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Abstract: Although the involvement of the anterior cingulate cortex (ACC) in emotional response inhibi-
tion is well established, there are several outstanding issues about the nature of this involvement that are
not well understood. The present study aimed to examine the precise contribution of the ACC to emotion-
modulated response inhibition by capitalizing on fine temporal resolution of the event-related potentials
(ERPs) and the recent advances in source localization. To this end, participants (N = 30) performed an
indirect affective Go/Nogo task (i.e., unrelated to the emotional content of stimulation) that required the
inhibition of a motor response to three types of visual stimuli: arousing negative (A—), neutral (N), and
arousing positive (A+). Behavioral data revealed that participants made more commission errors to A+
than to N and A—. Electrophysiological data showed that a specific region of the ACC at the intersection
of its dorsal and rostral subdivisions was significantly involved in the interaction between emotional
processing and motor inhibition. Specifically, activity reflecting this interaction was observed in the P3
(but not in the N2) time range, and was greater during the inhibition of responses to A+ than to N and
A—. Additionally, regression analyses showed that inhibition-related activity within this ACC region was
associated with the emotional content of the stimuli (its activity increased as stimulus valence was more
positive), and also with behavioral performance (both with reaction times and commission errors). The
present results provide additional data for understanding how, when, and where emotion interacts with

response inhibition within the ACC. Hum Brain Mapp 33:2147-2160, 2012.
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INTRODUCTION

Electrophysiological and hemodynamic studies have
consistently reported anterior cingulate cortex (ACC) activ-
ity during emotional response inhibition. However, the
specific contribution of the ACC to emotion-modulated
response inhibition is far from clear. On the one hand, it
remains to be established whether inhibition-related ACC
activation interacts with valence (varying from negative to
positive) or arousal (varying from calming to arousing),
two affective dimensions widely considered to explain the
principal variance of the emotional meaning [Lang et al.,
1993; Osgood et al., 1957; Smith and Ellsworth, 1985].
Whereas some data suggest that ACC increases its activity
when participants suppress responses to arousing stimuli
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[both positive and negative: Elliott et al., 2000; Goldstein
et al., 2007; Shafritz et al., 2006], others have reported that
ACC is primarily modulated by emotional valence [Albert
et al., 2010; Goldstein et al., 2007; Schulz et al., 2009; Sha-
fritz et al.,, 2006]. In the latter case, it is also unclear
whether negative stimuli elicit greater inhibition-related
ACC activation than positive ones [Goldstein et al., 2007;
Shafritz et al., 2006] or vice versa [Albert et al., 2010]. Tak-
ing both affective dimensions into account is, therefore,
necessary to examine whether inhibition-related ACC ac-
tivity interacts with emotional valence or with emotional
arousal.

On the other hand, it is not yet clear whether the ACC
is involved in the interaction between emotional process-
ing and the inhibitory process itself. Withholding a prepo-
tent response is characterized by involving rapid (short
latency) and brief (short duration) processes, some of the
most important occurring within the first second after
stimulus onset [e.g., Bokura et al., 2001; Eimer, 1993; Kiefer
et al., 1998]. The ACC participates in most of them, includ-
ing attentional control, conflict monitoring, inhibition itself,
and outcome evaluation [Braver et al.,, 2001; Carter et al.,
1998; Garavan et al., 2002; Liddle et al., 2001; MacDonald
et al., 2000; Menon et al.,, 2001; Nakata et al., 2005; van
Veen and Carter, 2002a,b]. Thus, inhibition-related ACC
activity is difficult to disentangle from, and may be con-
founded with, ACC activity associated with other related
processes. In this sense, it is important to note that previ-
ous studies on emotion-modulated response inhibition
have been conducted almost exclusively using hemody-
namic procedures, which are particularly useful for visual-
izing where neural activity occurs rather than for
determining when activity occurs [Gratton and Fabiani,
2001]. A temporally agile signal capable of detecting and
distinguishing rapid and brief neural changes may be use-
ful to untangle inhibition from other related processes
within the ACC, thereby complementing the information
offered by hemodynamic measures of brain activity.
Because of their high temporal resolution and their capa-
bility for providing information on the origin of the
recorded activity through source-localization techniques,
event-related potentials (ERPs) are particularly well suited
to the study of the timing and location within the ACC of
neural activity associated with emotional response inhibi-
tion. Moreover, extending ACC-related fMRI sources to
ERPs is a reliable strategy since this paleocortical structure

has open-field architecture [Lorente de No, 1947],
and therefore its activity is well reflected in the
electroencephalogram.

Two fronto-central ERP components have been consis-
tently linked with response inhibition: N2 (200400 ms)
and P3 (300-600 ms) [Bokura et al., 2001; Eimer, 1993; Kie-
fer et al., 1998; Pfefferbaum et al., 1985]. Both components
have been associated with larger amplitudes in Nogo
(response inhibition) than in Go (response execution) trials
in different inhibitory tasks, the Go/Nogo paradigm being
the most prominent. However, each component is consid-

ered to reflect different sub-processes of response inhibi-
tion. In fact, data currently available indicate that the N2
predominantly represents conflict arising from competition
between the execution and the inhibition of a response
[Donkers and van Boxtel, 2004; Enriquez-Geppert et al.,
2010; Huster et al., 2010; Nieuwenhuis et al., 2003; van
Veen and Carter, 2002a,b; Yeung et al., 2004], whereas the
P3 primarily reflects motor inhibition [Bruin et al., 2001;
Enriquez-Geppert et al., 2010; Smith et al.,, 2007, 2008].
Interestingly, source-localization analyses have consistently
identified the ACC as one of the most likely generators of
both N2 and P3 [Beste et al.,, 2008; Fallgatter et al., 2002;
Huster et al., 2010].

To our knowledge, only two studies have previously
explored emotional response inhibition combining ERPs
and source-localization algorithms. On the one hand, Chiu
et al. [2008] found no interaction between emotion and
response inhibition, at either the behavioral or the neural
level. This absence of interaction could be due to the use
of affective words, which are probably less capable of elic-
iting emotion-related responses than other types of affec-
tive stimuli [Hinojosa et al., 2009; Keil, 2006; Kissler et al.,
2006]. Moreover, source-localization analyses carried out
by Chiu et al. [2008] focused exclusively on N2, thus leav-
ing unexplored other components associated with
response inhibition (e.g., P3). On the other hand, Albert
et al. [2010] recently examined the influence of long-lasting
affective context (negative, neutral, and positive) on
response inhibition. They found that motor response sup-
pression to neutral stimuli was modulated by the emo-
tional context in which it occurs. This interaction was
observed in both P3 amplitudes and ACC activation.

The goal of the present study was to clarify the role of
the ACC in emotional response inhibition. Three issues
concerning the experimental design were particularly im-
portant for this purpose. First, an implicit or indirect emo-
tional Go/Nogo task (i.e.,, unrelated to the emotional
content of stimulation) was employed, as recently recom-
mended [Berkman et al., 2009; Goldstein et al., 2007]. The
aim of this indirect task was two-fold: (1) to avoid making
it easy for participants to consider that some of the sitmuli
were more important than others (e.g., emotional stimuli
more important than neutral), to prevent the “relevance-
for-task-effect” described in previous studies [Duncan-
Johnson and Donchin, 1977] and (2) to avoid motor inhibi-
tion being explicity associated with emotional content of
stimulation and thus confounded with affect, in order to
facilitate the disentangling of inhibition from emotion-
related effects on ACC activity. Second, positive stimuli
symmetrical in valence and similar in arousal to negative
stimuli were employed to facilitate the discrimination of
valence from arousal effects. Moreover, paricipants’ subjec-
tive ratings of valence and arousal of the presented stimuli
were taken immediately after the recording session and
then correlated with inhibition-related ACC activity. Third,
emotional stimuli other than faces and words were
employed to boost affect-related processes during the Go/
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Nogo task, since pictorial stimuli seem to be more power-
ful than verbal or facial material for inducing changes in
the subjective state of emotional valence and arousal [Brit-
ton et al., 2006; Hinojosa et al., 2009; Keil, 2006].

Additionally, a two-step approach analysis was
designed to improve the reliability of inverse problem sol-
utions (i.e., computing 3D, functional images of electric
neuronal activity from the scalp EEG data). First, temporal
principal component analysis (tPCA) was employed to
detect and quantify, in a reliable manner, those ERP com-
ponents associated with response inhibition (i.e., N2 and
P3). In the second step, standardized low-resolution brain
electromagnetic tomography [sLORETA: Pascual-Marqui,
2002] was applied to both N2 and P3—as defined by
tPCA—in 16 regions of interest (ROIs) within the ACC
and the functionally related areas of the medial wall. All
these regions have been shown to be activated in emo-
tional Go/Nogo paradigms [Albert et al., 2010; Berkman
et al., 2009; Elliott et al., 2000; Goldstein et al., 2007; Hare
et al., 2005; Schulz et al., 2009; Shafritz et al., 2006] and are
distributed throughout the ACC, including ventral (com-
prising pregenual and subgenual portions of the ACC:
areas 24a, 24b, 24c, 25, 32, and 33) and dorsal (comprising
areas 24a’, 24b’, 24c/, 24d, 32/, and 33) subdivisions [for
more detail on functional anatomy and connectivity of the
ACC, see Bush et al., 2000; Etkin et al.,, 2011; Marguiles
et al., 2007].

METHODS
Participants

Thirty right-handed students (17 women) from the Uni-
versidad Auténoma de Madrid, with an age range of 20—
32 years (Mean = 22.47; SD = 3.06), took part in this
experiment. They reported normal or corrected-to-normal
visual acuity. All participants provided informed consent
for their participation. The experiment was approved by
the Research Ethics Committee of the Universidad Auton-
oma de Madrid.

Stimuli and Procedure

Thirty different visual stimuli were presented to partici-
pants. Angle of vision for all stimuli was 75.17° (width) x
55.92° (height). These 30 pictures were of three types (n =
10 in each case): arousing negative (A—), Neutral (N), and
arousing positive (A+). They were selected on the basis of
their scores in arousal and valence from the International
Affective Picture System [IAPS; Lang et al., 2005]. In addi-
tion, each participant filled out a bidimensional scaling
test of each picture after the recording sessions, assessing
its valence and arousal level. Statistical analyses were
carried out on these assessments to confirm, first, that the
pictures’ affective valence was as assumed a priori, and
second, that positive and negative pictures were balanced

TABLE I. Means and standard deviation (in parentheses)
of valence (I, negative, to 5, positive) and arousal
(I, calming, to 5, arousing) assessments given by the
30 participants to the three types of emotional stimuli

A _* N)S)G A+>(->E>E
Valence 1.79 (0.34) 3.07 (0.27) 42 (0.42)
Activation 4.02 (0.43) 3.02 (0.29) 3.83 (0.6)

A—, arousing negative; N, neutral; A+, aurosing positive.
Asterisks denote the IAPS code of the pictures used, as follows:
*1930, 2399, 2455, 2722, 2810, 6010, 6241, 9331, 9470, 9495.
**2190, 2493, 2575, 2880, 5510, 5900, 7036, 7095, 7224, 7491.
**%1710, 2352, 4660, 5623, 7330, 7350, 8031, 8080, 8350, 8490

with respect to their arousal levels. A one-way repeated-
measures ANOVA was computed for valence and arousal
dimensions, using Emotion (three levels: A—, N, and A+)
as a factor. The ANOVA yielded significant differences in
both valence and arousal [F (2, 58) = 411.141, GG cor-
rected P < 0.001 and F (2, 58) = 40.231, GG corrected P <
0.001, respectively]. Post-hoc contrast (adjusted alpha =
0.05) indicated that A4+ and A— showed different valence
but not different arousal levels, and that they differed
from N in both affective dimensions. Table I shows the
means and standard deviations on both dimensions for
each type of emotional picture.

All pictures had a green, red, or blue frame. The color
of the frame cued the participant to either press a button
(e.g., red and blue: Go cues) or withhold the response
(e.g., green: Nogo cues). The color of the frame indicating
Nogo cues was counterbalanced across participants. The
aim of this indirect task, already mentioned above, was
two-fold: (i) to avoid making it easy for participants to
consider that some of the stimuli were more important
than others (e.g., emotional stimuli more important than
neutral), to prevent the relevance-for-task effect and (ii) to
avoid motor inhibition being explicitly associated with
emotional characteristics of the stimuli and thus con-
founded with affect. Three colored frames were included
in the task to control for the novelty of the Nogo cues
(each frame was presented in 33.33% of the trials), since
possible electrophysiological differences between Go and
Nogo trials may be due to novelty rather than inhibition
when a single and more frequent Go cue is employed
[Friedman et al., 2001; Opitz et al.,, 1999]. Likewise, a
higher percentage of Go cues (two colored frames: 66.67%)
was employed to increase the tendency to respond.

The ninety stimuli [30 pictures (10A—, 10N, 10A+) x 3
frames (red, blue, green)] were presented four times, so
that the total number of presentations was 360. These 360
stimuli were presented in eight blocks of 45 trials (30 Go
and 15 Nogo). Go/Nogo and A—/N/A+ conditions were
presented in random order. Each trial consisted of the pre-
sentation of a framed picture for 300 ms, followed by a
1200-ms black interval with a white central fixation-cross,
so that the SOA was 1500 ms (Fig. 1). An animation
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Figure 1.
Schematic illustration of the emotional Go/NoGo task. An animation reproducing several trials
of the affective Go/Nogo task as well as their temporal characteristics can be seen at http://
www.uam.es/carretie/grupo/EmoGoNogo.htm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

reproducing several trials of the emotional Go/Nogo task
as well as their temporal characteristics can be seen at
http:/ /www.uam.es/carretie/ grupo/EmoGoNogo.htm.

Participants were placed in an electrically shielded,
sound-attenuated room. They were instructed to press a
button with the thumb of their right hand, as rapidly and
accurately as possible, whenever a picture with Go color
frames (e.g., red and blue) was presented, and to withhold
pressing when the picture’s frame was Nogo colored (e.g.,
green). Before the begining of the experiment, participants
completed a practice block of 12 trials (8 Go and 4 Nogo)
to ensure they understood the task instructions. They were
instructed to look continuously at the center of the screen
and to refrain from blinking during block runs, to control
eye-movement interference. Between each experimental
block (1 min), participants were allowed to rest. The ex-
perimental task was programmed using Inquisit Millisec-
ond software [Millisecond Software, 2006] and presented
using an RGB projector on a backprojection screen.

Recording

Electroencephalographic (EEG) activity was recorded
using an electrode cap (ElectroCap International) with tin
electrodes. Thirty electrodes were placed at the scalp fol-
lowing a homogeneous distribution. All scalp electrodes
were referenced to the nosetip. Electrooculographic (EOG)
data were recorded supra- and infra-orbitally (vertical
EOGQG), as well as from the left versus right orbital rim (hori-
zontal EOG). A bandpass filter of 0.3-40 Hz was applied.
Recordings were continuously digitized at a sampling rate
of 210 Hz throughout the recording session. The continu-
ous recording was divided into 1000-ms epochs for each
trial, beginning 200 ms before stimulus onset. Trials for
which participants responded outside the SOA (1500 ms)
or erroneously were eliminated. Moreover, epochs contain-
ing eye movements or blinks over 100 puV in amplitude
were deleted. For the rest of the epochs, the EOG-artefact

removal procedure described by Gratton et al. [1983] was
applied whenever EOG activity was observed. The ERP
averages were categorized according to the following
conditions: GoA—, GoN, GoA+, NogoA—, NogoN, and
NogoA+. The artefact and error rejection led to the average
acceptance of 64.53 GoA— trials (standard deviation: 8.99),
62.63 GoN trials (8.024), 63.47 GoA+ trials (8.71), 30.87
NogoA— trials (3.66), 29.43 NogoN trials (3.54), and 28.23
NogoA-+ trials (3.99). A minimum criterion of 20 trials per
condition per subject was set to ensure an optimal signal-
to-noise ratio of the ERP averages [Herrmann et al., 2008;
Taylor et al., 2007]. Behavioral performance was recorded
by means of a two-button keypad whose electrical output
was continuously digitized at a sampling rate of 840 Hz.

Data Analysis

All statistical analyses described below were performed
using the SPSS software package (Version 15.0; SPSS, Chi-
cago). In all statistical contrasts involving analyses of var-
iance (ANOVAs), the Greenhouse-Geisser (GG) epsilon
correction was applied to adjust the degrees of freedom of
the F ratios, and post hoc comparisons to determine the
significance of pairwise contrasts were made using the
Bonferroni procedure (o < 0.05).

Behavioral Analysis

Omission and commission error rates (i.e., no responses
in Go trials and button presses in Nogo trials, respectively,
divided by the number of trials; these measures range
from 0 to 1) and reaction times (RTs) to Go cues were ana-
lyzed. In the case of RTs, outliers, defined as responses
above 1500 ms or below 150 ms, were omitted in the anal-
yses. Repeated-measures ANOVAs on error rates were
carried out with respect to Trial type (two levels: Go and
Nogo) and Emotion (three levels: A—, N, and A+). With
regard to RTs, a univariate repeated-measures ANOVA
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was performed using Emotion (three levels: A—, N, and
A+) as a factor.

ERP Analysis

Detection and quantification of ERP components
at the scalp level

With the aim of testing whether N2 and P3 components
were present in the ERPs, components explaining most of
the ERP variance in the temporal domain were detected
and quantified through covariance-matrix-based temporal
principal component analysis (tPCA). This strategy has
been widely recommended for detection and quantifica-
tion of ERP components [Chapman and McCrary, 1995;
Coles et al., 1986; Dien et al., 2005; Donchin and Heffley,
1978]. The main advantage of tPCA is that it presents each
ERP component separately and with its “clean” shape,
extracting and quantifying it free of the influences of adja-
cent or subjacent components. Indeed, the waveform
recorded at a site on the head over a period of several
hundreds of milliseconds represents a complex superposi-
tion of different overlapping electrical potentials. Such
recordings can stymie visual inspection. In brief, tPCA
computes the covariance between all ERP time points,
which tends to be high between those time points
involved in the same component, and low between those
belonging to different components. The solution is there-
fore a set of independent temporal factors made up of
highly covarying time points, which ideally correspond to
ERP components. Temporal factor score, the tPCA-derived
parameter in which extracted temporal factors can be
quantified, is linearly related to amplitude. In this study,
the decision on the number of factors to select was based
on the screen test [Cliff, 1987]. Extracted factors were sub-
mitted to promax rotation, as recently recommended
[Dien, 2010; Dien et al., 2007]. As explained in detail later,
the presence of N2 and P3 were confirmed.

Analysis of the experimental effects on ERP
components at the source level

To examine the role of the ACC in emotional response
inhibition, SLORETA [Pascual-Marqui, 2002] was applied
to both N2 and P3 temporal factor scores. sSLORETA is a
three-dimensional discrete linear solution for the EEG
inverse problem. Although solutions provided by EEG-
based source-location algorithms should be interpreted
with caution due to their potential error margins, LORETA
solutions have shown significant correspondence with
those provided by hemodynamic procedures in the same
paradigms when at least 25 scalp electrodes are employed
[Dierks et al.,, 2000; Mulert et al., 2004; Pizzagalli et al.,
2003; Vitacco et al., 2002]. Moreover, the use of tPCA-
derived factor scores instead of direct voltages [which
leads to more accurate source-localization analyses: Carre-
tié et al., 2004; Dien et al., 2003] and the relatively large sam-

ple size employed in the present study (N = 30) contribute
to reducing this error margin. The sLORETA solution space
is restricted to the cortical gray matter and the hippocampus
in the digitized MNI atlas with a total of 6239 voxels at a
spatial resolution of 5 mm. However, in the current study,
we only considered sLORETA solutions in defined regions
of interest (ROIs) within the ACC and the functionally
related areas of the medial wall. This ROI approach was
employed to increase sensitivity within ACC regions.

Coordinates for the ROIs were taken from previous
studies on emotion-modulated response inhibition (see
Fig. 2). Given that the ACC is a large and heterogeneous
part of the cerebral cortex that can be divided into several
distinct regions based on cytoarchitecture, function, and
connectivity [e.g., Beckmann et al., 2009; Bush et al., 2000;
Marguiles et al.,, 2007; McCromick et al., 2006], this ROI
selection procedure based on prior studies allowed us to
select those regions especially involved in response inhibi-
tion, emotional processing, and the interaction of the two
processes. Spherical ROIs (radius = 9 mm) were then cre-
ated using these activation coordinates as the center. This
ROI size was chosen taking into account that the ROIs
must be large enough to cover the locations of activated
regions in the ACC reported by previous fMRI studies of
emotional response inhibition, and also small enough to
guarantee fine spatial resolution (i.e., to discriminate
between different regions of the ACC). ROIs with similar
sizes have been employed by previous studies using litera-
ture-based ROI analyses [e.g., Bishop et al., 2004; Kiehl
et al.,, 2005; Thomason et al., 2008]. Finally, three-dimen-
sional current-density estimates for the N2 and P3 tempo-
ral factor scores within each ROI were computed for each
participant and each condition.

Specifically, three different analyses were carried out to
assess the specific contribution of the ACC to response in-
hibition, to emotional processing, and to the interaction of
the two processes. First, ROIs previously associated with
response inhibition irrespective of the emotional content of
stimulation were identified. Repeated-measures ANOVAs
on mean N2 and P3 current densities within these ROIs
were then carried out with respect to Trial type (two lev-
els: Go and Nogo), to confirm that these regions were
associated with response inhibition (i.e., whether they
showed greater activation in Nogo than in Go trials). Sec-
ond, ROIs previously associated with emotional processing
but not with motor response suppression were identified.
Subsequently, repeated-measures ANOVAs on mean N2
and P3 current densities within these ROIs were carried
out with respect to Emotion (three levels: A—, N, and
A+), to confirm whether these regions were associated
with emotional processing (i.e., whether they were sensi-
tive to emotional content of the stimuli). Finally, ROIs sen-
sitive to the interaction of emotion and response inhibition
were identified. Repeated-measures ANOVAs on mean N2
and P3 current densities within these ROIs were then car-
ried out with respect to Trial type (two levels: Go and
Nogo) and Emotion (three levels: A—, N, and A+), to
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Figure 2.

Depiction of location of MNI coordinates used to define the
regions of interest (ROls) within the ACC and the functionally
related areas of the medial wall. For presentation purposes,
coordinates were collapsed on a representative brain slice at
Z = 25 (axial view) and Y = 4 (sagittal view). Exact coordinates
are given in Table lll. These coordinates represent the center of
the ROIs (radius = 9 mm). All these locations have been shown
to be activated in previous studies on emotional response
inhibition. A: ACC locations previously associated with response
inhibition. B: ACC locations previously associated with emo-
tional processing. C: ACC locations previously associated with
the interaction of emotional processing and response inhibition.
An interactive animation reproducing the location of each MNI
coordinate employed to define the ROIs (projected one by one
on sagittal, axial, and coronal slices of the Colin brain) can be
seen at http://www.uam.es/carretie/grupo/cooACC.htm. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

examine the modulatory influence of emotion on response
inhibition in each of these regions. All coordinates
reported here represent MNI space. Studies that originally
listed coordinates in Talairach space were transformed
into MNI space using Matthew Brett’s tal2mni script,
implemented in Matlab (http://www.mrccbu.cam.ac.uk/
Imaging/mnispace.html) [Brett et al., 2001].

RESULTS
Behavioral Data

Table II shows mean RTs and omission, and commission
error rates in the emotional Go/Nogo task. On the one hand,
a one-way repeated measures ANOVA was performed on
the RTs using Emotion as a factor. ANOVA results showed
that mean RTs to GoA—, GoN, and GoA+ did not differ [F
(2, 58) = 0.819, P > 0.05]. On the other hand, two-way
repeated-measures ANOVAs on error rates with respect to
Trial type and Emotion factors were carried out, as previ-
ously described. There was a main effect of both Trial type
[F (1, 29) = 99.833, P < 0.001], revealing higher error rates
for Nogo (i.e., commission errors) than for Go (omission
errors) trials, and Emotion [F (2, 58) = 13.03, P < 0.001],
post-hoc tests showing greater error rates for A+ than for
A— and N. The interaction of the two factors was also signif-
icant [F (2, 58) = 11.857, P < 0.001]: whereas error rates dif-
fered as a function of the emotional content of the stimuli in
Nogo trials, no differences were observed in Go trials. Specif-
ically, post-hoc tests showed that commission error rates
were greater for A+ than for A— and N. Additional analyses
to assess the behavioral effect of the color frame of the pic-
tures itself (which was not significant) are described in the
Supporting Information available online.

ERP Data

Detection and quantification of N2 and P3
at the scalp level

Figure 3 shows a selection of grand averages once the
baseline value (prestimulus recording) had been

TABLE Il. Means and standard deviations
(in parentheses) of reaction times to Go stimuli and
omission/commission error rates in each type of
emotional condition

A— N A+
Go RTs (ms) 416.35 (71.87) 413.67 (74.38) 417.78 (73.34)
Omission 0.005 (0.01) 0.0058 (0.01) 0.0046 (0.01)
error rates
Commission 0.1025 (0.08) 0.1358 (0.07) 0.1883 (0.12)

error rates

A—, arousing negative; N, neutral; A+, arousing positive.
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Figure 3.
Grand averages at fronto-central areas, where N2 and P3 are clearly visible. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

subtracted from each ERP. These grand averages corre-
spond to the fronto-central scalp area, where the critical
ERP components (i.e., N2 and P3) were most prominent.
As a consequence of the application of the tPCA, five tem-
poral factors were extracted from the ERPs (Fig. 4). Factor
peak latency and topography characteristics associate Fac-
tor 5 (peaking at 285.71 ms) with the wave labeled N2 in
grand averages and Factor 3 (peaking at 519.05 ms) with
that labeled P3. These labels will be employed hereafter to
make the results easier to understand.

Analysis of the experimental effects on N2 and P3
at the source level

As mentioned earlier, a ROI approach was performed to
explore the precise contribution of the ACC to emotional
response inhibition. On the one hand, Table III(A) shows
regions of the ACC previously associated with response
inhibition but not with emotional processing. Results of
the present study showed that all ROIs had significantly
greater activity during response inhibition (Nogo trials)
than during response execution (Go trials), in both the N2
and P3 time ranges. On the other hand, Table III(B) shows
regions of the ACC previously associated with emotional

processing but not with response inhibition. With respect
to N2, the effect of Emotion was significant in two ACC
regions. Post hoc comparisons indicated that these ROIs
showed the greatest activation in response to negative
stimulation. With respect to P3, the effect of Emotion was
only significant in one of these regions. In this case, post
hoc comparisons indicated that this ROI showed the great-
est activation in response to positive stimulation, which is
in line with the findings by Elliott and colleagues [2000].
Finally, Table III(C) shows four ACC regions in which
previous studies have reported an interaction between
emotion and response inhibition. Only one region showed
a significant trial type x emotion interaction. Post hoc
comparisons indicated that whereas activation within this
region differed as a function of the emotional content of
the stimuli in Nogo trials, no differences were observed in
Go trials. Specifically, inhibition-related ACC activation
was greater to A+ than to N and A—.

Relationship between emotional assessments,
behavioral performance, and ACC activity

An important question was the estimation of the emo-
tional dimension explaining the experimental -effects
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observed in the region of the ACC sensitive to emotion x
response inhibition interaction (see previous section).
Although it is reasonable to deduce from the ANOVA
results that valence influences ACC inhibition-related ac-
tivity to a greater extent than arousal, since A+ elicited
higher activation than N and A—, additional analyses
were necessary to test this hypothesis. To this end, the
association between inhibition-related ACC activation and
valence and arousal ratings given by participants to each
picture in the questionnaire was analyzed via multiple
regression using the enter method. Inhibition-related ACC
activation was the dependent variable, and the independ-
ent variables were valence and arousal. Valence associated
significantly with inhibition-related ACC activation (R* =
0.11; B = 0.317, P < 0.005), while arousal did not (B =
0.150, P > 0.05). Figure 5 illustrates the linear association
pattern between inhibition-related ACC activation and
valence: the higher the former, the higher the latter.

To test whether ACC and behavior were also interre-
lated, the association between inhibition-related ACC
activation within the same ROI and behavioral
responses (commission errors and RTs) was also ana-
lyzed via multiple regression using the enter method.
Inhibition-related ACC activation was the dependent
variable, and the predictor variables were mean RTs to
Go stimuli and commission error rates. Inhibition-
related ACC activation was associated with commission
errors (R*> = 0.174; p = 0.279, P < 0.05) and RTs (p =
—0.216, P < 0.05). Figure 6A illustrates the linear associ-
ation pattern between inhibition-related ACC activation
and commission errors (the higher the former, the

higher the rate of the latter), and Figure 6B shows the
linear association pattern between inhibition-related
ACC activation and RTs to Go cues (the higher the for-
mer, the shorter the latter).

DISCUSSION

Both behavioral and electrophysiological responses
(which were significantly correlated) indicate that emotion
and response inhibition constitute closely interrelated and
mutually dependent processes. At the behavioral level, we
found that participants made more commission errors to
A+ than to N and A—, suggesting that withholding a
response to positive stimuli is more difficult than with-
holding a response to other types of emotional stimuli.
This conclusion is consistent with previous Go/Nogo stud-
ies showing that responses to happy faces are more diffi-
cult to inhibit than responses to sad and fearful faces, as
indicated by a greater number of false alarms (i.e., com-
mission errors) [Hare et al., 2005; Putman et al.,, 2010;
Schulz et al., 2007]. It is well established that pleasant
stimuli are associated with approach-related behaviors,
whereas unpleasant stimuli are associated with with-
drawal-related behaviors [e.g.,, Cacioppo and Gardner,
1999; Lang et al., 1997]. Therefore, it is reasonable to sup-
pose that this natural trend to approach pleasant and
reward-related events might make stopping responses to
positive stimuli (whether they are faces or more complex
events) more difficult than to other types of emotional
stimuli.
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TABLE Ill. Left (white background). A summary of the ACC locations found to be activated in emotional Go/Nogo
paradigms as reported in the literature. Coordinates of these locations are reported in MNI space. Studies that
originally listed coordinates in Talairach space were translated into MNI space using Matthew Brett’s tal2mni script,
implemented in Matlab (http://www.mrccbu.cam.ac.uk/Imaging/mnispace.html) [Brett et al., 2001]. Right (gray
background). Statistical results of repeated-measures ANOVAs with respect to Trial type (two levels: Go, Nogo),
Emotion (three levels: A—, N, A+), and the interaction effect of Trial type X Emotion on mean N2 and P3 current
densities within each ROI (radius = 9 mm).

A: Inhibition-sensitive locations

MNI
coordinates
Study Contrast X Yy z BA
Albert et al., 2010 Nogo vs. Go 5 25 20 24/33
Berkman et al., 2009 Nogo vs. Go —6 12 40 32
Elliott et al., 2000 All Go/Nogo vs. Rest 3 19 53 8/6/32
-3 13 50 6/32
Hare et al., 2005 Nogo vs. Go 11 35 21 32
Schulz et al., 2009 Nogo vs. Go 2 2 48 24/32
B: Emotion-sensitive locations
MNI
coordinates

Study Contrast Xy z BA
Berkman et al., 2009 Pos vs. Baseline 10 14 40 32
Elliott et al., 2000 (GoPos, GoNeg) vs. GoNeu -6 37 -1 32/10

Go Pos vs. Go Neg 6 024 32/24
Hare et al., 2005 (GoNeg, GoNeu) vs. (GoNeg, GoPos) -7 —4 53 6/24
Schulz et al., 2009 Pos vs. Neu -8 —14 56 6/31/24
Shafritz et al., 2006 GoNeg vs. GoPos —13 23 —5* 11/24

C: Interaction-sensitive locations
MNI
coordinates
Study Contrast Xy z BA
Albert et al., 2010 Trial type (Go, Nogo) x Emotion 5 25 20 24/33
(Neg, Neu, Pos)

Goldstein et al., 2007 (Neg vs. Neu) x (Nogo vs. Go) 9 -3 36 24
Shafritz et al., 2006 NogoNeg vs. NogoPos 9 3 7* 24/32

-5 39 7* 32/24

RO, region of interest; Neg, negative; Neu, neutral; Pos, positive; BA, Brodmann’s area; A—, arousing negative; N, neutral; A+, arous-
ing positive; df, degrees of freedom.
*Precise coordinates were provided directly by Keith M. Shafritz.

At the neural level, results showed that a specific region between emotion and response inhibition. Specifically,
of the ACC at the intersection of its dorsal and rostral sub-  activity within this region was greater during the inhibi-
divisions was significantly involved in the interaction tion of responses to A+ than to A— and N, suggesting
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Figure 5.

Scatter plots of valence (I, negative, to 5, positive) and inhibi-
tion-related ACC activation (centroid coordinates of the ROI: 5
25 20) showing the regression line. Number of cases: 90 [30
participants x 3 conditions (NogoA—, NogoN, NogoA+)].

that withholding motor responses to positive stimuli con-
sumes greater inhibitory resources than to non-positive
stimuli. This conclusion is consistent with the finding of
Albert et al. [2010] but inconsistent with the findings of
Goldstein et al. [2007] and Shafritz et al. [2006]. The rea-
sons for this discrepancy are not clear, but the following
may be considered. First, it is possible that valence effects
on inhibition-related ACC activity might have been con-
founded with arousal effects, since the latter have not
been taken into account. In the present study, however,
regression analyses suggest that inhibition-related ACC
activation was associated with emotional valence rather
than with emotional arousal. Second, the ACC plays a key
role in several cognitive processes involved in the Go/
Nogo task along with inhibition itself, such as attentional
control, conflict monitoring and outcome evaluation [Braver
et al., 2001; Carter et al., 1998; Garavan et al., 2002; Mac-
Donald et al., 2000; Menon et al., 2001; Nakata et al., 2005;
van Veen and Carter, 2002a,b]. Thus, it is possible that the
increased hemodynamic activity in the ACC detected dur-
ing the Go/Nogo task may reflect the outcome of the inter-
action between emotional valence/arousal and several of
the cognitive processes involved in the overcoming of a
prepotent response. Indeed, the results of the present
experiment suggest that conflict- and inhibition-related
ACC activation (reflected in N2- and P3-related activity,
respectively) were differently modulated by emotion (nega-
tive stimuli elicited the greatest activation in the N2 time
range, whereas positive ones elicited the greatest activation
in the P3 time range). Regression analyses shed some light
on this issue by showing an association between emotional
valence and P3-related activation in the ACC region sensi-
tive to emotion X response inhibition interaction. Specifi-

cally, we found that inhibition-related activity in this region
increased as emotional valence increased (i.e., stimulus
valence was more positive).

The fact that emotion x response inhibition interaction
was reported in the P3 time range implies that the ACC ac-
tivity recorded in the present experiment was mainly associ-
ated with response inhibition. Although both N2 and P3
have traditionally been interpreted as indices of inhibition,
recent evidence strengthens the assumption that the former
primarily represents the detection of response conflict and
the monitoring of performance rather than the inhibitory
process itself [Donkers and van Boxtel, 2004; Enriquez-Gep-
pert et al.,, 2010; Huster et al., 2010; van Veen and Carter,
2002a,b]. By contrast, data currently available indicate that
P3 is a more specific index of inhibition, predominantly
reflecting motor response suppression [Bruin et al., 2001;
Enriquez-Geppert et al., 2010; Smith et al., 2007, 2008]. Inter-
estingly, regression analyses between ACC activity and be-
havioral performance support the critical role of this
structure in motor inhibition. On the one hand, we found
that faster responses to Go cues were associated with
greater inhibition-related ACC activation to Nogo cues. This
means that a greater mobilization of inhibitory resources
(i.e., ACC activation) is required to successfully suppress
faster responses. This result is in line with previous findings
showing that both the ACC and the P3 component are espe-
cially important in urgent inhibitions [Albert et al., 2010;
Dimoska et al., 2006; Garavan et al., 2002]. On the other
hand, we found that higher commission error rates were
associated with greater inhibition-related ACC activation.
These results suggest that the participants who showed
more difficulty withholding responses (i.e., those who made
more commission errors) showed more ACC activity during
successful response inhibitions. Taken together, these data
suggest that the ACC plays a prominent role in difficult/
urgent response inhibitions and, more important, that this
structure seems to represent a critical interface between
emotion and inhibition.

Examination of activation within each ROI during the
implicit emotional Go/Nogo task also revealed the follow-
ing findings. First, ROIs associated with response inhibi-
tion were primarily located in the dorsal region of the
ACC, whereas ROIs associated with emotional processing
were distributed throughout the ACC (see Fig. 2). There-
fore, these data do not support the traditional differentia-
tion of dorsal (dACC) and rostral (rACC) anterior
cingulate cortex for cognitive and emotional function,
respectively [Bush et al., 2000; Devinsky et al., 1995]. This
conclusion is in line with recent evidence indicating that
both subdivisions of the ACC make important contribu-
tions to emotional processing [Beckmann et al., 2009; Etkin
et al., 2011; Vogt, 2005]. Second, response inhibition effects
on ACC activity were more extensive than emotional
effects: whereas the involvement of the ACC in conflict
monitoring- and inhibition-related processes was observed
in all ROIs, emotional effects were only shown in three
specific regions (see Table III). These data suggest that the
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Figure 6.

A: Scatter plots of commission error rates and inhibition-related ACC activation (centroid coor-
dinates of the ROI: 5 25 20) showing the regression line. B: Scatter plots of mean RTs to Go
cues and inhibition-related ACC activation (centroid coordinates of the ROI: 5 25 20) showing
the regression line. In both analyses the number of cases was 90 [30 participants x 3 conditions

(NogoA—, NogoN, NogoA+)].

ACC is conspicuously involved in response inhibition (both
in conflict monitoring and in inhibition processes), regard-
less of stimulus type and task characteristics. In contrast, the
effects of emotion on ACC activity are less precise and prob-
ably more dependent on the task and experimental condi-
tions, such as the emotional salience of stimuli [e.g.,
emotional scenes such as those employed here are consid-
ered more emotionally arousing than affective words or
emotional facial expressions, two types of stimulus widely
employed in previous studies on emotional response inhibi-
tion: Britton et al., 2006; Hinojosa et al., 2009]. Finally, as
mentioned above, emotion x response inhibition interaction
was evident in a specific region of the ACC at the intersec-
tion of its dorsal and rostral subdivisions (and also tended to
be significant in a nearby region: see Table III and Fig. 2),
suggesting that this area plays a major role in emotion-
modulated response inhibition [Shafritz et al., 2006]. Interest-
ingly, this region of the ACC has strong connections with the
amygdala, ventral striatum and orbitofrontal cortex [Beck-
mann et al., 2009; Marguiles et al., 2007], three cerebral struc-
tures that have also recently been implicated in emotional
response inhibition [Berkman et al., 2009; Goldstein et al.,
2007; Hare et al., 2005; Sagaspe et al., 2011]. Future studies
examining the functional connectivity between these regions
will be important to provide a more complete picture of the
role of the ACC in emotion-modulated response inhibition.
In conclusion, by capitalizing on the high temporal reso-
lution of the ERPs and recent advances in the reconstruc-
tion of electrophysiological sources, the results of the
present research shed light on the precise role of the ACC
in emotional response inhibition. However, although the

development of mathematical algorithms capable of solv-
ing the inverse problem is facilitating access to spatial in-
formation, electrophysiological measures cannot provide
the same precision as hemodynamic procedures. More-
over, given the novelty of the methodology used in the
present study, future studies are necessary to confirm
these findings and further elucidate the most suitable
methodological strategies for combining different func-
tional neuroimaging techniques. Nevertheless, we believe
that this study represents an important new step toward
the integration of hemodynamic and electrophysiological
information to obtain a comprehensive understanding of
timing and location of brain activity underlying emotion
and inhibition interaction.
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