. 3a and b, respectively). The order
of analysis of the specific ERP components reflects their
temporal appearance within the postcue interval.

The P2 component The ANOVA with the factors Age Group
(younger, older adults), Trial Type (c-dep, c-indep trials), Cue
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Change Type (cue-repeat, cue-change trials), Laterality (left,
midline, right lateralized electrodes), and Anterior—Posterior
(frontal, fronto-central, central electrodes) showed only a main
effect of age group, F(1, 34) = 73.4, p <.001, ,” = .68. No
significant interactions including the factor Age Group, Trial
Type, or Cue Change Type were found (see Fig. 3).

The P3b component The ANOVA with the factors Age Group
(younger, older adults), Trial Type (c-dep, c-indep trials), Cue
Change Type (cue-repeat, cue-change trials), Laterality (left,
midline, right lateralized electrodes), and Anterior—Posterior
(frontal, fronto-central, central, centro-parietal, parietal elec-
trodes) showed significant main effects of age group, F(1, 34) =
20.0, p <.001, np2 =37, cue change type, F(1,34)=12.3,p<.01,
1y, = 27, laterality, F(2, 68) = 3.4, p <.05,7,” = .09, and anterior—
posterior, F(4, 136)=33.0,p <.001, 77p2 =49, e =.355. We further
obtained significant higher-order interactions between trial type
and age group, F{(1,34)=28.0,p<.01, np2 =.19, between anterior—
posterior and age group, F(4, 136)=34.3, p <.001, npz =.50, and
between cue change type and age group, F(1, 34) = 6.5, p < .05,
np2 = .16. The factor Cue Change Type further interacted with
anterior—posterior, F(4, 136) = 7.1, p < .01, 77p2 =.17,e=
407, and with trial type, F(1, 34) =4.2, p <.05, np2 =.11.
Furthermore, significant three-way interactions were found
between age group, trial type, and anterior—posterior, F(4,
136) = 4.6, p < .05, npz = .06, and between trial type, cue
change type, and laterality, F(2, 68) = 3.8, p < .05, np2 =
.10, ¢ = .881. To understand the nature of the two- and
three-way interaction, we computed post-hoc analyses.

In younger adults, P3b amplitudes increased from frontal to
posterior electrodes, F(4, 68) =47.2, p <.001, 77p2 =.74. P3b
amplitudes on c-dep trials were larger than those on c-
indep trials (Fig. 3a) at central, F(1, 17) = 7.4, p < .05,
npz = .30, centro-parietal, F(1, 17) = 15.4, p < .01, 77132 =
48, and parietal, F(1, 17) = 21.2, p < .001, np2 = .56,
electrodes. The P3b was largest at parietal electrodes, as
can be inferred from the effect sizes (see Fig. 4). In older
adults, we also found a significant interaction between
trial type and anterior—posterior, F(1, 17) = 4.7, p < .05,
np2 = .21, but P3b amplitudes on c-dep and c-indep trials
did not differ at any electrode position from frontal to
parietal electrodes (all ps > .219; see Figs. 3b and 4).

The interaction between cue change type and age
group showed significant age differences in P3b ampli-
tudes on both cue-change trials, F(1, 34) = 253, p <
.001, np2 = 43, and cue-repeat trials, F(1, 34) = 9.4,
p < .01, np2 = .22. However, cue-change trials had
larger P3b amplitudes than did cue-repeat trials in older
adults only, F(1, 17) = 19.5, p < .001, n,> = .53.

Finally, the factor Cue Change Type was also involved in a
two-way interaction with the factor Trial Type, and in a
three-way interaction with the factors Trial Type and
Laterality. The two-way interaction was due to larger

P3b amplitudes for cue-change than for cue-repeat trials
on c-dep trials, F(1, 35) = 12.0, p < .01, n,” = .26, and
larger P3b amplitudes for cue-change trials on c-dep
than on c-indep trials, F(1, 35) = 8.0, p < .01, np2 =
.19. The three-way interaction showed that P3b ampli-
tudes were larger for cue changes than for cue repeti-
tions on c-dep trials at left lateral, F(1, 35) = 14.8, p <
.001, np2 = .30, and midline, F(1, 35) = 10.6, p < .01,
npz = .23, electrode positions, whereas no difference
between cue-change and cue-repeat trials was found on c-
indep trials (all p values > .292). On cue-change trials, c-dep
and c-indep trials differed at left lateral, F(1,35)=9.4,p<.01,
ny> = .21, and central, F(1, 35) = 10.6, p < .01, n,” = .23,
electrodes, but not on cue-repeat trials (all p values > .512).

CNV component The ANOVA with the factors Age Group
(younger, older adults), Trial Type (c-dep, c-indep trials), Cue
Change Type (cue-repeat, cue-change trials), Laterality (left,
midline, right lateralized electrodes), and Anterior—Posterior
(frontal, fronto-central electrodes) showed significant main
effects of anterior—posterior, F(1, 34) = 43.6, p < .001, np2 =
56, laterality, (2, 68) = 11.6, p < .001, 1,> = .26, cue change
type, F(1,34)=9.2,p<.01, np2 = .21, and trial type, F(1, 34) =
13.2, p<.01, 77p2 = .28, along with and a significant interaction
between trial type and laterality, (2, 68) = 6.4, p < .01, np2 =
.16, and a marginally significant interaction between cue
change type, anterior—posterior, and age group, F(1, 34) =
3.9, p=.056, 1,> = .10.

The interaction between trial type and laterality was due to
larger negative-going amplitudes at midline electrodes for
both c-dep [left lateral vs. midline electrodes, F(1, 35) =
28.0, p < .001, npz = 45; right lateral vs. midline electrodes,
F(1,35)=25.2,p<.001, 77p2 = 42] and c-indep [left lateral vs.
midline electrodes, F(1, 35) = 8.6, p < .01, np2 = .20; right
lateral vs. midline electrodes, F(1, 35)=11.8, p < .01, np2 =
.25] trials. CNV amplitudes were also more negative-going on
c-dep than on c-indep trials for each level of the factor
Laterality [left lateral, F(1, 35) = 7.8, p < .01, 77p2 =.18;
midline, F(1, 35) = 20.4, p < .001, n,> = .37; right lateral,
F(1,35)=178,p<.01, 7,7 = .18].

The three-way interaction between cue change type, ante-
rior—posterior, and age group showed that in younger adults,
CNV amplitudes were more negative-going for cue-repeat
than for cue-change trials at frontal, F(1, 17) = 9.3, p < .01,
1y = .35, and fronto-central, F(1, 17) = 10.1, p < .01, ,> =
.38, electrodes. CNV amplitudes were also more negative at
fronto-central than at frontal electrodes for both cue-change
trials, (1, 17)=10.9, p < .01, npz =.39, and cue-repeat trials,
F1,17) =123, p < .01, np2 = .42. In older adults, we only
found larger negative-going amplitudes at fronto-central than
at midline electrodes for cue-change trials, F(1, 17)=36.0, p <
.001, np2 =.68, and cue-repeat trials, F(1, 17)=26.9, p <.001,
ny = .61.
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Fig. 4 Mean P3b amplitudes of vector-normalized data in younger and
older adults. In younger adults, P3b amplitudes increase from frontal to
parietal electrodes, and this effect is more pronounced in c-dep (black bars)

Discussion

The main goal of this study was to investigate age differences
in cue-related ERP correlates of cognitive control that have
been attributed to the processing of context information (see
Lenartowicz et al., 2010). Therefore, we modified the AX-
CPT so that it was suitable for EEG measurement as well as
for comparing task performance and ERP correlates between
younger and older adults. In this task, participants performed
c-dep and c-indep trial types. On c-dep trials, the configuration
of S-R rules depending on the preceding cue was required,
whereas on c-indep trials, the configuration of S-R rules was
independent of the cue. In order to separate the effects of
context processing from those of processing a change in cue
identity, we also examined the effects of cue changes on c-dep
and c-indep trials.

At the behavioral level, our results show the expected effect
of the context manipulation—that is, longer latencies and
higher error rates on c-dep than on c-indep trials
(Lenartowicz et al., 2010). Age differences for both perfor-
mance measures were more pronounced on c-dep than on c-
indep trials, indicating that older adults exhibit difficulties in
processing context information. This is generally in line with
previous research and theoretical considerations, suggesting
that the updating and maintaining of context information is
vulnerable to increasing age (e.g., Braver & Barch, 2002;
Braver et al., 2001).

We also investigated whether the effects of changes in cue
identity can be separated from cue-related context updating.
Important to note is that changes in cue identity in the present
study reflected a change in S—R assignments only in c-dep
conditions, but not in c-indep conditions. Our results indicated
that the effects of changes in cue identity can be separated
from the context effect. Importantly, context effects were
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than in c-indep (gray bars) trials at central, centro-parietal, and parietal
electrodes. In older adults, P3b amplitudes are comparable on c-dep and c-
indep trials at all electrode positions from frontal to posterior

found for both cue-change and cue-repeat trials for younger,
as well as for older, adults (see Fig. 2). This suggests that the
context effect can be obtained even when the reconfiguration
of task rules is not required. We also found effects of cue
change on c-dep trials, in which the S—R assignment needed to
be changed, for both error rates and latencies. In contrast, on c-
indep trials, in which the reconfiguration of S—R assignments
was not required, we did not find a reliable effect of cue
change for the error data. For latencies, the effect of cue
change was larger for c-dep than for c-indep trials.

Taken together, our behavioral data suggest that context
updating can be separated from processing cue changes, and
that task performance was mostly impaired on trials requiring
high demands on cognitive control—namely, the updating of
context information as well as the reconfiguration of S—R
rules. The results also indicate that age differences were only
found for the context-updating effect, but not for the process-
ing of cue changes.

The primary aim of this study was to examine age differ-
ences in cue-related ERPs in order to identify whether early
and/or late preparatory activity contributes to age differences
in context processing. For this reason, we focused our analysis
on three ERP components that had been identified in a previ-
ous study: the P2, the P3b, and the CNV. For the P2,
Lenartowicz et al. (2010) reported larger amplitudes on c-
dep than on c-indep trials at frontal electrode locations, inde-
pendent of changes in cue identity. In accordance with this
study, we did not find an effect of changes in cue identity on
P2 amplitudes. However, we were not able to replicate the P2
context effect, for either younger or older adults. One expla-
nation for this discrepancy is that the two studies differed in
their composition of trial types and stimulus characteristics. In
the study by Lenartowicz et al., c-dep and c-indep trials had a
25 % probability each and were intermixed with 50 % control
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trials, consisting of a single cue that did not require any
response. As a consequence, the most difficult c-dep trials
occurred rarely and were very salient, probably leading to a
different processing mode. In contrast, in the present study, c-
dep and c-indep trials both had likelihoods of 50 %, forcing
participants to regularly switch between trial types, and this
may have diminished the effects of the context manipulation.
Hence, differences in cue frequency and stimulus repetitions
could explain the different outcomes across studies. This idea
is also in line with studies investigating the role of the P2 in
visual and auditory processing (Luck & Hillyard, 1994). In
these studies, a larger P2 has been shown for task-relevant
stimuli, in particular for infrequent targets (Potts, 2004) and in
tasks that require occasional effort (Falkenstein, Hoormann,
Hohnsbein, & Kleinsorge, 2003). Since control trials in the
previous study (Lenartowicz et al., 2010) did not require any
response and occurred more often than either c-dep or c-indep
trials, the difference between P2 amplitudes on context and
control trials may have reflected an effect of processing effort,
rather than context processing per se (Potts, 2004). In the
present study, P2 amplitudes were comparable on c-dep and
c-indep trials, probably because both trial types had the same
frequency and were equally relevant for further processing.

Differences in cue-related activities on c-dep and c-indep
trials were clearly present in the two later ERP components,
the P3b and CNV (see Figs. 3a and b). In line with the results
of the study by Lenartowicz et al. (2010), P3b amplitudes
were larger on c-dep than on c-indep trials in younger adults.
We interpreted this finding in accord with those of oddball
experiments (Donchin & Coles, 1988) and task-switching
studies (Kray et al., 2005; Kray & Ferdinand, 2014), in which
the P3b has been assumed to reflect the updating of task
context in working memory. Furthermore, we found age dif-
ferences in the P3b amplitudes and topographies. Whereas in
younger adults, P3b amplitude increased from frontal to pari-
etal electrodes to a larger extent on c-dep than on c-indep trials
and had a clear parietal focus, older adults showed no context
effects in the parietal P3b and a more flattened anterior—
posterior gradient of the P3b (see Fig. 4). Consistent with
previous results from task-switching studies (Friedman,
Nessler, Johnson, Ritter, & Bersick, 2008) that reported re-
duced P3Db differentiation within mixed blocks in the elderly,
the comparable P3b amplitudes on c-dep and c-indep trials
may suggest that older adults were equally engaged in
updating the task context in both trial types, even if it was
not required (as in c-indep trials). This finding fits the view
that older adults have a tendency to update task settings on
every trial (e.g., Czernochowski, 2011; Karayanidis et al.,
2011b; Kray & Ferdinand, 2014; Mayr, 2001; Whitson,
Karayanidis, & Michie, 2012).

However, to fully understand the age differences in cue-
related processing in the AX-CPT, the results of the changes in
cue identity have to be taken into account. Interestingly,

younger adults showed no effect of cue identity changes on
P3b amplitudes. Thus, younger adults only seemed to update
context information and task rules on c-dep trials, but not on c-
indep trials, and they did not further distinguish between cue
changes and cue repetitions within c-dep trials. In contrast,
older adults showed a larger P3b amplitude on cue-change
than on cue-repeat trials, irrespective of the context condition.
Hence, with regard to P3b amplitudes, older adults not only
seemed to update context information to the same extent on c-
dep and c-indep trials, but they differentiated between condi-
tions in which the cue identity changed versus stayed the
same. This could reflect older adults’ tendency to update task
representations whenever there is a change in the environment
(here, the cue identity), independently of whether the cue
indicates a change of response settings (as was the case on
c-dep trials) or not (as was the case on c-indep trials). This
tendency constitutes a control mode that could be described as
“Be aware—if there is a change in cue identity, there is
probably also a change in the to-be-updated S—R rules.” In
sum, this study provides evidence that whereas younger adults
update context information and task rules particularly on c-
dep trials, older adults tend to update the context informa-
tion—irrespective of the actual context condition—whenever
the cue changes, to minimize response interference.

The CNV is thought to reflect maintenance of task sets, in
line with previous task-switching experiments (Kray et al.,
2005; West, 2004). Consistent with the preceding study
(Lenartowicz et al., 2010) and in accordance with our hypoth-
esis that more maintenance is necessary on c-dep than on c-
indep trials, the CNV was larger on c-dep- than on c-indep
trials. Unlike in previous research (Kray et al., 2005; Wild-
Wall, Hohnsbein, & Falkenstein, 2007), age differences in
CNVs were not obtained, indicating that older adults main-
tained cue information to the same extent as younger adults.
However, the presence or absence of age effects in mainte-
nance abilities, as reflected in the CNV, seems to go along
with differences in task and group characteristics between
studies (Wild-Wall et al., 2007). For example, Braver et al.
(2005) manipulated the maintenance demands of context in-
formation in the AX-CPT by varying the delay between cue
and probe (either 1 or 5 s) and investigated behavioral datain a
young (aged 18-24 years), a young-old (<75 years of age),
and an old-old (>75 years of age) age group. Young-old adults
did not differ in maintenance capabilities from young adults,
even when the demands of context maintenance were in-
creased. Impairments in context maintenance were only pres-
ent in old-old adults in the long-interval condition. In a similar
vein, Kray et al. (2005) investigated age differences in main-
tenance during task switching using an ERP approach. In this
study, with a time interval of 2,500 ms between the onset of
the cue and the probe, differences in CNV amplitudes between
younger and older adults were obtained and were interpreted
as age-related difficulties in maintaining the task cue over a
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longer period of time. Concerning our study, these results are
important for two reasons: First, we used a sample of high-
performing and rather young-old (mean age = 75.1 years; see
Table 1) adults. Second, as in the low-maintenance condition
of Braver et al. (2005), we used a short (1,500-ms) cue—probe
interval. Both of these factors probably reduced the chance to
detect age differences in maintenance.

The only further effect on the CNV data was a larger
amplitude on cue-repeat than on cue-change trials in younger
adults. Although this effect was only marginally significant and
was smaller than the effect of the context manipulation on the
CNV amplitude, this finding is difficult to explain, given the
absence of an effect of cue-identity change in the P3b data for
younger adults. We can only speculate that the larger amplitude
on repeat trials was due to a repetition effect of S—R rules from
the previous trial. Following the small effects of context
updating and task-set reconfiguration in cue-repeat trials on
the P3b, younger adults may have pursued a strategy to main-
tain the context information on cue-repeat trials from the pre-
vious trial. If so, the CNV was larger on repeat trials because S—
R rules had to be maintained from the previous trial—that is,
over a longer period of time. Taken together, future studies will
be necessary to dissociate the effects of maintaining context
information from cue repetitions on CNV amplitudes.

Considering the assumptions of the DMC theory (Braver,
2012; Braver & Barch, 2002), age differences in context
updating are postulated to underlie age differences in a variety
of cognitive tasks (Braver & Barch, 2002; Braver & West,
2008). A number of previous aging studies investigated age
differences in context processing with a more common ver-
sion of the AX-CPT that allows for the distinction between
two types of control modes, pro- and reactive control (Braver,
2012; Braver & Barch, 2002; Braver et al., 2009; Braver et al.,
2005; Paxton et al., 2008; Paxton et al., 2006; Rush et al.,
2006). These studies indicated that younger adults primarily
adopt a proactive control mode in this task, which means a
strong engagement in updating and maintenance of the con-
text cue in advance of target presentation. In contrast, older
adults show a reactive control mode, which means less en-
gagement in updating and maintaining the context cue, as well
as reactivation of the cue information during target presenta-
tion. Although our version of the AX-CPT does not allow for
a direct comparison of these control styles, and our behavioral
findings clearly show age differences in the context-updating
effect, the analysis of cue-related ERP components is not
consistent with the view that older adults engage less in
advance preparation. Instead, both younger and older adults
update relevant cue information in the AX-CPT, but in a
different way. Younger adults indeed differentiate between
different kinds of context cues—those indicating the need to
reconfigure task settings, and thus that require context
updating (c-dep trials), and those that are not informative as
to relevant S—R rules (c-indep trials); hence, younger adults
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build up a higher-order rule or task representation to perform
the underlying task in which changes of cue identity are
irrelevant. Older adults may also build up such a higher-
order representation, but nonetheless they update whenever
the context cue identity changes from trial to trial, indepen-
dently of whether or not the cue is informative—that is,
irrespective of the actual context condition. Interestingly, older
adults exactly followed the task instructions, in that partici-
pants were instructed on four different S—R rules for the four
different cues, without explicitly pointing out the mappings
onto the two context conditions. This is one major difference
from the task-switching paradigm, in which participants are
usually instructed to perform a switch between two tasks and
their corresponding S—R rules. Hence, one interesting ques-
tion for future studies will be to investigate whether age
differences in the P3b effects disappear with a change in task
instructions highlighting the cue dependency.

Apart from updating, the DMC theory further stresses the
ability to maintain context information as a source of age
differences in cognitive control. Studies investigating age
differences in maintenance abilities so far have revealed
mixed results, with maintenance capabilities predominantly
being assessed using working memory tasks (Dennis &
Cabeza, 2008). Age differences in these studies have usually
been more pronounced in processing aspects as compared
with simple storage aspects and have increased with the rising
complexity of the paradigm (Reuter-Lorenz & Sylvester,
2005). In the AX-CPT, age effects have been shown to occur
only in the oldest adults when maintenance demands were
increased (Braver et al., 2005), indicating that context
updating and context maintenance seem to be dissociable
components, with age-related declines occurring at an earlier
age with the former. Given that we did not find age differences
in maintenance abilities, as reflected in the CNV, this supports
the assumption of the DMC theory by confirming the trade-off
between age deficits in context updating and maintenance on
the basis of ERP evidence: Effects of context updating and age
differences were apparent in the P3b, whereas maintenance
processes, reflected in the CNV, showed no age effects.

Limitations

The present study also has several limitations and raises
questions that will need to be addressed in future research.
First, the DMC theory explicitly highlights the role of a
prefrontal dopamine-guided gating mechanism at the time that
context cues are detected (Braver & Cohen, 2000). However,
focusing on behavioral and ERP data, no conclusions can be
drawn as to the involvement of prefrontal circuits or DA in
context updating. Therefore, molecular imaging studies
will be necessary to link DA loss to deficits in context
processing (Nyberg, Lovdén, Riklund, Lindenberger, &
Bickman, 2012). In this regard, it would be interesting
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to focus on longitudinal work investigating the interac-
tion between increasing age, changing DA levels, and
context maintenance deficits. Second, the CNV is also
assumed to be modulated by DA levels (Linssen et al.,
2011). However, we did not find substantial age effects
in CNV amplitudes. Therefore, one can only speculate
how increasing age and changing DA levels are
reflected in the CNV or in maintaining performance in
daily life. Moreover, future research will also need to
specify conditions in which age differences in mainte-
nance abilities are likely to occur—for example, by
systematically varying the delay between cue and probe
presentation and measuring age differences in related
ERP components.

Conclusions

In the present study, we applied an ERP approach to identify
age differences in the processing of context information. Our
behavioral data clearly show age differences in context pro-
cessing; that is, older adults were slower and produced more
errors than did younger adults on trials requiring the updating
of context information. The analysis of ERP correlates enables
the identification of processes underlying these age-related
differences. Although effects of context updating and context
maintenance were reflected in the ERP data, age differences
were only found in context updating and in conditions of
changes in the cue identity. One important new insight from
our study is that younger adults were able to build up a higher-
order rule of task representations and that they updated con-
text information only whenever task demands had to be re-
vised. This effect was reflected in larger parietal P3b ampli-
tudes on c-dep than on c-indep trials, irrespective of changes
in cue identity. In contrast, older adults constantly updated
context information, particularly when the cue identity
changed. This was the case irrespective of the actual context
condition, as indexed by age differences in P3b amplitudes
and scalp topographies. The active maintenance of contextual
information reflected in the CNV showed no age differences,
suggesting an absence of maintenance deficits in the elderly.
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