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Cognitive control – the ability to exert control over thoughts, attention and behavior in order to achieve a goal– is
essential to adaptive functioning and its disruption characterizes various neuropsychiatric and neurodegenera-
tive disorders. In recent years, increased attention has been devoted to investigating the effects of training on
performance and brain function, but little is known about whether cognitive control can be improved through
training. Tofill this gap,we designed a brief training targeting various components of cognitive control, including
conflict monitoring and interference resolution. Twenty participants performed a 3-day training protocol, pre-
ceded and followed by identical pre- and post-training sessions, respectively, which included event-related po-
tential (ERP) recordings. To detect transfer effects, the training and pre-/post-training sessions employed
different tasks hypothesized to rely on similar interference resolution mechanisms. We hypothesized that train-
ingwould selectively improve performance for high-interference (i.e., incongruent) trials and be associatedwith
reduced amplitudes in the N2 component, a waveform known to index interference. Trial-to-trial behavioral ad-
justments were also analyzed to assess potential mechanisms of training-induced improvements. Relative to
pre-training, participants showed reduced reaction time (RT) andN2 amplitude for incongruent, but not congru-
ent, trials, suggesting improved interference resolution. Critically, participants showing the greatest reductions
in interference effects during the course of the training displayed the largest pre- to post-training reductions
in N2 amplitudes in a separate task, highlighting transfer effects. Overall, results suggest that a brief training
can improve cognitive control, specifically the ability to inhibit task-irrelevant information.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Although human behavior is regularly executed in a relatively auto-
matic fashion, individuals often have to assert control over their atten-
tion, thoughts and behaviors in order to flexibly adapt to current goals
— a process known as cognitive control. The effective execution of cogni-
tive control is an essential aspect of adaptive functioning across
domains, including social and emotional functioning (Bartholow, 2010;
Ochsner and Gross, 2005), self-regulation (Posner and Rothbart, 2000),
and mental health (Gross and Muñoz, 1995). Thus, it is not surprising
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that deficits in cognitive control characterizemental disorders, including
schizophrenia (Reichenberg and Harvey, 2007) and major depressive
disorder (MDD; Holmes and Pizzagalli, 2008). Given its critical role in
both normal and abnormal functioning, investigating whether cognitive
control can be improved could have a large impact. The current study
sought to understand whether interference resolution, a type of cogni-
tive control, could be improved through training in healthy individuals.

One important function of cognitive control involves the inhibition of
conflicting information in order to maximize task-relevant goals. Tasks
assessing interference resolution introduce trials with conflicting stimu-
lus dimensions (e.g., target and distractor arrows pointing in opposite
directions in incongruent trials in the Flanker task), which are compared
to trials without such conflict (e.g., all arrows pointing in the same dire-
ction in congruent trials). Two theories have attempted to explain the
neural mechanisms underlying this process: the “conflict monitoring”
hypothesis (Botvinick et al., 2001, 2004; Carter and van Veen, 2007)
and the “cascade-of-control model” (Banich, 2009; Silton et al., 2010).
Both theories emphasize frontocingulate pathways encompassing the
dorsolateral prefrontal cortex (DLPFC) and dorsal anterior cingulate
regions (dACC) in cognitive control. Moreover, although the exact
sequence of neural mechanisms is disputed, both theories highlight
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dACC activity as distinguishing between congruent and incongruent
trials (Carter and van Veen, 2007; Silton et al., 2010). This is supported
by studies that have examined event-related potentials (ERP) hypothe-
sized to index dACC-related cognitive control processes. Specifically, rel-
ative to congruent trials, incongruent Flanker trials have been found to
elicit a larger (more negative) N2 component — a negative-going wave-
form measured over frontocentral electrodes that has been localized to
the dACC (Kopp et al., 1996; Silton et al., 2010; van Veen and Carter,
2002; Yeung et al., 2004). Generally, this increased N2 amplitude to in-
congruent trials is thought to reflect activity “monitoring” for an increase
in conflicting information. On trialswith little or no conflict, a reducedN2
signalwould be expected (Carter and vanVeen, 2007; Silton et al., 2010).

In addition to interference effects, cognitive control can be evaluat-
ed by considering performance in sequential trials. Specifically,
several studies have demonstrated that the amount of interference is
smaller for incongruent trials following incongruent trials (I-I trials)
relative to incongruent trials following congruent trials (C-I trials) — a
phenomenon known as the Gratton effect (Gratton et al., 1992; Kerns,
2006; Kerns et al., 2004). It has been hypothesized that participants'
control is diminished following congruent trials, leading to increased
interference in the ensuing trial. However, following an incongruent
trial, DLPFC-related control processes become engaged and reduce in-
terference on the following trial (Botvinick et al., 1999; Carter and
van Veen, 2007; Kerns, 2006; Kerns et al., 2004). Consistent with
these hypothesized mechanisms, a recent study demonstrated a
reduction in N2 amplitude as the number of consecutive incongruent
trials increased (Clayson and Larson, 2011). The authors argued that
each successive incongruent trial (up to four) led to increased recruit-
ment of cognitive control resources, resulting in progressively less
conflict and, hence, decreased N2 amplitude (Clayson and Larson,
2011). Given this putative role of the N2 in monitoring conflict,
improvement in overall interference resolution mechanisms might
show a corresponding result — less conflict and reduced N2 amplitude
for every incongruent trial.

Recently, substantial interest has been devoted to investigating
the effect of cognitive training paradigms on task performance and
brain function. Most of these training studies have focused on work-
ing memory (Dahlin et al., 2008a,b; Holmes et al., 2009a,b; Jaeggi
et al., 2008; Klingberg, 2010; Klingberg and McNab, 2009; Li et al.,
2008; McNab et al., 2009; Sayala et al., 2006; Westerberg and
Klingberg, 2007). Only one previous study has examined training
effects in tasks that require interference resolution (Rueda et al.,
2005). Children (4- and 6-year olds) were trained in five sessions
over 2–3 weeks on several cognitive tasks, including one interfer-
ence resolution task. Findings failed to show RT or accuracy
differences between trained and control groups from pre- to
post-training. However, trained 6-year olds were characterized by
a significant Incongruency effect for N2 amplitudes over a central
electrode site (channel Cz), a pattern similar to ERPs in adults,
whereas control group 6-year olds, as well as trained and control
group 4-year olds, showed this effect at a frontal channel (Fz)
(Rueda et al., 2005). The authors argued that, despite the lack of
group differences in the behavioral data, training was similar to the
influence of maturation, with trained participants showing more
“adult-like” brain activity. Although limited, these findings provide
initial evidence that training can influence brain networks involved
in interference resolution (Rueda et al., 2005). Whether training in-
terference resolution in adults shows similar results accompanied
by behavioral improvements not found in children has, to our knowl-
edge, not been investigated before.

Although training paradigms typically elicit increased task per-
formance, one major concern is the generalization (“transfer”) of
improvements to other tasks within the same domain or more
complex processes that may rely on the mechanisms ostensibly
improved. Several studies have demonstrated improved perfor-
mance transfer to working memory tasks not directly trained,
including intelligence tests (Dahlin et al., 2008a; Holmes et al.,
2009a; Jaeggi et al., 2008; Klingberg, 2010; Klingberg et al., 2002,
2005; Li et al., 2008).

Theoretically, it has been suggested that transfer occurs if both the
training and transfer tasks share a common mechanism and activate
similar brain regions or networks (Dahlin et al., 2008a). This hypoth-
esis has been supported by studies demonstrating that increased per-
formance in working memory tasks activating frontoparietal network
transferred to similar tasks engaging the same network (Olesen et al.,
2003; Westerberg and Klingberg, 2007) but not to other tasks
recruiting different neural pathways (Dahlin et al., 2008a). However,
it should be noted that a recent large study with 11,000 participants
across 12 different training tasks, including working memory tasks,
found no evidence of transfer (Owen et al., 2010). This study has
been, however, criticized due to lack of training quality control (i.e.
lack of supervision), short average duration of each training session
(10 min), and unstandardized scheduling (i.e., intermittent days
without training; Klingberg, 2010).

Most studies examining the effect of training on neural networks
have shown training-related increases in activation in some regions
and simultaneous decreases in others (Erickson et al., 2006; Milham
et al., 2003; Olesen et al., 2003; Sayala et al., 2006; Siegle et al., 2007;
Westerberg and Klingberg, 2007). For example, a study training
multi-tasking showed increased activation in bilateral DLPFC regions
but decreases in dACC (Erickson et al., 2006). Similarly, while examining
practice effects on a Stroop task, Milham et al. (2003) found a rapid
decrease in dACC activation compared with a slower reduction in
DLPFC activation over the same period of time. The authors suggested
that this dissociation was consistent with a role of the DLPFC in exerting
top-down control and the dACC in detecting response conflict (Milham
et al., 2003). In general, these findings suggest that training-related
regional changes may be explained by a given region's role within a
larger brain network.

Alternatively, several studies examining changes as a function of
motor training have shown reduced activations in motor-related re-
gions, a finding interpreted as indicating increased cortical efficiency
(Haslinger et al., 2004; Meister et al., 2005; Poldrack, 2005; Reithler et
al., 2010; Wu, 2004). For example, one study showed improved be-
havior associated with reduced activation in the same motor-related
regions over one day of practice and after 3 additional days of training
(Reithler et al., 2010). Additionally, after the 3-day training, partici-
pants showed a further reduction in brain activation, which was
maintained when completing a novel or familiar but untrained
motor movement. Along similar lines, cortical efficiency has been in-
voked after observing reduced practice-related activity in visual and
attentional learning (Mukai et al., 2007) as well as working memory
(Sayala et al., 2006) tasks. Collectively, these findings indicate that re-
duced activation may reflect increased efficiency within task-relevant
regions.

The overarching goal of the current study was to investigate wheth-
er cognitive control, specifically interference resolution, could be
improved through training. To accomplish this, we tested whether
training-related improvement in a cognitive control task (the Simon
task) would transfer to improvement in a different task (the Flanker
task). Both tasks activate overlapping frontocingulate pathways and re-
quire interference resolution (Fan et al., 2003; Nee et al., 2007), thus
meeting hypothesized conditions for the transfer of training-induced
improvements (Dahlin et al., 2008a). During a baseline (pre-training)
session, we collected behavioral and ERP data on several tasks. A train-
ing battery was then administered for 3 consecutive days, followed by a
post-training session that was identical to the pre-training session. We
hypothesized that the training would lead to increased performance
(as manifested by more accurate and faster responses) on trials that
include conflicting stimuli dimensions (i.e., incongruent trials) and
involve interference resolution. Trials that contain congruent stimuli
dimensions introduce little conflict, require little or no interference
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resolution, and, therefore, should show negligible improvement from
improved interference resolution abilities. Furthermore, based on
prior studies showing reduced dACC activation through practice
(Erickson et al., 2006; Milham et al., 2003), as well as studies and a
computational model of conflict monitoring showing reduced N2
amplitude with decreased interference (Clayson and Larson, 2011;
Yeung and Cohen, 2006), we expected a reduction in N2 amplitude
from pre- to post-training.

It should be noted that tasks assessing emotional interference
were also trained and evaluated during the pre- and post-training
sessions. To give a complete account of the study, we report the
results of the emotional tasks but the main focus is on tasks assessing
non-emotional interference resolution.

Material and methods

Participants

Participants were recruited through Craigslist postings. Inclusion
criteria included: age between 18 and 35 years, right-handedness,
normal or corrected vision, and ability to provide informed consent.
Participants were excluded if they: were color-blind, reported current
or past neurological or psychiatric illness or learning disability, or
were currently using psychotropic medication. Males and females of
all ethnic origins were eligible to participate. Twenty-three partici-
pants (14 females) were enrolled. One participant withdrew due to
an unrelated medical emergency. Two female participants' data
were excluded from all analyses because of near-chance accuracy
during training. One of these participants repeatedly misunderstood
the instructions and another employed a strategy in which she
disregarded accuracy on congruent trials. Mean age of the remaining
20 participants (11 females) was 27 years (SD=4.32), with
16.5 years (SD=1.34) mean years of education (total subjects avail-
able for the behavioral analyses, n=20). Simon task data (i.e., mean
RT and accuracy for congruent and incongruent trials) for the first
training session was lost for one participant. Each missing data
point was obtained using the expectation-maximization algorithm
(Schafer and Olsen, 1998) in SPSS (version 18). Removing this
participant's data from analyses did not affect results. This participant
was excluded from analyses involving change over the course of
training because the first training session data were interpolated.
Two participants were excluded from all ERP analysis because of ex-
cessive artifacts (more than 75% of trials lost; ERP analyses, n=18).

Procedure

Each testing day is referred to as a “session.” The study consisted
of 5 consecutive sessions. The first and last sessions – the pre-/
post-training sessions – were used to evaluate baseline performance
and performance after three training days, respectively. The pre-
and post-training sessions were procedurally identical, lasted approx-
imately 2 h, and included electroencephalography (EEG) recordings.
In addition, they included a “control task” (see below) to evaluate
possible general effects on motor speeding and hypothesized to be
unaffected by the cognitive training. Participants were compensated
$20 for each pre-/post-training session, and with an additional $15
bonus for completing the study.

During the three intervening training sessions, participants returned
to the laboratory and performed a set of tasks different from those
administered during the pre-/post-training sessions but hypothesized
to train the same underlying mechanisms. Training sessions lasted
approximately 45 min and did not include EEGmeasurements. Subjects
were compensated $10 each training day, with the opportunity of earn-
ing an additional $5 for performance on the Simon task (see below). All
participants completing the study achieved this criterion and received
$100 in total.
Task order in training sessions was counterbalanced and pseudo-
randomized in pre- and post-training sessions.

Equipment

The pre-/post-training sessions began with the placement of a
128-channel Geodesic Sensor Net (Electrical Geodesic Inc., Eugene, Ore-
gon). Participants performed three computer tasks during collection of
ERPs (bandwidth, 0.01–100 Hz; sampling rate: 250 Hz sampling rate;
the vertex electrode (Cz) served as recording reference). Impedances
were kept below 50 kΩ. Tasks were presented with Eprime software
(Psychology Software Tools Inc., Pittsburgh, Pennsylvania) on a 19-inch
monitor. Experimenters positioned participants 45 cm from the monitor.
Participants' responses were collected via a button box for the pre-/
post-training sessions and via a keyboard for the training sessions.

Tasks

Training session

Simon task. Participants were instructed to make responses to probes
presented on either the left or right of a fixation cross with either
their left or right index finger. Participants had to press a button
located on the same side as the probe if presented with a green circle
(congruent probe) but press to the opposite side if presented with a
red circle, red square, or green square (incongruent probe). Circle and
square probes had a 3 mm diameter and were presented at the mid-
point between the edge of the screen and a central fixation cross
(9.2 cm from the fixation cross), which was present throughout the
task. Congruent trials made up 65% of all trials. Probes were presented
for 200 ms followed by a 1500 ms ITI. To incentivize subjects, the task
included a $5 bonus, available each day of training, for achieving at
least 80% accuracy on incongruent trials. Each of the five blocks included
76 trials. Participants received instructions, both verbally and in writing,
to respond as accurately and quickly as possible. The Simon task lasted
approximately 17 min, and was adapted from Holmes and Pizzagalli
(2007).

Emotional Go/NoGo. In the Emotional Go/NoGo, participants responded
in a given block to words within one valence category (i.e., positive,
negative or neutral) while withholding their response to a different
valence category. Two blocks of each of the following target–distractor
pairs were presented: negative targets–positive distractors, negative
targets–neutral distractors, positive targets–negative distractors, and
neutral targets–negative distractors. The stimuli were taken from the
Affective Norms for English Words (ANEW; Bradley and Lang, 1999)
and Standard Corpus of Present-Day American English (Francis and
Kučera, 1979; Francis et al., 1982). Each word was presented in Arial
Narrow, 18-point font for 280 ms, followed by a variable ITI (1000–
1200 ms). The task consisted of 8 blocks (90 trials/block), and each
block included equal numbers of words from two valence categories.
Based on the ANEW database, words from each category did not differ
in length (number of letters) or frequency (pb0.1 for all pairwise
comparisons) but differed as intended in valence ratings (pb0.05 for
all pairwise comparisons). In addition, positive and negative words
did not differ on arousal ratings (positive vs. negative, pb0.1), whereas
the emotional words had higher arousal ratings relative to neutral
words (both psb0.05). The Emotional Go/NoGo task lasted approxi-
mately 15 min, and was adapted from Chiu et al. (2008).

Pre-/post-training sessions

Flanker task. Stimuli consisted of five arrows presented in the center
of the screen. The central arrow was the target, while the four non
-center arrows were distractors. Trials were either congruent
(bbbbb , >>>>>) or incongruent (bb>bb , >>b>>). The trial



1 The low rate of incorrect responses precluded analyses of post-error behavioral ad-
justments. Specifically, only four participants averaged more than 3 errors per session
over the course of the training period. Furthermore, 10 out of 21 participants had less
than 5 errors in either the pre- or post-training session.
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began with the onset of the four distractor flanker arrows. After
100 ms, the central target arrow appeared for an additional
100 ms. Arrows were 1 cm in length and separated by a space of
0.75 cm. Subjects had 1500 ms to indicate, as fast and accurately
as possible, the direction of the target arrow by using the index fin-
ger of the corresponding hand. Trials were interspersed with vari-
able (1800–2550 ms) intertrial interval (ITI), during which a
fixation cross was presented. To familiarize participants with the
task, a practice block of 24 trials was presented (16 congruent, 8 in-
congruent). Following the practice block, participants completed
five experimental blocks, each consisting of 70 trials per block (46
congruent, 24 incongruent). The number of previously congruent
trials prior to each incongruent trial was fully randomized using
optseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/). The Flanker
task lasted approximately 17 min, and was adapted from Holmes
et al. (2010).

Emotional Face Stroop task. The Emotional Face Stroop task consisted
of 148 presentations of black and white happy or fearful faces de-
rived from the NimStim set of facial expressions (Tottenham et al.,
2009). Each face was cropped and presented with the word “FEAR”
or “HAPPY” written horizontally in red letters across the middle of
the nose. The word and facial expression were either congruent or
incongruent. The stimuli, which had a height of 10.5 cm and a
width of 7.8 cm, were presented for 1000 ms. A central fixation
cross was shown during a variable ITI (3000–5000 ms). In order to
familiarize participants with the task, a practice block of 10 trials
was presented. Following the practice block, participants completed
148 total trials across 4 blocks, in pseudorandom order. There were
equal numbers of incongruent and congruent trials. In addition, to
avoid potential confounds of priming effects (Mayr et al., 2003),
there were also equal numbers of incongruent–congruent,
and incongruent–incongruent, congruent–congruent, and congru-
ent–incongruent trial combinations. To further prevent priming
effects, identical faces were not presented consecutively. Partici-
pants were instructed to respond as fast and accurately as possible
to the facial expression by pressing response buttons corresponding
to “fear” or “happy” with their index fingers (within a 1000 ms
response window). Buttons corresponding to fear and happy facial
expressions were counterbalanced across sessions and participants.
The task lasted 13 min, and was adapted from Etkin et al. (2006).

Two-choice Reaction Time task. A Two-choice Reaction Time (RT) task
was administered as a motor control task (i.e., performance in this
task was expected to be unaffected by the training). The target in
the task was a blue circle, which was presented for 200 ms and
to which participants had to respond within 1500 ms. The target
was followed by a variable ITI (1500–2500 ms). Probes, which
had the same dimensions as stimuli in the Simon task (3 mm di-
ameter), were presented on either the left or right of a fixation
cross (9.2 cm from the fixation cross) and participants were
instructed to make corresponding responses with either their left
or their right index finger as quickly and accurately as possible.
Throughout the task, a central fixation cross was presented. Partic-
ipants completed 76 trials in one block. The Two-choice RT task
lasted approximately 3 min.

Data reduction

Behavioral performance
For the Flanker, Simon, Emotional Face Stroop, and Two-choice RT

tasks, only trials with a response were considered (Flanker: 99.87%;
Simon: 99.83%; Emotional Face Stroop: 99.85%; Two-choice RT:
99.80%). Trials with RTs (after log10 transformation) ±3 standard
deviations outside an individual's mean for each condition were also
excluded (Flanker: 1.32%; Simon: 0.98%; Emotional Face Stroop: 1.50%;
Two-choice RT: 0%). Themain analyses for Flanker, Simon and Emotional
Face Stroop tasks focused on Incongruency and Gratton effects.1

The Incongruency effect is computed by comparing RT [RTIncongruent−
RTCongruent] and accuracy [AccuracyCongruent−AccuracyIncongruent] for con-
gruent versus incongruent trials, with higher scores indicating greater in-
terference effects. The Gratton effect (Gratton et al., 1992) is a measure
of behavioral adjustments following trials that introduce conflict. It
compares RT and accuracy of incongruent trials preceded by an incon-
gruent (I-I trials) versus congruent trials (C-I trials) [RTIncongruent Trials

Following Congruent Trials−RTIncongruent Trials Following Incongruent Trials;
AccuracyIncongruent Trials Following Incongruent Trials−AccuracyIncongruent Trials
Following Congruent Trials]. Higher scores indicate larger Gratton effects and
more adaptive behavioral adjustments following incongruent trials. In
order to disentangle interference and error effects, only correct trials
were considered in the calculation of the Incongruency and Gratton
RT effects (Pizzagalli et al., 2006).

For the Emotional Go/NoGo, RT to targets and d′were calculated. d′
is a measure of sensitivity to the target and was computed by
subtracting the z-score of the false alarm rate from the z-score of the
hit rate (Macmillan and Creelman, 2005).

ERP data
Event-related potentials were analyzed using Brain Vision Analyzer

(Version 1.05; Brain Products GmbH, Gilching, Germany). Aftermanually
inspecting continuous EEG data, periods with large movement-related
artifacts were removed. Eye-movement artifacts (e.g., blinks) were
corrected using an Independent Component Analysis (ICA). Channels
with excessive noise were replaced using a spatially weighted linear in-
terpolation of adjacent channels (Hjorth, 1975). Next, segments were
extracted 300 ms before and 924 ms after the onset of the Flanker target,
followed by automatic artifact rejection (maximal voltage step/gradient:
50 μV; maximal amplitude: ±175 μV; absolute amplitude difference
within-segment: 200 μV). Segments were averaged within each subject,
band-pass filtered (no additional high-pass, low-pass 30 Hz, 12 dB/
octave), baseline-corrected using a 300–100 ms pre-stimulus window
(all findings were confirmed using a 300–200 ms baseline), and
re-derived to average reference. Grandmean ERPwaveformswere aver-
aged across subjects, conditions, and sessions. Topographic maps were
created in Brain Vision Analyzer using a linear interpolation algorithm.

In light of prior findings (Holmes and Pizzagalli, 2008; Kopp et al.,
1996; Yeung and Cohen, 2006; Yeung et al., 2004), the N2 component
was the main variable of interest to examine training effects. Periods
for ERP analyses were empirically defined using a space-oriented
bootstrapping segmentation procedure (Koenig and Lehmann, 1996),
which defined the onset and end point of stable field configurations
thought to index specific brain functions, known as “microstates.”
Onset and end point for the N2 component were determined by exam-
ining the differences in overall field configuration at two successive
time frames, as determined by the Global Map Dissimilarity (GMD)
value. GMD values range between 0 (identical maps) and 2 (two
maps with identical topography but inversed polarity). Peak GMDs
occur at times with the greatest difference in field configuration
between two successive maps and are used to establish the boundaries
of microstates (Lehmann and Skrandies, 1984). Microstate boundaries
were confirmed through visual inspection of ERP waveforms.

Based on prior literature (Holmes and Pizzagalli, 2008) and sensors
showing maximal deflections in the current study, amplitudes were
extracted from the following fronto-central channels: F1, Fz, F2, FC1,
FCz, FC2, C1, Cz, C2, Cp1, Cpz, and Cp2. All analyses were replicated at
site Cz, the canonical electrode for N2 (Kopp et al., 1996). N2 amplitude
was calculated as the average voltage amplitude 244–332 ms following

http://surfer.nmr.mgh.harvard.edu/optseq/
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the onset of the Flanker target. To limit the number of tests and based on
prior findings (Kopp et al., 1996), follow-up correlational analyses
between behavioral performance and ERP amplitude considered N2
amplitude extracted at Cz. On average, a minimum of 74.50 trials
were available for ERP analyses (see Supplemental Materials).

Statistical analyses

Behavioral data

Training sessions. For the Simon task, a 3 (Session; 1, 2, 3)×2 (Condition;
incongruent, congruent) repeated measures analysis of variance
(ANOVA) was run to examine RT and accuracy Incongruency effects.
For the Gratton effects, a similar ANOVAwas used except the two levels
of Condition were I-I and C-I trials. For the Emotional Go/NoGo, d′
values and RT were entered into separate Session (1, 2, 3)×Emotion
(positive, negative, neutral) ANOVAs.

Pre-/post-training. Similar to the Simon task analysis, a repeated mea-
sures ANOVA was employed to examine Incongruency and Gratton
effects in the Flanker task, with the exception that Session contained
two levels (pre-, post-training). Emotional Face Stroop data were en-
tered in similar ANOVAs for Incongruency and Gratton effects with an
additional 2-level factor of Emotion (fear, happy facial expression).
Because Emotion effects are secondary to study hypotheses, they are
reported in the Supplemental Materials. For the Two-choice RT task, sep-
arate paired t-tests were conducted to compare pre- vs. post-training
performance (RT and accuracy).

For all ANOVAs with a Condition factor, Condition×Session interac-
tions were the main effects of interest. Significant ANOVA effects
were followed-up using Newman–Keuls tests. When the assumption
of sphericity was violated, a Greenhouse–Geiser correction was used.
Partial η2 was reported for all effect sizes. For all ANOVAs examining
behavioral data, n=20.

ERP data
N2mean amplitudeswere entered into a 4 (Caudality; F, FC, C, Cp)×3

(Laterality; left, central, right)×2 (Session; pre-, post-training)×2 (Con-
dition; incongruent, congruent) ANOVA (n=18).2

Correlation of change scores
To examine putative transfer effects between tasks, Pearson cor-

relations were computed between variables across sessions. First,
to account for the relative difference between incongruent and con-
gruent trials, we calculated Incongruency effects for Flanker RT and
Flanker N2 amplitude (at Cz) by subtracting incongruent from con-
gruent trials within each pre- and post-training session separately
[e.g., RTPre-training Session Incongruent Trials−RTPre-training Session Congruent

Trials]. Then, to capture training-related changes, we subtracted the
pre-training session RT Incongruency effect from the same effect in the
post-training session [e.g., RTPre-training Incongruency Effect−RTPost-training Ses-

sion Incongruency Effect]. An identical subtraction was computed for the N2
amplitude. These double subtractions resulted in an Incongruency effect
(i.e. incongruent−congruent) change score (i.e. pre-training−
post-training session) for both N2 amplitude and RT.

Next, we ran three correlations for the pre-training and post-training
sessions (n=18). First, to test for a relationship between ERP and be-
havioral data within the pre-training session, we correlated pre-training
Incongruency effect N2 amplitude and RT. Second, we conducted the
2 Due to artifacts, there were too few I-I trials (pre: 13.22±3.12, post: 15.56±5.14)
to conduct an ANOVA for Gratton effects in the ERP data. Although some groups have
suggested that 6–8 error trials are sufficient to elicit a stable error-related negativity
component (Olvet and Hajcak, 2009), others have argued that 20 target trials are re-
quired for other ERP components (Cohen and Polich, 1997). Given the low number
of I-I trials and the fact that two subjects had at least one session with less than 6 total
I-I trials, we decided to forgo analysis of Gratton effects.
same correlation with post-training N2 and RT data. Third, we correlated
the Incongruency effect (i.e. incongruent−congruent) change score (i.e.
pre-training−post-training session) for Flanker task N2 and Flanker
task RT.

In order to better understand transfer effects, we conducted two
additional correlations examining pre-training/post-training data
and training session RT. We computed a similar Incongruency effect
(i.e. incongruent−congruent) change score (i.e. training session
1−training session 3) to capture relative changes in RT from the be-
ginning to the end of training. We then correlated this training ses-
sion effect with similar Incongruency effect change scores for
pre-training/post training Flanker task 1) RT (n=19) and 2) N2 am-
plitude (n=17; the participant whose first training day data was lost
was excluded from this analysis).

Practice effects
To examine potentially confounding practice effects, we compared

changes in RT (n=20) and N2 amplitude at site Cz (n=18) over the
course of the pre-training session with similar changes between
pre-training and post-training days. If participants showed large reduc-
tions in RT and N2 amplitude during the pre-training session and small-
er reductions between the pre- and post-training, practice effects may
account for the reduction from pre- to post-training. Therefore, N2
amplitude and RT for the pre-training and post-training sessions were
divided into “early” (Blocks 1 and 2) and “late” (Blocks 4 and 5) blocks.
For each variable, a 4 (Time; pre-training early, pre-training late,
post-training early, post-training late)×2 (Condition; congruent, incon-
gruent) ANOVA was conducted.

Results

Training sessions

Table 1 summarizes ANOVA effects for the training sessions.

Simon task

Incongruency effects. The Condition (incongruent, congruent)×Session
(1, 2, 3) ANOVA revealed the expected main effect of Condition for
both RT and accuracy scores (Table 1A), which were due to slower
and less accurate responses to incongruent relative to congruent trials
(Table 2). For both RT and accuracy, the main effect of Session was also
significant (Table 1A). Post-hoc Newman–Keuls tests demonstrated
significant RT decreases throughout the training sessions (Table 3;
Fig. 1A). There were significant increases in accuracy from session 1
to sessions 2 and 3, but no difference between sessions 2 and 3
(Table 3; Fig. 1B). For both RT and accuracy, the Condition×Session in-
teraction was not significant (Table 1A).

Gratton effects. The Condition (C-I, I-I trials)×Session (1, 2, 3) con-
firmed a main effect of Session for both RT and accuracy (Table 1A).
For RT, the effects were due to faster RT from session 1 to sessions 2
and 3 but no difference between sessions 2 and 3 (Table 3; Fig. 1C).
For accuracy, participants demonstrated greater accuracy in session
3 relative to session 1 (Table 3; Fig. 1D). For RT, the Session main ef-
fect was qualified by a significant Session×Condition interaction
(Table 1A), indicating that the Gratton effect differed across sessions.
Post-hoc tests indicated that RT was faster to I-I versus C-I trials
during session 1 (590.08±60.12 vs. 599.81±61.50 ms, pb .05) and
session 2 (541.64±76.01 vs. 550.16±72.12 ms, p>.05), but not in
session 3 (528.28±82.86 vs. 525.11±74.87 ms, p>.30; Fig. 1C).
Thus, a significant Gratton effect was seen in sessions 1 and 2 but
not in session 3.

Collectively, these findings indicate that the Simon training task
elicited (1) intended behavioral effects, (2) robust and systematic be-
havioral improvement over the course of the training sessions, and



Table 1
Summary of ANOVA findings for the training tasks.

Effect Contrast df F p Partial η2

A) Simon task
Incongruency RT Condition 1,19 18.39 .001 .492

Session 2,38 37.17 .001 .662
C×Sa 2,38 0.88 .423 .044

Incongruency accuracy Condition 1,19 4.78 .042 .201
Session 2,38 8.05 .001 .298
C×S 2,38 0.69 .510 .035

Gratton RT Condition 1,19 3.19 .090 .144
Session 2,38 26.27 .001 .580
C×S 2,38 3.85 .030 .168

Gratton accuracy Condition 1,19 0.11 .748 .006
Session 2,38 3.67 .035 .162
C×S 2,38 0.55 .581 .028

B) Emotional Go/NoGob

d′ Session 2,38 6.19 .005 .246
RT Session 2,38 2.91 .066 .133

a C×S: Condition×Session interaction.
b Ancillary effects as a function of Emotion are available in the Supplemental Materials.

Table 3
Mean (SD) RT and accuracy for Incongruency and Gratton trials across training sessions
(averaged across conditions) for the Simon task.

Session 1 Session 2 Session3

Incongruency trials
RT (ms)a 575.74 (63.40) 529.99 (77.10) 504.73 (79.02)
Accuracyb 0.964 (0.022) 0.974 (0.029) 0.979 (0.024)

Gratton trials
RT (ms)b 594.94 (59.99) 545.90 (73.67) 526.70 (78.40)
Accuracyc 0.958 (0.028) 0.965 (0.043) 0.976 (0.033)

a For Incongruency, significant RT reductions were observed between each succes-
sive session (all pairwise pb0.05).

b For Incongruency accuracy and Gratton RT, significant differences were observed
between sessions 1 and 2, but not between sessions 2 and 3 (all pairwise pb0.05).

c For Gratton trials, accuracy was significantly increased from session 1 to 3, but
neither session were significantly different from session 2 (pb0.05).
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(3) improved cognitive control at the end of the training, as
manifested by the absence of the Gratton effect in session 3.

Emotional Go/NoGo
The Emotion×Session ANOVA for d′ revealed a main effect of Ses-

sion (Table 1B) due to significant improvement in d′ from training
session 1 (2.81±0.48) to session 2 (3.03±0.60; pb .01) but not
from session 2 to session 3 (3.05±.47, p>.7). (For more information,
as well as effects of Emotion, see the Supplemental Materials).

Pre-/post-training sessions

Table 4 summarizes ANOVA effects for the Flanker task.

Flanker task: behavioral data

Incongruency effects. The Session (pre-, post-training)×Condition
(incongruent, congruent) ANOVA revealed the expected main ef-
fects of Condition for both RT and accuracy (Table 4A). These effects
were due to increased RT and lower accuracy for incongruent
relative to congruent trials (Table 5A). Critically, for RT, a significant
Session×Condition interaction emerged (Table 4A; Fig. 2A). Post-hoc
Table 2
Mean (SD) RT and accuracy (averaged across sessions) for the Simon task.

Condition Mean (SD)

Incongruency RT (ms)⁎⁎

RT incongruent 557.22 (66.08)
RT congruent 516.42 (80.09)
Incongruency effect 40.80 (42.54)

Incongruency accuracy⁎

Accuracy incongruent 0.965 (0.036)
Accuracy congruent 0.979 (0.013)
Incongruency effect 0.015 (0.030)

Gratton RT (ms)
C-I trialsa 558.36 (65.52)
I-I trialsb 553.33 (68.15)
Gratton effect 5.02 (12.58)

Gratton accuracy
C-I trialsb 0.965 (0.040)
I-I trialsb 0.968 (0.027)
Gratton effect 0.003 (0.033)

⁎ Significant difference between congruent and incongruent conditions pb0.05.
⁎⁎ Significant difference between congruent and incongruent conditions pb0.001.
a Incongruent trials following congruent trials.
b Incongruent trials following incongruent trials.
Newman–Keuls tests revealed that RT for incongruent trials de-
creased significantly from pre-training to post-training (399.23±
38.90 vs. 380.96±43.52 ms, pb .001; Cohen d value: .609), while
congruent trials remained unchanged (310.55±43.99 vs. 308.96±
48.95 ms, p>.5; Fig. 2A). No other effects emerged (Table 4A;
Fig. 2B).

Gratton effects. The Session (pre-, post-training)×Condition (C-I, I-I trials)
ANOVAs revealed main effects of Condition for both the RT and accuracy
(Table 4A) scores, due to the expected decreased RT and higher accuracy
for I-I trials versus C-I trials (Table 5A). For RT, a main effect of Session
also emerged (Table 4A, Fig. 2C), due to a general decrease in RT from
the pre- to post-training session (396.43±38.32 vs. 378.56±
44.73 ms, pb .05). Critically, for accuracy, the main effect of Condition
was qualified by a significant Session×Condition interaction (Table 4A),
due to significantly improved accuracy pre-to-post for C-I trials (pre:
0.832±0.149, post: 0.875±0.159, pb .001; Cohen d value: −0.404),
but not I-I trials (pre: 0.931±0.083, post: 0.936±0.100, p>.50;
Fig. 2D).

Collectively, these findings indicate that the Flanker task elicited
(1) intended behavioral effects, (2) pre- to post-training behavioral
improvements, and (3) improved cognitive control post-training, as
manifested by RT speeding for high interference (incongruent) trials
and better accuracy for C-I trials after training.

Flanker task: ERP data
ANOVA results for the ERP data are summarized in Table 4B. For

brevity, only effects involving Session and Condition will be discussed.
For complete ANOVA results, see Table S4 in the Supplemental
Materials.

N2. The Caudality (F, FC, C, Cp)×Laterality (left, central, right)×Session
(pre-, post-training)×Condition (incongruent, congruent) ANOVA
revealed a main effect of Condition (Table 4B); as expected based on
prior studies (e.g., Folstein and Van Petten, 2008; Kopp et al., 1996),
incongruent trials elicited significantly more negative N2 amplitude
compared to congruent trials (Table 5B). The effect of Session reached
trend level (Table 4B), with more negative N2 amplitude for
pre-training than post-training session (−0.08±2.20 μV vs. 0.52±
2.16 μV, pb .06). Critically, these effects were qualified by a significant
Session×Condition interaction (Table 4B). Post-hoc Newman–Keuls
tests revealed significantly smaller N2 for incongruent trials in the
post‐relative to pre-training (0.34±2.50 μV vs. −0.62±2.35 μV;
pb .001; Cohen d value: −0.753), whereas there was no change for
congruent trials (pre: 0.47±2.14 μV vs. post: 0.69±1.91 μV; p>.15;
Figs. 3A, Fig. 4).

The ANOVA also demonstrated a significant Laterality×Condition×
Session interaction [F(1,17)=4.70, pb .05; partial η2=.217]. Follow-up
Session×Condition ANOVAs revealed a significant Session×Condition



Fig. 1. Summary of Simon task behavioral findings for the training sessions (n=20). Mean RT (A) and accuracy (B) across training sessions. (C) Significant Condition×Session interaction
for Gratton effect RT. Comparedwith C-I trials, I-I trials showed significantly faster RT in sessions 1 and2 but not in session 3. (D)Mean accuracy for theGratton trials. Error bars denote S.E.

Table 5
Mean (SD) RT and accuracy (averaged across sessions) for the Flanker task.

Flanker task Mean (SD)

A) Behavioral performance
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interaction at each level of Laterality, but the effect was strongest for cen-
tral electrodes [Central, F(1,17)=16.51, p=.001; partial η2=.493; Right,
F(1,17)=5.01, p=.039; partial η2=.228; Left, F(1,17)=7.48, p=.014;
partial η2=.305].

Emotional Face Stroop task
For brevity, only effects involving Condition or Session are discussed.

The Emotion×Condition×Session ANOVAs for RT and accuracy for
Incongruency and Gratton effects revealed main effects of Condition
with congruent and I-I trials eliciting expected increased accuracy and
reduced RTs (Table S2 and S3), compared with incongruent and C-I tri-
als, respectively (Fs>11.00, psb .005). There were no effects of Session
or Session×Condition interactions (Fsb1.6, ps>.2). (For the Condition
ANOVA results, Conditionmeans and effects of Emotion, see the Supple-
mental Materials).

Two-choice RT task
For RT, no significant difference emerged between pre- and

post-training sessions [t>-2.00, p>.10]. In spite of ceiling effects,
Table 4
Summary of ANOVA findings for the pre-/post-training Flanker task.

Effect Contrast df F p Partial η2

A) Behavioral performance
Incongruency RT Condition 1,19 132.27 .001 .874

Session 1,19 2.60 .124 .120
C×Sa 1,19 20.79 .001 .522

Incongruency
accuracy

Condition 1,19 17.42 .001 .478
Session 1,19 1.89 .185 .091
C×S 1,19 2.31 .145 .109

Gratton RT Condition 1,19 13.54 .002 .416
Session 1,19 7.04 .016 .270
C×S 1,19 0.01 0.91 .001

Gratton accuracy Condition 1,19 14.80 .001 .438
Session 1,19 1.10 .307 .055
C×S 1,19 4.91 .039 .205

B) Event-related potential
N2 (244–332 ms) Condition 1,17 10.91 .004 .391

Session 1,17 4.32 .053 .203
C×S 1,17 10.71 .004 .387

a C×S: Condition×Session interaction.
accuracy improved from the pre- (0.9921±0.0079) to post- (0.9967±
0.0059) training session [t(19)=−2.34, pb .05, η2=.223].
Correlation between behavioral data and Flanker task ERPs

Correlations between N2 amplitudes at site Cz and RT for
Incongruency effects in the Flanker task showed no relationship within
either the pre- or post-training session (pre: r=.23; post: r=.16,
ps>.30). However, when examining the relationship between change
(i.e. pre-−post-training) in Incongruency effects for N2 amplitude and
Flanker RT, a trending correlation emerged (r=.45, pb .06; Fig. 3B). Ac-
cordingly, participants showing the largest reduction in Incongruency
Incongruency RT⁎⁎

RT incongruent 390.10 (38.45)
RT congruent 309.75 (44.47)
Incongruency effect 80.34 (31.24)

Incongruency accuracy⁎⁎

Accuracy incongruent 0.865 (0.138)
Accuracy congruent 0.989 (0.012)
Incongruency effect 0.125 (0.133)

Gratton RT⁎

C-I trialsa 390.43 (38.02)
I-I trialsb 384.56 (39.95)
Gratton effect 5.88 (7.14)

Gratton accuracy⁎

C-I trialsa 0.854 (0.145)
I-I trialsb 0.933 (0.073)
Gratton effect 0.080 (0.093)

B) Event-related potentials
N2 (244–332 ms)⁎

Incongruent −0.14 (2.34)
Congruent 0.58 (1.92)

⁎ Significant difference between conditions pb0.005.
⁎⁎ Significant difference between conditions pb0.001.
a Incongruent trials following congruent trials.
b Incongruent trials following incongruent trials.



Fig. 2. Summary of Flanker task behavioral findings for the pre-/post-training sessions (n=20). Mean RT (A) and accuracy (B) for each session separately. For RT, a significant
Condition×Session interaction emerged, due to significantly faster RT for incongruent – but not congruent – trials from pre- to post-training. (C) Mean for Gratton effect RT.
(D) A significant Condition×Session interaction for Gratton effect accuracy. Following training, C-I trials showed a greater increase in accuracy than I-I trials. Error bars denote S.E.
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effect for N2 amplitude frompre- to post-trainingwere also characterized
by the largest reduction in Flanker RT interference effect.

Particularly important for the study hypotheses, a relationship
between pre-to-post changes in Incongruency effect (i.e., congruent− in-
congruent) for Flanker N2 amplitude and training-induced changes (i.e.,
Session1−Session3) in interference effects (i.e. incongruent–congruent)
during the Simon task RT emerged (r=.56, pb .05; Fig. 3C). Thus,
participants showing the largest reduction in RT interference in the
Fig. 3. Summary of ERP findings. (A) Target-locked mean waveforms (averaged across channe
during pre- and post-training sessions. (B) Correlation between change (pre-training session−
amplitude at site Cz in the Flanker task (r=.45, pb .06). (C) Correlation between change (train
the Simon task and Incongruency effect change (pre-−post-training) inmeanN2 amplitude at
Simon task from session 1 to session 3 also showed the largest reduction
in Flanker N2 amplitude from the pre- to post-training.

Correlations of RT interference changes between the Simon and
Flanker Tasks were not significant (r=.13, p>.5).

Practice effects
To examine potential practice effects that would explain impro-

vements from pre- to post-training, a separate 4 (Time; pre-training
ls F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2, Cp1, Cpz, Cp2) for incongruent and congruent trials
post-training session) in interference effect (incongruent–congruent) RT and mean N2

ing session 1−training session 3) in interference effect (incongruent–congruent) RT for
site Cz in the Flanker Task (r=.56, pb .05). This latter correlation highlights transfer effects.
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Incongruent Congruent

Post-training Session

Fig. 4. Topographic map of the N2 component for incongruent and congruent trials
during the (A) pre-training session and (B) post-training session. Compared with the
pre-training session, post-training session responses to incongruent trials were signif-
icantly reduced. Potential response to congruent trials shows no difference from pre- to
post-training. Although the map has a more anterior distribution in the post- relative
to the pre-training session, the Caudality (F, FC, C, Cp)×Session (pre-, post-training),
Caudality×Session×Condition (incongruent, congruent) and Caudality×Laterality (left,
central, right)×Session×Condition interactions were not significant (see also Table S4).
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early, pre-training late, post-training early, post-training late)×2
(Condition; congruent, incongruent) ANOVA was conducted for RT
and N2 amplitude at Cz. Both ANOVAs revealed a main effect of Con-
dition [RT: F(1,20)=138.35, pb .001; partial η2=.874; N2: F(1,17)=
11.32, pb .005; partial η2=.400] but no effect of Time (ps>.06). Both
ANOVAs revealed significant Time×Condition interactions [RT:
F(1,20)=23.57, pb001; partial η2=.541; N2: F(1,17)=4.58, pb .01,
partial η2=.212].

Post-hoc Newman–Keuls tests revealed a significant increase in RT
for incongruent trials from blocks 1–2 to blocks 4–5 within the
pre-training session (pb .05) but no change for congruent trials
(p>.2). This indicates that the participants displayed poorer perfor-
mance for incongruent trials over the course of the pre-training ses-
sion. However, when comparing the pre- and post-training sessions
(i.e. blocks 4–5 of the pre-training session with blocks 1–2 of the
post-training), post-hoc tests showed a significant decrease in RT
for incongruent trials (pb .001), but no difference for congruent trials
(p>.2). Thus, RT only improved for incongruent trials and only from
before-to-after the training.

Therewere similar results for the N2 amplitude. Post-hoc Newman–
Keuls tests revealed no differences between blocks 1–2 and blocks 4–5
of the pre-training session for incongruent or congruent trials (p>.2),
indicating no changes with the pre-training session. There was, howev-
er, a significant decrease in amplitude for incongruent (pb .001), but not
congruent (p>.2) trials, when comparing blocks 4–5 of the pre-training
session with blocks 1–2 of the post-training session, suggesting that
performance enhancements took place during the training days. These
findings suggest that pre-to-post-training reductions in RT and N2 am-
plitude did not occur as the result of practice effects from the
pre-training session, but instead due to the three intervening training
sessions.
Discussion

The aim of the current study was to investigate whether cognitive
control can be trained and whether improvements in cognitive
control would transfer to an untrained task assumed to engage simi-
lar mechanisms. While prior studies have examined training effects
on working memory (Dahlin et al., 2008a; Jaeggi et al., 2008;
Klingberg, 2010; McNab et al., 2009; Olesen et al., 2003; Westerberg
and Klingberg, 2007) and executive function (Diamond et al., 2007;
Moreno et al., 2011; Thorell et al., 2009), no study has shown training
and transfer effects with tasks requiring interference resolution, such
as the Flanker and Simon tasks, in adults (for initial evidence in
children, see Rueda et al., 2005). The current brief training consisted
of three consecutive days in which participants performed the
Simon task as well as an Emotional Go/NoGo also known to engage
frontocingulate pathways (e.g. Chiu et al., 2008; Elliott et al., 2000).
We assessed pre- and post-training performance with the Flanker
task while collecting ERPs. Several important findings emerged.

First, both behavioral (RT and accuracy) and ERP (N2) data
confirmed expected Incongruency effects (e.g., longer RT, lower accu-
racy and larger N2 for incongruent vs. congruent trials), indicating
that tasks elicited the intended effects. Second, a robust and system-
atic behavioral improvement over the course of the training sessions
was evident; this culminated in improved cognitive control at the end
of the training, as manifested by the absent Gratton effect in session 3.
Third, and most importantly, following training on the Simon and
Emotional Go/NoGo task, participants demonstrated improved be-
havioral performance on the Flanker task, as manifested by faster
RTs on trials requiring interference resolution (incongruent trials)
while maintaining similar accuracy from pre- to post-training and
better accuracy in C-I trials (i.e. trials requiring increased cognitive
control). This selective RT speeding was complemented by a hypoth-
esized reduction in N2 amplitude for incongruent, but not congruent,
trials. Fourth, control analyses indicated that pre-to-post reductions
in both RT and N2 were not the result of practice effects. Finally, par-
ticipants showing the greatest pre-to-post decrease in Incongruency
effects for N2 amplitude displayed the largest reductions in RT inter-
ference effects for the Flanker and Simon tasks.

The selective reductions in RT and N2 amplitude for incongruent
trials suggest that mechanisms of interference resolution were
improved. Support that training led to this enhanced interference reso-
lution stems from the correlation between reduced pre-to-post N2
amplitude and decreased RT interference effects over the course of
training. Yeung and Cohen (2006) argued that smaller N2 amplitude
should result from decreased processing of the irrelevant stimulus
dimension of a trial. Thus, there are at least two different general
processes that could explain reduced interference: those that resolve
conflict within an incongruent trial and those that monitor and call for
increased conflict resolution mechanisms following an incongruent
trial. The former category of processes may include enhanced
“automatic” attentional processes. Cohen et al. (1992) conceptualized
automatic versus controlled processing as a spectrum; practice or train-
ing causes activities previously requiring controlled processes to
becomemore automatic. They described several features signifying au-
tomaticity, including reduced RT, reduced requirements for attention
and release from attentional control following practice (Cohen et al.,
1992). Similarly, a study showing reduced dACC and DLPFC activity
over the course of a practice session was interpreted as evidence for
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decreased conflict and a concurrent reduced need for control, respec-
tively (Milham et al., 2003).

In general, automatic attentional processes are relaxed during
congruent trials, allowing increased processing of task-irrelevant fea-
tures, leading to increased conflict on an ensuing incongruent trial
(Carter and van Veen, 2007). The automating of these attentional pro-
cesses due to training may have decreased the extent to which atten-
tion was relaxed during congruent trials, resulting in less need for
effortful control and less conflict during subsequent incongruent tri-
als. Reduction in N2 and RT from pre- to post-training training pro-
vides evidence of less conflict and the possibility that attention
becamemore automated. Additionally, when compared with I-I trials,
there was a larger reduction in RT for Simon task C-I trials over the
course of training and a larger pre-to-post increase in Flanker task
C-I trial accuracy. That is, over the course of training, there was a
diminishing influence of a congruent trial on a subsequent incongru-
ent trial, providing evidence that the tendency for attentional pro-
cesses to relax during congruent trials was reduced after training.
Furthermore, increased attention would not necessarily facilitate con-
gruent trials because there is no interference to inhibit or avoid.

Evidence that training improved processes that monitor and call
for increased conflict resolution (i.e., trial-to-trial adaptation) was
more limited. In both the Flanker and Simon tasks, I-I trials showed
significant reductions in RT from pre- to post-training and over the
course of training, respectively,3 but this could be explained by the
mechanisms discussed previously. Regardless, reduced N2 amplitude
could be the result of increased dACC efficiency or connectivity be-
tween dACC and DLPFC, including less dACC activity required to call
on the DLPFC to exert control. Future studies using similar training
procedures in conjunction with functional magnetic resonance imag-
ing (fMRI) and methods to probe functional connectivity between
dACC and DLPFC will be needed to assess whether training strength-
ened connectivity between these regions, which might support im-
proved I-I trial performance.

There were inconsistencies between the behavioral outcomes for
the training sessions and the pre-/post-training sessions. First, the
Flanker task showed selective RT speeding for incongruent trials
from pre- to post-training, whereas the Simon task displayed
increased accuracy and decreased RTs for both congruent and
incongruent trials over the course of training. Second, compared to
I-I trials, participants showed reduced C-I trial RT during the training
but higher C-I trial accuracy during the pre-/post-training task. The
robust performance enhancement for all trials during the training is
not surprising in light of many studies showing that individuals im-
prove on any task that they perform repeatedly (Owen et al., 2010),
especially when practiced several days a week (Jaeggi et al., 2008;
Olesen et al., 2003). These robust practice effects could have
overshadowed subtler performance markers of enhanced cognitive
control behavior during the Simon task. For example, improved inter-
ference resolution mechanisms might have resulted in a small de-
crease in incongruent trial RT over the course of training, similar to
the Flanker task. But larger practice effects causing both incongruent
and congruent trial RT to decrease dramatically may have dwarfed
this improvement. The larger RT reduction for high-conflict C-I trials,
compared with I-I trials, suggests that, in addition to large practice
effects, there were increases in cognitive control.
3 Paired t-tests revealed significantly decreased RT from (1) the pre- to post-training
for Flanker I-I trials [t(19)=2.25, pb .05], and (2) session 1 to session 3 for Simon I-I RT
[t(19)=5.51, pb .001]. As described in the main text, Flanker I-I accuracy did not
change from pre- to post-training. Simon I-I accuracy showed a trend-level improve-
ment from session 1 to session 3 [t(19)=−1.98, pb .07]. Although processes leading
to improved resolution can explain reduced I-I trial RT, I-I performance could have also
been enhanced by increased efficiency in mechanisms monitoring and calling for in-
creased cognitive control (i.e. trial-to-trial adaptation).
Incentivizing participants to focus on accuracy during the Simon
task may also have contributed to inconsistencies between training
and pre-/post-training sessions. We incentivized subjects to perform
better than 80% accuracy for incongruent trials, which may have led
to slowing on incongruent trials to maintain an acceptable accuracy.
Without this modification, participants might have shown even faster
RTs for incongruent trials over the course of training. Similar to the
previous point, by examining only incongruent trials in the Gratton
effect, the larger reduction of C-I trial RT, compared with I-I trials
RT, suggests that, when controlling for the accuracy incentives,
there was evidence for increased cognitive control. Accuracy incen-
tives may have led participants to increase their focus on incongruent
trials, potentially enhancing the training effect. However, the incen-
tives may have also produced altered performance during the train-
ing period, making it more difficult to relate behavioral outcomes
between the training and pre-/post-training sessions for both
Incongruency and Gratton effects.

The Emotional Face Stroop and Emotional Go/NoGo tasks were
included to assess potential training-induced improvements in mech-
anisms involved in emotional conflict. Both tasks have been shown to
activate rostral ACC (rACC), an area associated with emotional inter-
ference resolution (Chiu et al., 2008; Etkin et al., 2006). Our findings,
however, demonstrate a clear lack of training. Although the Emotion-
al Face Stroop robustly elicited expected effects, there was no im-
provement pre- to post-training. One potential explanation for these
findings could be that the Emotional Go/NoGo and Simon training
tasks rely on different interference resolution mechanisms than the
Emotional Face Stroop task, resulting in a lack of transfer effects. Con-
sistent with this speculation, studies using Emotional Go/NoGo tasks
have described rACC activation when comparing emotional to
non-emotional targets, but right ventrolateral frontal cortex activa-
tion in response to trials requiring inhibitory control (NoGo trials;
Chiu et al., 2008; Elliott et al., 2000). This suggests the rACC may
not be involved in the mechanisms of interference resolution for the
Emotional Go/NoGo. Regardless of the possible mechanisms, training
failed to affect emotional interference processes likely localized to the
rACC.

Several important limitations of the current study deserve mention.
Without a control group, we cannot be certain that the observed
improvements were the result of specific changes in cognitive control
processes, rather than unspecified, more general mechanisms. The fact
that several findings were specific to incongruent versus congruent and
C-I (i.e., high-conflict) versus I-I trials (i.e., low-conflict) speaks against
global effects. Nevertheless, compared with congruent trials, there was
a greater possibility that incongruent trials would show reduced RT
from pre- to post-training because incongruent trials elicit slower
responses at the outset. In other words, there was more room for
improvement for incongruent trials. In contrast, floor effects may have
limited the possibility of reduced RT following training for congruent tri-
als. Floor effects also may have limited the usefulness of the Two-choice
RT task as a control measure for practice effects because of the minimal
cognitive demands the task requires. Second, testing both emotional
and cognitive tasks within one group of participants complicated the in-
terpretation of the results. Including both types of tasks may have pro-
vided insight into mechanisms underlying emotional conflict tasks, a
topic which is currently debated (Etkin et al., 2006; Haas et al., 2006;
Mohanty et al., 2007;Ochsner et al., 2009). For example, if improvements
in Emotional Face Stroop performance were associated with Simon task
training improvements, it would have suggested the presence of
overlapping mechanisms responsible for conflict in both emotional and
non-emotional conflict tasks. Given the lack of improvement in the Emo-
tional Face Stroop task, this possibility was not examined. A final limita-
tion is that using a button-box during the pre-/post-training sessions and
a keyboard during the training sessionmayhave created additional noise
in RT variables and contributed to the lack of correlation between tasks
in the different session types.
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In conclusion, the current findings indicate that cognitive control,
specifically mechanisms aiding in interference resolution, can be im-
proved by a brief training, and that improvements transfer to a similar
but untrained task. In addition to highlighting plasticity in cognitive
control processes, the current data showcase promising avenues for
populations characterized by impaired cognitive control, including neu-
ropsychiatric and neurodegenerative disorders.
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Supplemental Materials 

 

Supplemental Results 

 

1. Training Tasks: Behavioral Data 

1.1. Emotional Go/NoGo (effects of Emotion) 

 Separate Session (1,2,3) x Emotion (positive, negative, neutral) analyses of 

variance (ANOVA) were run on d’ values and RT scores. For d', the main effects of 

Emotion (Table S1) and Session (see Main Text) were significant. Post-hoc Newman-

Keuls revealed that d' values for neutral (2.48 ± 0.51), negative (3.09 ± 0.58), and 

positive (3.32 ± 0.54) targets were all different from each other (all ps < .05).  

 For RT, the main effect of Emotion was significant (Table S1), due to faster RT to 

positive (587.47 ± 85.27 ms) and negative (568.05 ± 61.15 ms) targets compared to 

neutral (626.33 ± 79.47 ms) (ps < .01). This effect was qualified by a significant Emotion 

x Session interaction (Table S1). Post-hoc Newman-Keuls tests indicated that neutral 

trials showed progressively faster RT over training (session 1 > session 2 > session 3; all 

ps < .05), while positive targets showed significantly faster RT from session 1 to session 

3 (p < .05) and negative trials showed no change (all ps > .15). 

 

2. Pre-Post Tasks - Behavioral Data 

2.1. Emotional Stroop (effects of Emotion) 

In addition to the main effects of Condition described in the main text (see also 

Tables S2-S3), the Condition (incongruent, congruent) x Session (pre-, post-training) x 
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Emotion (fear, happy) ANOVAs revealed a main effect of Emotion for accuracy scores 

[F(1,19) = 4.83, p < .05, partial η2 = .203]. Post-hoc analyses indicated that happy trials 

(i.e., happy facial expressions) were associated with significantly increased overall 

accuracy compared to fear trials (0.958 ± 0.026 vs. 0.946 ± 0.030). This effect was 

qualified by a significant Emotion x Condition interaction [F(1,19) = 7.99, p < .05 partial 

η2 = .296], due to significantly lower accuracy for incongruent fear trials relative to 

incongruent happy trials (0.917 ± 0.045 vs. 0.940 ± 0.045; p < .05) but no difference 

between happy and fear congruent trials (0.976 ± 0.018 vs. 0.976 ± 0.022; p > .50). 

When considering only C-I and I-I trials, the Emotion x Condition interaction was 

confirmed [F(1,19) = 7.53, p < .05 partial η2 = .294] but the emotion finding was 

reversed: C-I accuracy was lower for happy compared to fear trials (0.888 ± 0.062 vs. 

0.924 ± 0.069),whereas there was no difference between happy and fear I-I trials (0.944 ± 

.044 vs. 0.957 ± .037).  

 

2.2. Flanker Task ERP 

Number of trials. For all ERP components, compared with the pre-training 

session, there were significantly more artifact-free segments in the post-training session 

for both incongruent (pre: 74.50 ± 3.85 vs. post: 87.5 ± 4.94; t(17) = -3.36, p < .05) and 

congruent trials (pre: 169.06 ± 7.26 vs. post: 187.11 ± 6.29; t(17) = -2.31, p < .05). 

However, the two sessions did not differ in the relative difference between incongruent 

versus congruent trials (pre: 94.6 ± 26.00 vs. post: 99.6 ± 19.90; t(17) = -0.94, p > .30). 

Table S4 provides a complete list of effects emerging from the ANOVA of ERP 

data collected during the Flanker task. 
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Figure legends 

Figure S1. Reaction time (ms) to neutral, positive and negative targets as a function of 

training session. Error bars denote S.E. 
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Table S1.  Summary of ANOVA findings for the Emotion Go/NoGo task 
 

 

 

 

 

 

 

 

Effect  df F p Partial η2 

d’ Emotion 2,38 40.48 .001 0.681 

 Session 2,38 6.19 .005 0.246 

 Emotion x Session 4,76 1.05 .387 0.052 

RT Emotion 2,38 30.14 .001 0.613 

 Session 2,38 2.91 .066 0.133 

 Emotion x Session 4,76 4.31 .003 0.185 
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Table S2.  ANOVA results for main effect of Condition in the Emotional Stroop task 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Effect df F p Partial η2 

Incongruency effect     

RT 1, 19 68.967 .001 0.784 

Accuracy 1, 20 30.274 .001 0.614 

Gratton effect     

RT 1, 22 11.37 .003 0.374 

Accuracy 1, 23 20.265 .001 0.516 
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Table S3. Mean (SD) Incongruency and Gratton effects (averaged across sessions) for 

the Emotional Stroop task 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Significant difference between congruent and incongruent conditions p < .005 

** Significant difference between congruent and incongruent conditions p < .001 

aIncongruent trials following congruent trials 

bIncongruent trials following incongruent trials 

 

 
 
 
 
 
  

Condition Mean (SD) 

Incongruency RT (ms)**  

     RT Congruent 517.48 (77.64) 

     RT Incongruent 553.53 (85.57) 

     Incongruency effect 36.06 (19.63) 

Incongruency Accuracy**  

     Accuracy Congruent 0.976 (0.018) 

     Accuracy Incongruent 0.928 (0.040) 

     Incongruency effect 0.048 (0.039) 

Gratton RT (ms)*  

      I-I trials 544.58 (87.89) 

      C-I trials 553.63 (83.79) 

     Gratton effect 9.05 (17.12) 

Gratton Accuracy**  

      I-I trials 0.941 (0.036) 

      C-I trials 0.916 (0.049) 

     Gratton effect 0.025 (.007) 
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Table S4. Complete summary of ANOVA findings for Flanker Task 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aGreenhouse-Geisser adjusted degrees of freedom  
bC, Caud = Caudality 
cL, Lat = Laterality 
dS, Sess = Session 
eCnd,Cond = Condition 

 

Effect Contrast F df p Partial η2 
Caud ab 37.72 1.31, 22.29 .001 .689 

Lat c 1.58 2, 34 .221 .085 

Sess d 4.32 1, 17 .053 .203 

Cond e 10.91 1, 17 .004 .391 

N2 

(244-332ms) 

Caud x Lat abc 4.99 3.09, 52.58 .004 .227 

 Caud x Sess abd 1.30 1.51, 25.74 .284 .071 

 Caud x Cond abe 0.45 1.44, 25.55 .577 .026 

 Lat x Sess acd 1.01 1.34, 22.84 .349 .056 

 Lat x Cond ace 0.34 1.33, 22.52 .628 .019 

 Sess x Cond de 10.71 1, 17 .004 .387 

 Caud x L x S abcd 3.70 3.70, 62.86 .011 .179 

 C x L x Cnd abce 2.26 3.253, 55.30 .087 .117 

 C x Sess x Cnd abde 1.90 1.56, 26.54 .176 .100 

 L x S x Cnd acde 4.70 1.34, 22.74 .031 .217 

 C x L x S x Cnd bcde 1.13 6, 102 .351 .062 
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