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On why not to rush older adults—relying on reactive
cognitive control can effectively reduce errors at the

expense of slowed responses
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Abstract

According to the dual-mechanisms of cognitive control framework (DMC), older adults rely predominantly on
reactive as opposed to proactive control. As a result, we expected elevated response conflict for older relative to
younger adults with increasing task difficulty. Response-locked ERP activity was examined separately for fast and slow
responses (representing proactive and reactive control, respectively) at low, medium, and high levels of difficulty. Older
adults recruited reactive control more often than the young, as reflected by increased behavioral costs and enhanced
pre-response negativity (PRN). No age differences in conflict detection (medial frontal negativity, MFN) were evident
at low levels of difficulty, but response conflict increased along with difficulty for older adults. These data provide
empirical support for the DMC suggesting that aging is associated with a less efficient reactive-control mode of

processing.

Descriptors: Aging, Reactive and proactive control, Pre-response negativity, Medial-frontal negativity

Cognitive control refers to the ability to flexibly adjust available
cognitive resources to continuously changing external task de-
mands. Without such control, barely any daily activity would be
possible in our complex world (Koechlin, Ody, & Kouneiher,
2003). Previous research has shown that aging negatively influ-
ences the ability to recruit cognitive control. These deficits are
especially obvious when high levels of cognitive control are re-
quired, for example, when a prepotent response needs to be sup-
pressed, such as pressing the right button in response to an arrow
pointing to the left (e.g., Nessler, Friedman, Johnson, & Bersick,
2007). Such incongruent-response targets cause interference be-
tween conflicting response alternatives (see also Mayr, 2001), to
which older adults appear particularly susceptible (e.g., Milham
etal., 2002; West, 2004; see also Friedman, Nessler, Cycowicz, &
Horton, 2009; Nessler et al., 2007). Consequently, the goal of the
present study was to investigate age-related changes in the use of
cognitive control processes.
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Several models have been advanced to describe how increased
response conflict is managed by the cognitive system. The con-
flict-monitoring theory (cf. Botvinick, Braver, Barch, Carter, &
Cohen, 2001; Botvinick, Cohen, & Carter, 2004) proposes that at
least two processes underlie accurate performance under condi-
tions of heightened response conflict: (a) conflict detection and
(b) the upregulation of cognitive control. According to this
model, conflict between competing response alternatives is con-
tinuously monitored and detected by the anterior cingulate cor-
tex (ACC). The model further proposes that conflict detection in
the ACC serves as a trigger to signal the need for an adjustment
of cognitive control in the dorsolateral prefrontal cortex
(DLPFC) to reduce conflict on subsequent trials (see also We-
issman, Warner, & Woldorff, 2004). After response conflict has
been reduced, less cognitive control would presumably be re-
quired subsequently (Botvinick et al., 2004).

However, the recruitment of cognitive control may not always
depend on the detection of response conflict at the time the re-
sponse is generated, but can sometimes be anticipated. For ex-
ample, when task preparation is encouraged by the presentation
of a valid task cue, anticipatory cognitive resources might be
mustered prior to target presentation and, thus, response conflict
could be reduced prior to generating the response. According to
the dual mechanisms of control (DMC) framework (Braver,
Gray, & Burgess, 2007), this so-called proactive control mech-
anism is very effective (i.e., high accuracy) and allows for rapid,
efficient responding. Yet, it can only be used when it is possible to
anticipate upcoming task demands and requires that high levels



of control be sustained for extended periods of time, for example,
over several trials.

Nonetheless, on other occasions, participants might not be
able to anticipate, for example, incongruent-response targets. In
these instances, task demands will be higher than anticipated
and, therefore, response conflict will occur in close proximity to
the target. In this case, the detection of conflict at the time of
target presentation signals the need for upregulating reactive
control processes (Braver & West, 2008), which are time con-
suming and result in prolonged reaction times (RTs) relative to
trials on which proactive control is recruited successfully. In
other words, reactive control can be thought of as effective in the
sense that it will serve the purpose of selecting the correct re-
sponse. At the same time, reactive control may not be very effi-
cient compared to proactive control, because the correct decision
will be made at the expense of longer RTs, thereby leading to
heightened behavioral costs. Moreover, if control processes have
to be recruited after target presentation, that is, immediately
prior to the response, the urge to respond fast might elicit an
incorrect response more often than in situations in which pro-
active control had been implemented successfully. Thus, proac-
tive control should be associated not only with faster RTs (i.e.,
more efficient), but also with higher accuracy (i.e., more effec-
tive).

Aside from explaining variability in cognitive control pro-
cesses within each participant, the distinction between proactive
and reactive control might also be useful in elucidating age-re-
lated changes in cognitive control. Typically, performance de-
crements are observed in older, relative to younger, adults,
especially under demanding task conditions (e.g. Nessler et al.,
2007). As a result of their limited processing resources (cf. Park,
2000; Reuter-Lorenz & Lustig, 2005), the effective engagement
of proactive control may be problematic for older adults (see also
Braver et al., 2001). Thus, the DMC framework proposes that
older adults might rely predominantly on reactive control mech-
anisms, which do not require one to sustain control over exten-
sive time periods (Braver & West, 2008; see also Rabbitt, 1979;
Velanova, Lustig, Jacoby, & Buckner, 2007).

In addition, increased trial-by-trial RT fluctuations are one of
the hallmarks of advanced age (Hultsch, Hunter, MacDonald, &
Strauss, 2005). This increased variability could be a direct con-
sequence of older adults’ difficulties in reliably recruiting proac-
tive control, resulting in a large number of trials in which reactive
control is needed, thereby resulting in particularly long RTs.
Hence, as a consequence of an age-related deficit in proactive
control, we expected that older adults would increasingly recruit
reactive control, particularly at higher levels of difficulty.

One way to verify (1) the presence of proactive and reactive
control and (2) their differential usage in young and older adults
might be to compare fast and slow RTs for congruent and in-
congruent response targets. Efficient performance, as evident in
fast RTs and highly accurate performance, should reflect suc-
cessful recruitment of proactive control. By contrast, slow trials
predominantly reflect “last moment” recruitment of reactive
control, and are expected to be associated with decreased accu-
racy compared to fast trials (cf. Braver et al., 2007). In addition,
incongruent-response targets, which cannot be anticipated even
though a valid cue has been presented, should increase the need
for reactive control, especially in older adults. However, prob-
lematic is the fact that incongruent, relative to congruent-re-
sponse, trials can also be viewed as more difficult. Higher levels of
difficulty, in turn, are associated with longer RTs, regardless of
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the control mechanisms utilized. Consequently, to avoid a con-
found between the effects of congruence (i.e., interference) and
task difficulty, the current study compared interference effects
between slow and fast RT distributions at low, medium, and high
levels of task difficulty.

As noted above, the DMC framework predicts increased re-
active cognitive control processes before the response for older
compared to young adults. Hence, in order to understand the
temporal pattern of conflict detection and cognitive control, it is
essential to employ a technique that can track cognitive processes
in a manner consistent with the speed at which they unfold. Be-
cause of their high temporal resolution, event-related potentials
(ERPs) are particularly well suited to examine these pre-response
processes and were, consequently, employed in the present study.
In order to ensure accurate response organization and produc-
tion, reactive control should precede the behavioral decision by a
few hundred milliseconds. Previous studies have described a RT-
locked negative-going activity around 100-300 ms prior to the
response that is enhanced under conditions that require greater
amounts of cognitive control. This component is prominent over
medial frontal scalp locations (e.g., Friedman et al., 2009; John-
son, Barnhardt, & Zhu, 2004; Nessler et al., 2007) and will be
referred to here as the pre-response negativity or PRN. Consis-
tent with the DMC framework, the PRN should be pronounced
for slow responses in a high-difficulty condition, reflecting a
larger percentage of trials on which reactive control was pre-
sumably recruited. Because proactive, relative to reactive, con-
trol occurs over longer and perhaps more variable periods of
time, a direct ERP measure was not available. Hence, the use of
proactive control was inferred based on fast RTs in each con-
dition.

The efficiency of proactive and reactive cognitive control can
be measured by the amount of residual response conflict follow-
ing the RT decision. Response conflict detection has been asso-
ciated with the medial frontal negativity (MFN) (cf. Bartholow et
al., 2005; Friedman et al., 2009; Johnson et al., 2004; Nessler et
al., 2007), a response-locked component following a correct re-
sponse within ~100 ms. Its amplitude is larger for high- com-
pared to low-conflict conditions as defined by RTs and accuracy
(cf. Johnson et al., 2004; Nessler et al., 2007). Hence, the MFN
has been interpreted as an indicator of the amount of response
conflict remaining after a correct response has been generated
(Friedman et al., 2009). In addition, dipole localization studies
suggest that the MFN originates in or near the ACC (Johnson et
al., 2004), which plays a critical role in conflict detection (Botvi-
nick et al., 2004). Because fast trials (in each condition) are ex-
pected to reflect predominantly successful recruitment of
proactive control, response conflict (reflected by the MFN)
should be smaller or perhaps absent for fast relative to slow trials.

Previous studies suggest that aging is associated with either
intact (e.g., Nessler et al., 2007) or reduced (e.g., Eppinger, Kray,
Mecklinger, & John, 2007; Kray, Eppinger, & Mecklinger, 2005)
conflict-detection mechanisms, as reflected by MFN amplitude.
For instance, Nessler and colleagues (2007) observed similar in-
creases in MFN amplitude in older and young adults at inter-
mediate levels of conflict, suggesting intact monitoring and
detection of response-conflict in older adults. However, when
response conflict was greatest (i.e., for post-error, incongruent
responses) increased error rates and MFN amplitudes were ob-
served in older relative to young adults, consistent with intact
conflict detection, but inefficient upregulation of cognitive con-
trol (Nessler et al., 2007, see also Sharp, Scott, Mehta, & Wise,
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2006). Hence, age differences in conflict detection and recruit-
ment of cognitive control processes might be especially accentu-
ated at high levels of response conflict (i.e., incongruent-response
targets for high levels of task difficulty).

To summarize, the review presented above led us to expect the
following general effects for both age groups: 1) more errors on
slow relative to fast trials, reflecting the predominance of reac-
tive- relative to proactive-control processes; 2) greater PRN ac-
tivity for incongruent slow trials at high levels of difficulty,
reflecting the recruitment of reactive control prior to RT; and 3)
larger MFN amplitudes for slow relative to fast trials, reflecting
greater residual response conflict. With respect to aging, we ex-
pected 1) that older adults would recruit reactive control to a
greater extent than young adults, which would be evident in
larger RT and/or accuracy interference costs (i.e., differences
between incongruent and congruent-response targets) and larger
PRN activity for incongruent relative to congruent trials; and 2)
the exertion of relatively inefficient reactive-control processes in
older adults would lead to larger residual response conflict. This
would be manifested by greater magnitude MFN activity for
older relative to younger adults under high but not low difficulty
conditions.

Methods

Participants

Twenty young (16 females, mean age 23.3 years, range 20-27)
and 20 older (13 females, mean age 71.3 years, range 60-83)
adults participated. All participants were native English speak-
ers, right-handed, and had normal or corrected-to-normal vi-
sion. Participants reported themselves to be in good physical and
mental health and free from medications known to affect the
central nervous system. The study was approved by the New
York State Psychiatric Institute’s Institutional Review Board,
and all participants signed informed consent and were paid for
their participation.

Screening Procedures

Prior to electroencephalogram (EEG) recording, all participants
were screened with neuropsychological tests. A summary of the
demographic information and neuropsychological test results
can be found in Table 1. The groups were well matched, and there
were no reliable age-related differences for any of the measures.
All participants were of at least average intelligence and achieved
a score of 50 or better (out of 57) on the Modified Mini-Mental
Status (mMMS) examination (Mayeux, Stern, Rosen, & Leven-
thal, 1981). All older participants also passed a complete medical
and neurological examination administered by a board-certified
neurologist, and were free from dementia and depression and not
limited in the activities of daily living as assessed by a semi-
structured interview, the SHORT-CARE (Gurland, Golden,
Teresi, & Challop, 1984).

Materials and Procedure

The explicit cue task-switching paradigm was based on the design
introduced by Cepeda and colleagues (Cepeda, Kramer, & Gon-
zalez de Sather, 2001), with modifications for ERP recording.
Participants were seated comfortably in a sound-damped and
electrically shielded room facing a 17-in computer monitor about
100 cm from the screen. They held a small response box on their
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Table 1. Demographic and Performance Measures (£ SD) for
Young and Older Adults

Young (n = 20) Older (n = 20)

Mean SD Mean SD
Age (years) 23.32 2.03 71.31 7.16
Education (years) 15.85 1.31 16.50 2.67
Modified MMS 54.80 2.59 55.30 1.22
Digits forward 7.45 1.36 7.60 1.10
Digits backward 5.65 1.31 6.15 1.46
WAIS-III Verbal 1Q 130.75  14.53  130.08 16.82
WAIS-III Performance 1Q 114.50  14.50 119.46 16.02
Depression (SHORT-CARE) 1.31! 1.93
Dementia (SHORT-CARE) 0.08 0.28

Notes: 'n=13. Modified MMS: modified Mini-Mental Status (Mayeux
et al., 1981); maximum score 57. WAIS-III: Wechsler Intelligence Scale
III. SHORT-CARE (Gurland et al., 1984); cutoff for depression = 6,
dementia = 7. Excluding age, no reliable age differences were evident in
any of these measures (all ps>.26).

laps. All stimuli were presented within a grey box (475 x 475
pixels). The rest of the screen was blank.

Participants responded to one of four stimulus displays (1, 3,
111, 333), based on one of two tasks: which digit or how many
digits were presented. While the stimuli 1 and 333 required the
same response regardless of task (congruent-response targets),
displays of 3 and 111 required opposite responses for the two
tasks (incongruent-response targets). One of two cues, signaling
the task to be performed, appeared for 300 ms, followed by a
fixation cross for 300 ms, resulting in a Cue-Target Interval (CTI)
of 600 ms." The target stimulus was displayed until a response
was made via button press with the left or right index finger. The
next cue was presented after a constant 1000 ms response-cue
interval, during which the fixation cross appeared. In order to
increase the discriminability of the two cues, one of them ap-
peared on a blue, the other on a yellow, background, as shown in
Figure 1 in dark and light grey, respectively. All four stimulus
displays (i.e., congruent and incongruent) were presented in ho-
mogeneous and mixed blocks. In homogeneous blocks, only one
task (Which digit? How many?) was performed in each block,
preceded by a cue as detailed above. Hence, difficulty was at its
lowest level. The task sequence for mixed blocks is illustrated in
Figure 1. Again, the task cue indicated which of the two tasks was
to be performed next. On some trials (no-switch or stay trials),
the cue indicated the same task as in the previous trial, repre-
senting a medium level of difficulty, as switching between tasks
was not required on these particular trials. After 0, 1, or 2 of these
no-switch trials, the cue indicated that a switch to the other task
was to be performed, thus representing the highest level of diffi-
culty. Switch and no-switch trials occurred with equal probabil-
ity during mixed blocks. Each participant first completed one
homogeneous block of each task with 36 trials, followed by three
mixed blocks with 84 trials each, followed by two homogeneous
blocks, with 36 trials each.

Participants were instructed to respond emphasizing speed
and accuracy equally. The assignment of task, cue color, and

'"In a second phase of the experiment, data were also collected fol-
lowing a longer CTI (1200 ms). Because response conflict was maximal in
the short CTI, only these data are reported here.
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Figure 1. Schematic of the cued task-switching paradigm used to examine the effects of response conflict at low, medium, and high levels of difficulty. The

task-switch reflects a high-difficulty trial.

hands corresponding to a “one” or “‘three” button press was
counterbalanced across participants. Half of the participants re-
sponded on the basis of how many digits were presented in the
first block, while the remaining participants responded based on
which number was presented. Prior to the actual experiment, two
homogeneous blocks and one mixed block were included in a
practice phase to ensure that participants understood the in-
structions and were performing adequately.

EEG Recording

EEG activity was recorded from 62 scalp sites, placed according
to the extended 10-20 system, with sintered Ag/AgCl electrodes
and a ground on the right forehead. Vertical and horizontal
electrooculogram (EOG) were recorded from electrodes placed,
respectively, above and below the left eye and at the outer can-
thus of each eye. Electrode impedance was kept below 5 kQ. The
activity of all scalp electrodes was initially referenced to the nose
tip and re-referenced offline to averaged mastoids. EEG and
EOG were recorded continuously with Synamp amplifiers (DC;
100 Hz high-frequency cutoff; 500 Hz digitization rate). Prior to
averaging, trials with visible artifacts (e.g., muscular activity)
were rejected and eye movements were corrected (Gratton,
Coles, & Donchin, 1983). If single channels showed artifacts, a
spherical spline algorithm (Perrin, Pernier, Bertrand, & Echal-
lier, 1989) was used for interpolation on a trial-by-trial basis,
with a maximum of four channels interpolated for a given trial.

Data Analysis

The analysis focused on 6 trial types: congruent and incongruent
targets for low (i.e., trials in homogeneous blocks), medium (i.e.,
no-switch trials in mixed blocks) and high levels of difficulty (i.e.,
switch trials). In a first step, mean RTs and standard deviations
(SD) were computed for every participant, and all trials exceed-
ing 2.5 SDs from the individual mean for each of the 6 trial types
were excluded from further analysis (young: 2.9% of all trials,
older adults: 2.8%). This procedure was used to eliminate ex-
ceedingly long RTs, because a response deadline was not im-
posed. In a second step, trials with RTs longer than the median
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for each condition were averaged separately from those shorter
than the median, resulting in a total of 12 conditions per subject
(i.e., the 6 basic trial types above for slow vs. fast RT Bins). An a-
level of 0.05 was chosen for all analyses.

Behavioral data. For RTs and percentage of errors, in a first
step, interference costs were computed by subtracting the data on
congruent trials from those on incongruent trials. Then, these
difference scores were further analyzed in between-group ANO-
VAs with the factors of Age Group (young, older adults), RT Bin
(slow, fast), and Difficulty (low, medium, high). To parse inter-
actions, planned contrasts were employed to compare low vs.
medium and medium vs. high levels of difficulty.

ERP data. Because of our interest in cognitive-control pro-
cesses leading up to the behavioral decision (reflected in the
PRN) and the amount of response conflict remaining after the
presumed exertion of control (MFN), RT-locked averages were
computed for correct trials only. A 15-Hz low-pass filter was
applied to all averages prior to the statistical analyses and is
reflected in the figures. For measurement of the PRN and MFN,
an EEG epoch extending from 400 ms prior to 300 ms following
the response was used. However, to enable the placement of a
baseline well before the RT response (e.g., Nessler et al., 2007;
Friedman et al., 2009; Johnson et al., 2004; Fiehler, Ullsperger,
& von Cramon, 2005), the actual EEG epoch began 1000 ms
prior to the response. Using a fixed time period relative to the
response as a baseline is problematic because of potential differ-
ences in RT between conditions and age groups (e.g., a given time
period might co-occur with cue presentation in the high-difficulty
condition for older adults, but not for the young who responded
~120-280 ms faster). Therefore, based on the mean RTs for
each condition in each group, the 50-100 ms following target
onset was chosen as a baseline for the response-locked data.
Thus, by keeping the baseline similar with respect to the RT, we
ensured that the influence of the stimulus was similar for all
conditions and the two groups. During homogeneous blocks,
averages were constructed for each participant for congruent
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(young fast: range = 15-37 trials, old fast: 15-37, young slow:
15-35, old slow: 15-35) and incongruent (young fast: 29-36, old
fast: 13-36, young slow: 26-35, old slow: 13-35) trials. During
mixed-task blocks, averages were constructed for congruent no-
switch (young fast: 26-36, old fast: 10-35, young slow: 24-36,
old slow 10-34), incongruent no-switch (young fast: 22-32, old
fast: 14-33, young slow: 21-31, old slow: 14-32), congruent
switch (young fast: 26-33, old fast: 13-32, young slow: 25-33,
old slow: 12-31) and incongruent switch (young fast: 20-31, old
fast: 13-32, young slow: 20-31, old slow: 12-31) trials.

The PRN was measured as an averaged voltage based on
the grand-mean ERP data between 250 and 150 ms prior to
the response at two left frontal electrode sites, F3 and FC3, where
it was maximal (see Figure 2). In accord with previous investi-
gations (Bartholow et al., 2005; Friedman et al., 2009; Gehring
& Willoughby, 2002; Johnson et al., 2004; Nessler et al., 2007),
and based on the grand-mean ERP data (Figure 4), MFN am-
plitude was measured as the averaged voltage from 0-80 ms fol-
lowing response onset at two mid-frontal electrode sites, FZ and
FCZ, where it was largest (Figure 4). PRN and MFN were
evaluated in mixed-model ANOVAs with the factors Age
Group, RT Bin (fast, slow), Congruence (congruent, incongru-
ent), Difficulty (low, medium, difficult) and Electrode Site
(F3, FC3 for PRN and FZ, FCZ for MFN), and followed up
with subsidiary ANOVAs where necessary. Greenhouse-Geisser
corrections for the violation of sphericity were used where
appropriate, and are reflected in the p-values, which are reported
along with uncorrected degrees of freedom and the respective
epsilon values (€). Results are reported only for main effects and
interactions involving the between-group factor of Age Group
and the within-subjects factors of Difficulty, Congruence, and
RT Bin.

Results
Behavioral Data

Error rates. Error rates for congruent and incongruent trials
are displayed in Table 2. To assess the effect of interference, error
rates for congruent trials were subtracted from those for incon-
gruent trials. A between-group ANOVA with the factors Age
Group, RT Bin, and Difficulty confirmed that interference was
lower for fast (4.5%) relative to slow responses (6.1%)
[F(1,38) = 7.84, p<.01]. Interference errors occurred more fre-
quently for young (6.9%) than older adults (3.7%), as indicated
by a main effect of Age Group [F(1,38) = 6.93, p<.05]. Finally,
interference increased from low (2.6%) to medium (4.5%) to
high levels of difficulty (8.8%), [F(2,76) =33.20, p<.0001,

Table 2. Mean Percentage of Errors (£ SE) For the Two Age
Groups as a Function of RT Bin, Congruence, and Difficulty

¢ = .83]. The Difficulty main effect was modulated by an inter-
action with Age Group [F(2,76) = 4.32, p<.05, ¢ = .83]. For the
young, planned contrasts revealed that error rates increased from
low to medium levels of difficulty (3.1% vs 6.1%)
[F(1,19) =10.27, p<.01] and from medium to high difficulty
(6.1% vs 11.6%) [F(1,19) = 19.80, p<.0001]. For older adults,
planned contrasts revealed that error rates did not differ between
low (2.2%) and medium (2.9%) levels of difficulty [F <1], but
increased from medium to high levels of difficulty (2.9% vs.
6.1%) [F(1,19) =8.59, p<.01]. To summarize, consistent with
expectations, error rates were higher for slow relative to fast trials
for both groups. Young adults committed more errors than older
adults.

Reaction Times
As shown in Table 3, young adults (411 ms) responded faster
than older adults (606 ms) [F(1,38) =39.09, p<.0001]. As ex-
pected, the standard deviation (young: 106 ms, old: 201 ms) and
the range (young: 558 ms, 270-828 ms, old: 1126 ms, 3631488
ms) were both considerably larger for older relative to young
adults. Although the distribution of mean RTs for all conditions
was skewed to the right for both age groups, skewness was larger
for older relative to young adults (1.48 vs. 2.03). This latter
finding is consistent with the increased prevalence of reactive
control in association with particularly slow responses in older
adults. In order to account for these age-related differences in the
RT distribution and for general age-related slowing, the loga-
rithm of RT was used for all further analyses (Keppel & Wickens,
2004). The untransformed data are displayed in Table 3. RT
interference costs were quantified by subtracting the log-trans-
formed RTs to congruent from those to incongruent trials in each
difficulty condition. In both groups, RT interference costs were
reliably different from 0 in all three difficulty conditions (all
ps<.02). An ANOVA with the between-subject factor Age
Group and the within-subjects factors of RT Bin and Difficulty
revealed that interference costs were larger for older (.05) than
young adults (.03) [F(1,38) =5.78, p<.05], suggesting age-re-
lated deficits in counteracting response conflict. Interference
costs increased with difficulty (low, .02; medium, .04; high, .06)
[F(2,76) = 16.06, p<.0001, € = .94] and were larger for slow (.05)
relative to fast trials (.03) [F(1,38) =49.72, p<.0001]. The rel-
ative increase in RT interference costs differed as a function of
Difficulty and RT bin, as indicated by interactions between
Difficulty and RT Bin [F(2,76) = 5.72, p<.01, €= .98] and a
trend for a triple interaction with Age Group [F(2,76) = 2.69,
p=.07,e= 98]

Based on our predictions, separate analyses were performed
for young and older adults to parse these interactions. An

Table 3. Mean RTs inms (+ SE) for the Two Age Groups as a
Function of RT Bin, Congruence, and Difficulty

Difficulty Level

Difficulty Level

RT bin  Group Congruence Low Medium High RT bin Group  Congruence Low Medium High
Fast Young Congruent  0.88 (0.31) 0.82(0.33) 0.49 (0.27) Fast Young  Congruent 315 (6) 339 (8) 344 (8)
Incongruent 3.24 (0.88) 6.39 (1.26) 12.05 (1.78) Incongruent 322 (7) 352 (10) 367 (9)
Older Congruent 0.0 (0.00) 0.33(0.23) 0.37(0.25) Older Congruent 439 (10) 489 (20) 492 (20)
Incongruent 2.96 (1.37) 2.16 (0.61) 6.11 (1.31) Incongruent 466 (15) 529 (27) 557 (26)
Slow Young Congruent 1.55(0.43) 1.08 (0.40) 1.55(0.36) Slow Young  Congruent 408 (10) 472 (19) 477 (18)
Incongruent 5.13 (0.88) 7.45(1.31) 13.30 (1.65) Incongruent 423 (12)  537(30)  575(28)
Older Congruent  0.56 (0.25) 0.33(0.23)  0.52(0.28) Older Congruent 594 (21)  713(49) 705 (50)
Incongruent 4.5 (1.33) 4.27(0.72)  8.11 (1.55) Incongruent 665 (31) 806 (54) 854 (59)
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Figure 2. Grand mean response-locked ERPs for young and older adults
at left frontal electrode sites for low, medium, and high levels of difficulty.

Small arrows mark response onset, with time lines every 50 ms. The time
window used for the analyses (250—150 ms pre-RT) is shaded.

ANOVA on the young-adult RT interference costs confirmed
main effects of Difficulty [F(2,38) = 14.85, p<.0001, € =.93],
RT Bin [F(1, 19) = 37.46, p<.0001], and an interaction of both
factors [F(2,38) = 10.18, p<.0001, € = .95]. The interaction re-
flected the fact that interference costs were higher for slow rel-
ative to fast responses in the medium (.05 vs. .01, [#(19) = 3.90,
p<.01]) and high conditions (.08 vs. .03, [#(19)=5.92,
p<.0001]), but not in the low-difficulty condition (.02 vs. .01,
[#(19) = 1.24, p>.10)).

For older adults, there were main effects of Difficulty
[F(2,38) = 5.14, p<.05, £ =.94] and RT Bin [F(1,19) = 16.78,
p<.01, but no interaction [F<1]. This pattern indicates that
interference costs were higher for slow relative to fast responses at
all difficulty levels (low: .05 vs. .02 [#(19) = 2.86, p<.01], me-
dium: .05 vs. .03 [#(19)=12.35, p<.05], high: .08 vs. .05
[£(19) =2.79, p<.05].

In sum, older adults had larger RT interference costs. Addi-
tionally, and by contrast with young adults, the larger interfer-
ence costs for slow compared to fast trials were also present at the
low level of task difficulty.

ERP Data

Pre-response negativity (PRN). As illustrated in Figures 2
and 3, incongruent relative to congruent trials were associated
with more negative-going waveforms ~250 ms prior to response
onset (i.e., larger PRNs).?

The Age Group x Difficulty x RT Bin x Congruence X
Electrode Site ANOVA revealed a four-way interaction of

2Note that the PRN and the MFN occur primarily above the baseline.
Hence, modulations of the waveforms (e.g., by Congruence) are typically
manifest as reductions in positivity (i.e., negative-going), as illustrated in
Figures 2 and 4 and described below.
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Figure 3. Illustration of grand mean PRN amplitudes ( & SE) as a
function of Age Group, RT Bin, Difficulty Level, and Congruence,
collapsed across electrode sites F3 and FC3.

Group, Difficulty, RT Bin, and Congruence [F(2,76) = 6.03,
p<.01, € =.92]. To parse this interaction, separate ANOVAs
were performed for low, medium, and high levels of difficulty. At
the low-difficulty level, incongruent trials (2.6 pV) were more
negative-going than congruent trials (3.1 pV) [F(1,38) = 7.53,
p<.01]. Greater PRNSs occurred for slow (2.5 pV) relative to fast
trials (3.2 uV) [F(1,38) = 5.41, p<.05]. Young (1.5 puV) relative to
older (4.2 pV) adults produced larger PRN activity
[F(1,38) = 15.14, p<.0001]. Nonetheless, as depicted in Figures
2 and 3, incongruent (3.7 V) relative to congruent (4.7 puV) trials
led to greater PRN activity for older adults only [Age Group x
Congruence interaction, F(1,38) = 3.85, p = .057]. Similarly, and
again for older adults only, slow (3.6 uV) relative to fast (4.8 uV)
trials engendered greater PRN activity [Age Group x RT Bin
interaction, F(1,38) = 3.84, p = .057]. Although both effects just
missed the conventional level of significance, these results suggest
that older adults may have employed reactive control for slow
relative to fast and incongruent relative to congruent trials even
in the low-difficulty condition.

At the medium level of difficulty, the PRN was larger for
incongruent (1.2 pV) than congruent trials (2.0 pV)
[F(1,38) = 8.81, p<.01], and slow (0.4 pV) relative to fast (2.8
V) trials [F(1,38) = 45.91, p<.0001]. As illustrated in Figure 3,
an interaction of RT Bin and Age Group [F(1,38)=12.63,
p<.0001] indicated that the difference between slow and fast
trials was more pronounced for older (3.5 uV) than young adults
(1.2 V), suggesting that reactive control was recruited more
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Figure 4. Grand mean response-locked ERPs for young and older adults
at mid-frontal electrode sites for easy, medium, and high levels of
difficulty. The time window used for the analyses (0-80 ms post RT) is
shaded.

often by older adults on slow trials. For both age groups, the
difference between slow and fast trials was also larger for incon-
gruent (3 uV) than congruent trials (1.8 pV), as indicated by an
interaction of RT Bin and Congruence [F(1,38) = 6.66, p <.05].
The lack of an interaction between Age Group, RT Bin, and
Congruence [F(1, 38) = 2.54, p>.1] suggests that reactive con-
trol was recruited by both young and older adults, particularly
for slow incongruent trials.

In the high-difficulty condition, incongruent (0.7 pV) relative
to congruent (1.7 pV) trials were also associated with greater
PRN amplitudes [F(1,38) = 10.85, p<.01]. Again, as shown in
Figures 2 and 3, larger PRNs were observed for slow (0.3 pV)
relative to fast trials (2.1 puV) [F(1,38) = 24.99, p<.0001]. How-
ever, these main effects were modulated by Age Group x RT
Bin [F(1,38) =7.84, p<.01] and Age Group x RT Bin x
Congruence [F(1,38) = 8.75, p<.01] interactions. To parse these
interactions, separate analyses were performed for each age
group. For young adults, as confirmed by the interaction of RT
Bin and Congruence [F(1,19)=8.89, p<. 01], more negative-
going PRNs were observed only for slow incongruent trials rel-
ative to all other conditions, which did not differ (Figure 3, bot-
tom left). This result is consistent with the selective recruitment of
reactive control only on slow incongruent trials. By contrast, for
older adults (Figure 3, bottom right), the PRN was larger for
slow than fast trials [F(1,19) = 53.59, p<.0001] and incongruent
than congruent trials [F(1,19) = 5.01, p<.05], with no reliable
interaction of RT Bin and Congruence (p>.17). This finding
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Figure 5. Grand mean MFN amplitudes ( + SE) as a function of Age
Group, RT Bin, Difficulty Level, and Congruence, collapsed across
electrode sites FZ and FCZ.

presumably reflects the increased recruitment of reactive control
for incongruent-response targets on both fast and slow trials.

To summarize, larger PRNs for slow relative to fast trials and
for incongruent relative to congruent trials were observed for all
conditions in older adults, but only for slow trials at medium and
high levels of difficulty for the young. These results suggest in-
creased recruitment of reactive control processes prior to the
response in older adults for both slow and fast RTs even in the
low-difficulty condition.

Medial-frontal negativity (MFN). The Age Group x Diffi-
culty x RT Bin x Congruence x Electrode Site ANOVA
revealed main effects of Age Group [F(1,38) =4.72, p<.05],
Difficulty  [F(1,38)=42.92, p<.0001] and RT Bin
[F(1,38) = 54.23, p<.0001], as well as interactions of RT Bin
and Congruence [F(1,38) = 6.84, p<.05] and Age Group, Diffi-
culty, and Electrode [F(1,38) = 12.05, p<.0001]. To examine the
source of these interactions, separate ANOVAs were performed
for the low-, medium-, and high-difficulty conditions.

In the low-difficulty condition, slow (5.2 uV) relative to fast
trials (8.2 uV) were associated with more negative-going MFN
activity [F(1,38) = 50.77, p<.0001]. Older (6.0 pV) and young
adults (7.4 pV) did not differ reliably [F< 1], and there were no
reliable interactions with Age Group, consistent with the detec-
tion of similar amounts of response conflict in young and older
adults. No reliable effects of Congruence were found [Fs< 1], as
illustrated in Figures 4 and 5.



At the medium level of difficulty, the MFN was more neg-
ative-going for older (2.2 uV) than younger adults (5.8 pV)
[F(1,38) = 6.81, p<.05], suggesting a greater amount of response
conflict in older adults. MFN amplitudes for slow responses in
young adults (3.88 pV) resembled those for fast responses in
older adults (4.01 uV), suggesting that older adults experienced a
similar level of residual response conflict for fast responses as did
young adults for slow responses. As illustrated in Figure 5, slow
(2.0 uV) relative to fast trials (5.8 pV) were associated with
greater MFN activity [F(1,38) = 42.53, p<.0001], an effect that
was of similar size in both age groups [Age Group x RT Bin
interaction F(1,38) =1.02, p>.32]. Again, Congruence did not
influence MFN magnitude (p>.16).

In the high-difficulty condition, MFN amplitude was larger
for older (2.2 puV) than young adults (5.7 uV) [F(1,38) = 7.61,
p<.01], and slow (2.3 pV) relative to fast trials (5.5 pV)
[F(1,38) = 28.08, p<.0001]. As for the low- and medium-diffi-
culty levels, neither the main effect of Congruence nor interac-
tions with Age Group were significant [Fs<1].

To summarize, MFN amplitudes were larger for slow than
fast trials for both groups whereas, unlike the PRN, Congruence
did not seem to influence MFN amplitude. At the low level of
difficulty, age-invariant MFN amplitudes were observed. How-
ever, at medium and high levels of difficulty, older relative to
young adults showed larger MFNs, suggesting that older adults
experienced greater amounts of response conflict as difficulty
increased.

Discussion

The present study provides evidence for age-related differences in
the use of proactive and reactive control as proposed by the
DMC framework (Braver et al., 2007). The DMC predicts the
recruitment of reactive control preceding the response when
proactive control is insufficient, for instance, in response to in-
terference and high levels of difficulty. As will be discussed in
detail below, the current behavioral and response-locked ERP
results provide empirical evidence for these processes and, more-
over, support the increased use of reactive control in older com-
pared to young adults.

The proposed distinction between proactive control pro-
cesses, supporting fast and accurate responses, and reactive con-
trol processes, supporting slower and less accurate responses, was
confirmed by the behavioral results. For each age group, large
RT differences (~ 100-300 ms) were observed for fast compared
to slow trials (see also De Jong, Berendsen, & Cools, 1999), in
accord with the prediction of distinct proactive and reactive
control processes for each age group. Based on the DMC, it was
expected that the recruitment of last-minute reactive control
should be larger for slow than fast trials and associated with
decreased accuracy. In fact, for both age groups, slow trials were
associated with more interference errors than fast trials. The in-
terpretation suggesting the prevalence of proactive control on
fast trials and reactive control on slow trials is further supported
by the fact that these accuracy results are opposite those pre-
dicted by a speed-accuracy tradeoff. That is, if similar types of
cognitive control had been recruited for fast and slow trials, then
an RT increase should have led to an increase in accuracy. Hence,
the data are in accord with the DMC prediction that reactive
control is recruited in instances in which proactive control cannot
be employed successfully (i.e., on slow trials).
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Proactive control processes rely on intact frontal lobe func-
tioning and active maintenance of preparatory and attentional
processes over long periods of time, processes that appear de-
ficient in older adults (Braver & West, 2008). Consequently, older
adults should be less able to use proactive control than young
adults, which should be reflected by age-related increases in RT
and decreases in accuracy. However, in the present study, al-
though older adults responded more slowly, they made fewer
errors than young adults (cf. Table 2). Previous investigations
have indicated that older adults adopt more conservative re-
sponse criteria and emphasize accuracy over speed (cf. Rabbitt,
1979). Because a response deadline was not imposed in the cur-
rent study, the age-related strategy of emphasizing accuracy over
speed could have counteracted the expected decrease in accuracy.

Aside from the accuracy results, the RT-interference findings
also provide evidence for an age-related increase in reactive con-
trol. For young adults, RT interference costs were small, par-
ticularly for fast responses, consistent with effective proactive
control processes. For the low-difficulty condition, young adults
apparently employed proactive control processes, even when re-
sponding to incongruent-response targets. However, consistent
with DMC predictions, the RT results suggest that recruitment of
reactive control by young adults increased with heightened diffi-
culty. By contrast, older, relative to young, adults showed large
RT interference costs at all levels of difficulty, consistent with an
increased reliance on reactive control even at low levels of diffi-
culty. Hence, the behavioral results are in line with the idea that
older adults rely more on reactive control than younger adults.
The recently proposed load-shift model (Velanova et al., 2007)
provides similar predictions as the DMC with respect to aging
(Braver et al., 2007). The load-shift model suggests that older
adults fail to filter out irrelevant information early in the infor-
mation-processing sequence. Thus, to enable older adults to re-
spond accurately, additional cognitive resources (i.e., reactive
control) need to be recruited at later processing stages relative to
the young (Velanova et al., 2007).

The increased use of reactive control as age and difficulty
increased was also supported by the ERP results. For young
adults, PRN amplitudes were more negative for slow compared
to fast trials at medium and high levels of difficulty, but not at the
low-difficulty level, consistent with selective recruitment of reac-
tive control processes under demanding task conditions (see also
van Veen, Krug, & Carter, 2008). In fact, the PRN results par-
allel the RT interference costs, supporting the idea that the PRN
is an ERP correlate of reactive control.’ Moreover, the left-
frontal maximum of the PRN observed in the present study cor-
responds well with recent hemodynamic evidence. Left ventro-
lateral PFC activation in association with RT slowing on post-
error trials was observed during a stop-signal task in young
adults (Li et al., 2008). Although the neural sources of ERP
components are difficult to infer based solely on the observed
scalp distribution, the left-frontal maximum of the PRN is con-
sistent with the left-ventrolateral PFC activation observed in the
Lietal. (2008) investigation, and may reflect the computations of
a neural network implementing reactive control.

With respect to aging, PRNs in older adults were larger for
slow relative to fast trials and incongruent relative to congruent
trials at all three levels of difficulty, compatible with a greater

*However, no reliable correlations were found between PRN ampli-
tudes and RTs or PRN amplitude differences between incongruent and
congruent trials with the associated RT costs.
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reliance on reactive control in older compared to young adults. In
accord with the RT results, older adults recruited reactive control
processes for slow responses even at the lowest level of difficulty.
Importantly, the time frame for the start of the PRN interval of
~250 ms prior to the response corresponds roughly to the
greater RT slowing observed for older relative to younger adults
(e.g., older adults were 278 ms slower than younger adults on
slow incongruent trials in the difficult condition). While young
adults appeared to react more flexibly at the different levels of
demand by recruiting both proactive- and reactive-control pro-
cesses, it is conceivable that reduced frontal resources in older
adults (e.g., Reuter-Lorenz & Lustig, 2005) prevented or reduced
the recruitment of proactive control processes (Braver & West,
2008). Consistent with this pattern of results, Paxton and col-
leagues (2008) recently reported dissociations between young
and older adults in lateral PFC activations during cue vs. probe
presentation in a task requiring the maintenance of goal-relevant
information in the interval between these two events. While lat-
eral PFC activation was reduced in older relative to young adults
during the cue-probe interval, activation in these regions was
enhanced in older adults during probe presentation. This result is
consistent with reduced proactive control during task prepara-
tion and increased reactive control in close proximity to probe
onset (Paxton, Barch, Racine, & Braver, 2008, see also Sharp
et al., 2006 for related findings using PET).

Given that the recruitment of reactive control processes oc-
curs in close temporal proximity to the decision, slow, relative to
fast, trials should be associated with residual response conflict
immediately after the response (MFN activity), as was demon-
strated here for both age groups. Interestingly, MFN amplitudes
were not modulated by congruence in either group, suggesting
that response conflict was successfully reduced by putative re-
active-control processes captured by the PRN onsetting ~ 250
ms earlier. Furthermore, as predicted, age-invariant MFN am-
plitudes were observed at the low level of difficulty, whereas for
medium and high levels of difficulty, older compared to young
adults showed larger MFNs, suggesting that older adults expe-
rienced more residual response conflict in the latter conditions.
To illustrate this point, at medium and high levels of difficulty,
similar RTs for fast trials in older adults and slow trials in young
adults were found, and associated with comparable levels of re-
sponse conflict as indexed by MFN amplitudes. This pattern of
results may indicate that older adults experienced higher overall
levels of response conflict for medium and high levels of difficulty
than younger adults, perhaps due to a combination of poorer
task preparation and a particular emphasis on accuracy over
speed.

Previous results have been mixed with respect to whether or
not conflict detection, as indexed by the MFN, is impaired in

older adults (e.g., Eppinger et al., 2007; Kray et al., 2005; West,
2004). Nonetheless, our results suggest that older adults are able
to detect response conflict (e.g., Nessler et al., 2007, Friedman et
al., 2009). One critical difference between these studies and the
current investigation might be the placement of the baseline in the
response-locked ERPs. For example, while the present study and
Nessler et al. (2007) used a baseline well before the response
(between — 300 to — 200 ms prior to the response), Eppinger et
al. (2007), Kray et al. (2005), and West (2004) placed their base-
line immediately before the response (e.g., Eppinger et al., 2007
used a baseline between — 200 ms and response onset). Hence,
using a baseline close to the response in these previous studies
may have led to inflated age-related differences in MFN mag-
nitudes following the response.

In the current paradigm, older adults were free to take as
much time to respond as needed. Consequently, older adults’
tendency to rely increasingly on reactive control was not detri-
mental to their overall performance. Some experimental para-
digms introduce time constraints, precluding sufficient time to
rely on reactive control. This is by no means a mere method-
ological detail, but could help reconcile discrepancies regarding
particularly low or elevated errors rates in older adults (e.g.,
Eppinger et al., 2007; Mager et al., 2007; West, 2004; see also
Rabbitt, 1979). Notably, for older adults’ everyday functioning,
speed plays only a minor role in most circumstances (with the
possible exception of driving a car in heavy traffic). Hence, lab-
oratory tasks emphasizing speed over accuracy do not seem well
suited to capture the full range of older adults’ cognitive capac-
ities. In fact, very recent evidence indicates that at least some
older adults are capable of changing from a reactive to a more
proactive control mode after extensive training (Braver, Paxton,
Locke, & Barch, 2009). Based on the DMC framework and
older adults’ purported difficulty in employing proactive control,
it could be expected that at least some older adults would be
very reluctant to respond quickly (Nessler et al., 2007) and, if
forced to do so, would most likely generate reduced accuracy
rates.

To conclude, in agreement with the DMC, older adults ap-
peared to rely predominantly on reactive control mechanisms
just prior to the decision to respond, a finding consistent with a
deficit in recruiting proactive control mechanisms. By contrast,
young adults were able to recruit both proactive and reactive
control processes, thereby flexibly adapting to the entire range of
task demands. Age differences in conflict detection were not ev-
ident at the low level of task difficulty, whereas response conflict
was higher for older adults at medium and high levels of diffi-
culty. As a whole, these results suggest that aging is associated
with a less efficient reactive-control mode of processing resulting
in a strong emphasis on accuracy over speed.
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