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Louis Nahum, Stéphanie Morand, Sandra Barcellona-Lehmann,
and Armin Schnider*

Department of Clinical Neurosciences, Division of Neurorehabilitation,
University Hospitals and University of Geneva, Switzerland

Abstract: Successful adaptive behavior requires fast information processing. Behavioral switches may
be necessary in response to threatening stimuli or when anticipated outcomes fail to occur. In this
study, we explored the cortical processing of these two components using high-resolution evoked
potentials. Subjects made a reversal learning task where they had to predict which one of two faces
had a target stimulus on the nose. We found early electrocortical differences at 100–200 ms depending
on whether the target stimulus was a spider or a disk. Source estimation indicated that this distinction
was mediated by an anterior medial temporal region including the amygdala and adjacent cortex.
When a switch to the alternate face was required, there was a discrete early electrocortical correlate af-
ter 200 ms, mediated by ventromedial prefrontal areas. Continued validity of stimulus-target associa-
tions was signaled at 400–520 ms, mediated by the parahippocampal region. The study indicates rapid
serial processing of innate emotional quality, then cognitive-behavioral relevance of stimuli, mediated
by limbic and paralimbic structures. Hum Brain Mapp 30:2120–2131, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Human behavior can be governed by instinct or con-
scious cognition. Subjects may switch to alternative behav-
ior and enact innate, automatic schemas in reaction to
threatening stimuli, a capacity essential for surviving
[Darwin, 1872/1998; LeDoux, 1996; Scherer, 2001]. Imaging
studies have shown that threatening stimuli can strongly
influence neural responses in sensory and memory sys-
tems [Armony and Dolan, 2002; Pourtois et al., 2004; Vuil-

lemier and Schwartz, 2001; Vuillemier et al., 2004]. Such
rapid reactions appear to involve the amygdala [LeDoux,
1996; LeDoux et al., 1984; Ohman et al., 2007]. Conversely,
and possibly more often, humans adapt behavior and
switch to alternative actions when learned outcome
(reward) contingencies change and anticipated outcomes
fail to occur. This capacity is probably critical for the adap-
tation of behavior and thought to ongoing reality
[Schnider, 2003, 2008; Schnider and Ptak, 1999] and
involves the posterior medial orbitofrontal cortex [Schnider
et al., 2005].
Both the presentation of threatening stimuli and the

unexpected absence of anticipated outcomes induce early
and late electrocortical responses. Recent evoked potential
studies indicated that threatening or fearful stimuli
enhanced both early (enhanced P100 and N170) [Batty and
Taylor, 2003; Pourtois et al., 2004, 2005; Schupp et al.,
2003] and late electrocortical responses (larger P300 ampli-
tude) [Cuthbert et al., 2000; Krolak-Salmon et al., 2001;
Schupp et al., 2003]. In comparison, behaviorally relevant
absence of anticipated, neutral outcomes also induced elec-
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trocortical responses with a comparable time-course
[Schnider et al., 2007]. In this latter study, participants had
to decide behind which one of two differently colored rec-
tangles the drawing of an object was hidden. After sub-
jects’ response, feedback was provided by presentation of
the expected object or presentation of a grid indicating ab-
sence of the object (extinction trials). Such extinction trials,
which indicated that the object had switched position,
induced specific alterations of electrocortical field configu-
rations between 190–300 ms and 380–600 ms. Behaviorally
irrelevant deviations from anticipated outcomes (presenta-
tion of another object) did not induce these electrocortical
responses. Although no tangible reward was offered (no
comment, no score), the task strongly activated the orbito-
frontal cortex [Schnider et al., 2005].
In the present study, we used high-resolution evoked

potentials and spatio-temporal mapping to compare the
timing and sources of the cortical processing of inherent
emotional salience (iES) as opposed to the learned behav-
ioral relevance of visual stimuli during reversal learning.
iES was manipulated by presenting a threatening stimulus
(a schematic spider; high iES) or a neutral stimulus (a
disk, low iES). Cognitive-behavioral relevance was manip-
ulated by contrasting presence to absence of an anticipated
outcome (spider or disk, depending on task condition).
Based on the literature associating the processing of threat-
ening stimuli with the amygdala [LeDoux 1996; LeDoux
et al., 1984; Phelps and LeDoux, 2005] and the processing
of the behaviorally relevant absence of anticipated out-
comes (extinction) with the orbitofrontal cortex [Schnider,
2008; Schnider et al., 2005], we expected qualitatively dif-
ferent electrocortical responses to these variables. The
main question was to see when processing of these varia-
bles, both of which may induce a switch to alternative
behaviors, occurs. Would the processing of emotional sali-
ence precede or coincide with the processing of learned
cognitive-behavioral relevance?

METHODS

Participants and Questionnaires

Fifteen right-handed students (3 males, 12 females) aged
23.6 6 2.5 years (20–29 years) with no history of neurologi-
cal or psychiatric disease gave written, informed consent
to participate in the study. Before the experiment, the 15
participants rated the emotional salience of the two types
of target stimuli that were used in the experiment, whose
behavioral relevance varied according to task condition: a
spider and a disk. They answered six questions each for
assessing current anxiety, disgust, and distress induced by
those stimuli on a Likert scale from zero (not at all) to
nine (extreme). All participants declared not to be spider
phobic, which was confirmed by low to moderate scores in
a French version of the Fear of Spider Questionnaire [FSQ,
Szymanski and O’Donohue, 1995] (mean score 6 SD, 40.9
6 20.1). Men and women did not differ on FSQ scores

(Mann-Whitney U test: P 5 0.31) or on scores of anxiety,
disgust, and distress induced by the spider (F(3, 11) 5
0.98; P 5 0.44); data were therefore pooled for the analysis.
The study was approved by the ethical Committee of the
University Hospital of Geneva.

Procedure and Task

Choice stimuli were two black and white pairs of neutral
faces from Ekman and Friesen [1975] presented on a com-
puter screen. Feedback stimuli consisted of the chosen face
with a black, schematic spider (high iES stimulus; 2 cm) or
a black disk (low iES stimulus) on the nose. A spider
drawing was used because previous studies have shown
that spider stimuli automatically capture the attention of
human subjects and are commonly associated with aver-
sive events [Lipp and Waters, 2007; Ohman and Mineka,
2001]. Stimuli were matched for brightness, size (16.2 3 11
cm), and presented on a black background on a 21-inch
monitor with a resolution of 1,024 3 768 pixels at a view-
ing distance of 70 cm. Presentation was controlled using e-
prime (�Psychology Software Tools, Pittsburgh, PA).
Participants performed a reversal learning task. Figure 1

illustrates the design. Subjects saw two alternating pairs of
neutral male faces in the center of a screen with randomly
changing right or left position. For each pair, subjects had
to indicate which of the two faces would have the target
stimulus on its nose by pressing with the index or middle
finger of the right hand the button corresponding to the
side of the chosen face. In two experimental blocks, the
declared target was a spider (high iES); in two blocks, it
was a disk (low iES).
After subjects’ choice, the nonchosen face disappeared

and a fixation cross appeared on the nose of the chosen
face, followed after 1,500 ms by the presentation of the tar-
get stimulus on the nose. Appearance of the declared tar-
get stimulus on the nose confirmed the correctness of the
choice. Appearance of the alternative stimulus (disk when
the spider was the declared target; spider when the disk
was the declared target) indicated absence of the target
stimulus and switch to the other face. After 1,500 ms, the
screen turned black. About 700 ms later, the next trial
started. Participants were instructed to base their predic-
tion on the feedback of the previous trial with the same
pair of faces. They were told that the target would nor-
mally appear on the nose of the same face but occasionally
switch to the other face. Target switched randomly
between faces after four to six consecutive correct
responses. Trials in which the same target stimulus as
before was maintained were called repetition trials (Rep-
Trials). Trials in which the target was absent from the face
where it had been presented in the previous trial (absence
indicated by presentation of the alternate stimulus) were
called extinction trials (ExtTrials); indeed, the fact that
only the chosen face remained on the screen induced the
desired feeling that the target was ‘‘absent’’ when the alter-
nate stimulus appeared. The first trial after an extinction
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trial, that is, when the other face had to be chosen were
called ‘‘after-extinction’’ trials (AftExtTrials).
The number of RepTrials was sufficiently variable for

subjects not to anticipate target switches: questioning after
the experiment revealed that 14 of 15 subjects were
unaware that ExtTrials would always appear after four to
six RepTrials; only one subject thought that he had learned

the pattern of the trial succession but indicated a wrong
estimation (6–8).
Faces were chosen as background stimuli to create a

strong association with the target stimulus and to prevent
subjects from verbally encoding the association. Pilot
experiments had also shown that the use of two alternate
face pairs constituted a memory charge demanding contin-
ued attention.
To obtain a sufficient number of event-related potential

(ERP) trials, subjects participated in two sessions 1 week
apart, with exactly the same experimental procedure. On
both sessions, subjects made two blocks with three 120-
trial series. At the beginning of each block, the target to be
looked for was announced (either the spider or the disk),
instructions repeated, and 20 practice trials using the re-
spective target performed. Blocks were separated by a
5-min break. Two blocks had the spider and two blocks
had the disk as the target. The order of blocks was
randomized. Half of the subjects started with a block hav-
ing the spider as the target, the other half with a block
having the disk as the target. Thus, apart from the practice
trials, subjects made a total number of four blocks of three
times 120 trials, that is, 1,440 trials. There were �62% Rep-
Trial, 15% ExtTrial, and 15% AftExtTrial.

Analysis of Behavioural Data

Repeated measures ANOVAs on reaction times and ac-
curacy with the iES of the previous feedback (spider or
disk) and the trial type of interest (AftExtTrial, RepTrial
and AftExtTrial, RepTrial, ExtTrial) as the repeated within-
subjects measures factors were run. Correlation analyses
were performed between reaction times and accuracy for
the different questionnaire scores (FSQ, subjective ratings)
using Pearson correlations.

EEG Acquisition and Preprocessing

The electroencephalogram (EEG) was recorded continu-
ously using the Active-Two Biosemi EEG system (Biosemi
V.O.F Amsterdam, Netherlands) with 128 channels cover-
ing the entire scalp. Signals were sampled at 512 Hz in a
bandwidth filter of 0–134 Hz and amplified in DC mode.
All analyses were conducted using Cartool Software
(http://brainmapping.unige.ch/Cartool.htm). Epochs of
EEG from 2200 to 600 ms post stimulus onset were aver-
aged for each subject and each condition. Epochs with arti-
facts higher than 6 100 lV, with blinks, eye movements,
or other sources of transient noise were rejected. Artifact
electrodes were interpolated [Perrin et al., 1987] and base-
line correction was applied to the 200 ms prestimulus pe-
riod. Before group averaging, individual data were recal-
culated against the average reference and bandpass filtered
to 1–30 Hz.
According to the main question of the study (electro-

physiological correlate of trials requiring a behavioral
switch, i.e., ExtTrials), we intended to analyze only ERPs

Figure 1.

Sequential order of trials in the course of the experiment dem-

onstrating the two different outcome types when the target was

the spider. Every trial consisted of the same three steps: (A)

Presentations of the first pair of faces (Pair 1); subjects had to

predict by button press which one of the two faces would have

a spider on its nose. After the choice, a cross appeared on the

respective face (choice), then the feedback was presented on

the nose of the chosen face: a spider (target stimulus) if the

choice was correct or a disk (non target stimulus), indicating ab-

sence of the target stimulus. (B) Then, the second pair of faces

(Pair 2) was presented and subjects had also to predict which

one of the two faces would have a spider on its nose. (C) For

each pair, after four to six consecutive correct responses (Rep-

Trial), a disk indicating absence of the spider was presented

[‘‘Extinction’’ trial (ExtTrial)]. (D) After the ExtTrials, participants

had to choose the other face (AftExtTrial). Note that incorrect

choice put back the counter of consecutive correct responses

to zero.
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of RepTrial and ExtTrial. Initial analysis also showed that
ERP amplitudes did not differ between RepTrials and
AfterExtTrials, so that AfterExtTrials were dropped from
the analysis. To have a similar number of ERPs of both
RepTrials and ExtTrials, only the fourth correct RepTrials
entered the analysis.

Waveform Analysis

Paired t-tests, Bonferroni corrected by the number of
electrodes-1, were computed on the trace amplitudes
across trial types and different iES for all electrodes posi-
tions over the first 600 ms after stimulus presentation for
each time frame of 1.96 ms [Murray et al., 2004]. Only
periods of at least 10 ms duration of significant amplitude
difference were retained. Amplitude differences were sepa-
rately analyzed using the same approach at the electrode
positions AF8, AF7, Cz, P8, Oz, and P7 of the International
10–20 System for the comparisons between ExtTrial and
RepTrial and between trials with the spider and the disk
as targets.

Topographic Analysis

To characterize electrocortical configuration changes
(topographic patterns) over time, we used a spatial k-
means clustering algorithm [Lehmann, 1987; Michel et al.,
2001, 2004] between 0 and 600 ms for four experimental
conditions: RepTrial with the spider, RepTrial with the
disk, ExtTrial with the spider, and ExtTrial with the disk.
Statistical smoothing was used to eliminate temporally iso-
lated maps with low strength [Pascuali-Marqui et al.,
1995]. As an additional constraint, a given scalp topogra-
phy had to be present for at least 20 ms. The appearance
of these maps in the individual data was then determined
with a fitting procedure allowing to establish how well
these maps explained individual patterns of activity (GEV:
global explained variance, GFP: global field power; a mea-
sure of a map’s strength) and their time course of appear-
ance (time point of maximal GFP). These data were sub-
jected to repeated-measure ANOVAs with map and exper-
imental conditions as within-subject factors. Additionally,
Pearson correlations between statistical parameters for
map differences and task performance or subjective ratings
were calculated.

Source Localization

The neural generators for each condition were estimated
by applying a distributed linear inverse solution based on
a Local Auto-Regressive Average (LAURA) model using a
3D realistic head model with a solution space of 3,005
nodes [Grave de Peralta Menendez et al., 2004; Menendez
et al., 2001]. The LAURA model has been used previously
in various domains of cognitive and affective neuroscien-
ces [Arzy et al., 2007; Brosch et al., 2008, Murray et al.,
2006] and has also proved to be sensitive to deep cortical

structures [Blanke at al., 2005; Lantz et al., 2001]. Current
distribution was calculated within the gray matter of the
average brain provided by the Montreal Neurological
Institute.
Within time periods of interest, determined on the basis

of results of the scalp ERP analysis, the LAURA inverse
solution was averaged across time for each subject and
condition (15 subjects 3 2 conditions). We then used statis-
tical parametric mapping to perform voxel-wise t-tests
between conditions (high versus low iES stimulus; ExtTrial
versus RepTrial). Paired t-tests were calculated for each
node of the solution space using across-subjects variance
(significant activation for P values < 0.05, Bonferroni-cor-
rected by the number of electrodes-1). Areas showing stat-
istically different current density between conditions
within these periods of interest were defined according to
the MriCro template [Rorden and Brett, 2000] and then
selected as regions-of-interest. In these regions, current
source density of the solution points, averaged across the
nodes, was then displayed over the whole period of analy-
sis (600 ms) and differences between the conditions deter-
mined using Bonferroni-corrected paired t-tests.

RESULTS

Subjective Ratings

As anticipated, paired t-test demonstrated that the sche-
matic spider induced more anxiety (mean 6 SD 5 2.3 6
2.8), disgust (3.0 6 3.1), and distress (1.3 6 2.3) than the
disk (all P < 0.05).

Behavioral Results

Participants performed with high accuracy and made
only 3.7 6 3.9% unprovoked errors. Performance varied
according to iES of the target stimulus. A repeated-meas-
ures ANOVA with iES of the previous feedback stimulus
(spider, high; disk, low) and trial type (AftExtTrial, Rep-
Trial) as within-subjects factors on the mean error rate
revealed significant main effects of iES (F(1,14) 5 11.93; P 5
0.039) and trial type (F(1,14) 5 5.64; P 5 0.032) but no inter-
action between iES and trial type. Table I shows that par-
ticipants committed more errors in AftExtTrial than in
RepTrial (F(1,14) 5 11.93; P < 0.01). They produced signifi-
cantly more errors in RepTrial when the previous feedback
had had high iES, i.e., when it had been the spider, than
when it had low iES (F(1,14) 5 2.75; P 5 0.01). In addition,
there was a trend to the opposite for AftExtTrial, i.e., more
errors when the previous association had been with the
disk and the new association was with the spider (F(1,14) 5
1.86; P 5 0.08). Reaction times, by contrast, did not vary
significantly among the conditions (trial types, target stim-
uli). There was no significant performance difference
between subjects starting with one condition (spider tar-
get) and those starting with the other condition (disk tar-
get; F(2,13) 5 1.15; P 5 0.34). Fear of Spider Questionnaire
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[FSQ; Szymanski and O’Donohue, 1995] scores and subjec-
tive measures of anxiety, disgust, and distress in response
to the spider did not correlate with the task performance
(all P-values > 0.05).

Event-Related Potentials (ERPs)

Epochs corresponding to the onset of the feedbacks
(appearance of the spider or disk on the nose) to 600 ms
after stimulus onset were averaged along four conditions:
RepTrial with spider (high iES stimulus), RepTrial with
disk (low iES stimulus), ExtTrial with spider, and ExtTrial
with disk. Grand-means were computed with the data of
the 15 participants.

Waveform analysis

First, we determined periods of amplitude differences of
ERP traces over all 128 electrodes over 600 ms after stimu-
lus onset in response to stimuli of different iES (spider ver-
sus disk) and for the two main trial types (RepTrials ver-
sus ExtTrials). Figure 2 shows the result of paired t-tests
over all electrodes over the whole time period. The

response to spiders strongly differed from the response to
the disk between 120 and 180 ms both in RepTrials (Fig.
2A) and ExtTrials (Fig. 2B) over posterior electrodes, that
is, the area comprising PO electrodes of the International
10/20 System. During RepTrials, there was an additional
period of amplitude difference from 220 to 280 ms over
posterior electrodes (Fig. 2A). That is, the electrocortical
response to a stimulus of high iES (spider) differed very
early from the response to a neutral stimulus, with the ear-
liest difference being independent of the stimulus’ behav-
ioral relevance.
By contrast, cognitive-behavioral relevance (RepTrial

versus ExtTrial) was expressed primarily at later stages of
processing (Fig. 2C,D). Both the disk (Fig. 2C) and the spi-
der feedback (Fig. 2D) induced significantly different
amplitudes when they signaled correct choice (RepTrial) as
opposed to absence of the target stimulus (ExtTrial) from
380 to 520 ms over distributed electrodes. The electrocorti-
cal response to the spider additionally differed over poste-
rior and central electrodes (area comprising C, CP, FC elec-
trodes) from 180 to 220 ms.
Figure 3 documents in more detail ERP responses for

the four conditions at six representative electrode positions
corresponding to AF7, AF8, Cz, P8, Oz, P7 of the Interna-
tional 10/20 System: between 100 and 200 ms, the spider—
unlike the disk—elicited a strong negative deflection over
posterior electrodes P7 (t(29) 5 4.45; P 5 0.015); Oz (t(29) 5

TABLE I. Behavioral results

Trial type

iES of
the previous

feedback stimulus

Mean
proportion

of errors (SD)

Mean
reaction times
(in ms; SD)

RepTrial High 4.1 (2.9) 898 (240)
Low 2.6 (1.5) 892 (242)

ExtTrial High — 904 (268)
Low — 885 (253)

AftExtTrial High 5.3 (4.4) 886 (244)
Low 7.9 (6.4) 904 (230)

iES, inherent emotional salience.

Figure 2.

Paired t-tests on electrodes amplitude contrasting inherent emo-

tional salience for RepTrial (A) and ExtTrial (B) and contrasting

trial type for the spider stimulus (C) and for the spider stimulus

(D) (P < 0.05 after Bonferroni correction).

Figure 3.

Evoked potential curves at six specific electrode positions. In the

center of the figure, the arrangement of all 128 electrodes is pre-

sented. The black squares indicate electrode positions on the

scalp. The black arrow indicates period of significant differences

related to emotional salience of stimuli (high vs. low) and the

white arrow period of differences related to trial type (RepTrial vs.

ExtTrial). The empty graph on the lower left shows the time scale

from onset stimulus to 600 ms and potential amplitudes (in lV).
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4.84; P 5 0.01), and P8 (t(29) 5 5.37; P < 0.001), independ-
ently of behavioral relevance (see black arrows on Fig. 3).
In contrast, amplitude differences related to trial type
occurred between 400 and 500 ms (see white arrows on
Fig. 4): ExtTrial elicited a stronger negative deflection over
frontal electrodes AF7 (t(29) 5 4.7; P 5 0.007) and AF8 (t(29)
5 8.17; P < 0.001). Over the three posterior electrodes P7,
Oz, and P8, ExtTrial also elicited a stronger negative
deflection than RepTrial that appears less obvious in Fig-
ure 3 but turned out significant based on paired t-tests,
which take into account response differences within each
subject, independent of the group’s mean (P7: t(29) 5 5.03;
P 5 0.002; Oz: t(29) 5 6.6; P < 0.001; P8: t(29) 5 5.37; P <
0.001).

Topographic analysis

To determine electrocortical map configurations during
the processing of the four trial types, temporal segmenta-
tion using a spatial k-means cluster analysis was applied
to the ERPs. The analysis identified eight distinct electrical
configurations over 600 ms (Fig. 4A). The sequence and
relative strength of the preponderant maps is shown in
Figure 4B for the grand means of the four trial types. It is
important to note that absence of a map in this sequence
does not necessarily mean total absence of the map but
rather that another map is more preponderant in the re-
spective period. Maps appearing in these grand means
were then fitted in the individual ERPs and tested for dif-
ferences in GEV, GFP, and the time point of maximal GFP.

An initial clear effect was found regarding map 3, which
corresponds to the N170. This map was more present
(higher GEV, F(3,42) 5 3.88; P 5 0.015), stronger (higher
GFP, F(3,42) 5 22.97; P < 0.001), and peaked earlier (F(3,42)
5 6.18; P 5 0.001) in response to the presentation of the
spider than the disk, independent of task condition (Rep-
Trial or ExtTrial). In the subsequent period between 200
and 320 ms, the presentation of the spider induced a dif-
ferent map than the disk: there was a significant interac-
tion between map 4 and map 5 both regarding GEV (F(3,42)
5 8.74; P < 0.001) and GFP (F(3,42) 5 11.16; P < 0.001).
This interaction was due to the fact that map 4 was more
representative of (higher GEV, F(3,42) 5 6.66; P < 0.001)
and stronger (GFP, F(3,42) 5 6.86; P < 0.001) in trials with
the high iES stimulus (spider), independently of trial type.
During the later period, iES of the feedback stimulus no

more influenced cortical responses. By contrast, marked
differences depending on the trial type appeared. Between
400 and 520 ms, RepTrials induced a different electrocorti-
cal response than ExtTrials. There was a significant interac-
tion on the GEV between maps 6, 7, and 8 and trial type
(F(6,84) 5 4.36; P < 0.001). Map 7 was more present in Rep-
Trials (GEV, F(3,42) 5 11.61; P < 0.001), independently of
the iES of the stimulus, and map 8 was more present in
ExtTrials (GEV, F(3,42) 5 9.3; P < 0.001). In contrast, map 6
was equally present across conditions.

Behavioral correlations

Map configurations had some correlation with behav-
ioral measures. The time point of the GFP peak of map 3
(N170) had a significant negative correlation with the
degree of subjects’ anxiety with the spider, independently
of trial condition (RepTrials: r 5 20.56; P 5 0.031; Ext-
Trials: r 5 20.61; P 5 0.015). That is, the more anxious
participants declared to feel by the sight of the spider, the
faster GFP of map 3 peaked. However, the association
between anxiety and emergence of the map 3 had no sta-
tistical impact on behavioral performance: there was no
significant correlation between these variables and propor-
tion of errors in RepTrial with the spider. GFP of map 7
correlated negatively with errors in RepTrial (r 5 20.64; P
5 0.001), GEV of map 7 correlated negatively with correct
response latencies in RepTrial (GEV: r 5 20.53; P 5
0.039). That is, the expression of map 7 was predictive of
better and faster performance in RepTrials.

Source localization analysis

To estimate the localization of the neural generators of
the electrocortical map differences observed in the spatio-
temporal analysis at 100–200 ms, 200–320 ms, and 400–520
ms, a distributed linear inverse solution based on LAURA
was applied. Then, in order to statistically validate genera-
tor differences between the conditions, paired t-tests on
the current source density (as determined using LAURA)

Figure 4.

(A) Temporal distribution of the cortical maps revealed by seg-

menting the grand-mean ERPs. Corresponding cortical maps

with statistical specific differences related to emotional salience

of stimuli (in black) and trial type (in grey). Maps that differed on

inherent emotional salience and trial condition according to GEV

are represented in continuous line, and maps that differed in

term of GFP are represented in dotted line. (B) Sequence of the

eight maps over 600 ms.
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over the nodes of the model were performed. Figure 5A,B
illustrate the areas of statistically different spatial distribu-
tion of generators in the comparison between trials with
presentation of the spider and trials with the disk.
Between 100 and 200 ms (when map 3 was stronger in
response to the spider, Fig. 4B), the spider induced stron-
ger activation (current source density) in the area of the
anterior medial temporal lobes, including the amygdala
(Fig. 5A). Between 200 and 320 ms (when map 4 was more
representative of the response to the spider, Fig. 4B), the
spider induced stronger activation in the left lateral supe-

rior occipital lobe (Fig. 5B). To verify the time course of
these differences, the regions of significantly different gen-
erators (Fig. 5A,B) were then taken as regions-of-interest
and the course of estimated current source density over
600 ms was compared (Fig. 5C–F). Figure 5C,D show that
activity in anterior medial temporal lobes in response to
the spider was significantly stronger in a limited period
around 180 to 200 ms. Figure 5E,F suggest, however, that
the activity difference in the superior occipital lobes found
between 200 and 320 ms (Fig. 5B) mainly emanated from
different current density in the very early phase of this

Figure 5.

(A and B) Statistical t-maps of Inverse solutions for the iES com-

parison independent of trial type. Results of paired t-tests

between LAURA source estimations are shown by means of sta-

tistical t-maps superimposed on slices of MRI brain template. Dif-

ferential activations for trials with the spider versus trials with the

disk for time periods of 100–200 ms and 200–320 ms are shown

in (A) and (B) respectively. Significant differences are displayed in

white (P-values < 0.05, Bonferroni corrected). (A): Coronal slide;

(B): Axial slide. (C–F) Time course of electrical source imaging in

the anterior medial temporal lobe and in the superior occipital

lobe. The curves show the current source density estimated by the

LAURA model from 0 to 600 ms poststimulus onset for trials with

the spider and for trials with the disk in four anatomically defined

regions of interest corresponding to the left (C) and right (D) ante-

rior medial temporal lobe (Ant MTL), and to the left (E) and right

(F) superior occipital lobe (Sup OCC). Each region of interest is

delimited in white on coronal slides (Ant MTL) and axial slides (Sup

OCC). The black boxes below the curves indicate the time course

of statistical differences (P-values of Bonferroni corrected paired t-

tests) comparing the current source density in each region of inter-

est for trials with the spider versus trials with the disk. Only peri-

ods exceeding 30 ms and P < 0.05 are depicted.
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interval. The results confirm the trace analysis (Figs. 2 and
3) and the spatiotemporal analysis (see Fig. 4) indicating
that the processing of the stimulus with high iES (spider)
mainly differs from the low iES stimulus (disk) at an early
stage around 200 ms, and that this difference is mainly
associated with increased activity in the anterior medial
temporal lobes, an area compatible with the amygdala.
Figure 6 gives the same analysis for the difference

between RepTrials and ExtTrials. In this analysis, the pe-
riod between 200 and 320 ms was included because in the
comparison of the spider and disk trials, RepTrials (Fig.

2A) had an amplitude difference at 220–280 ms, which
was not present in ExtTrials (Fig. 2B), and an earlier study
using only neutral stimuli [Schnider et al. 2007] had found
a strong and specific electrocortical reaction to ExtTrials in
this period. Given the marked electrocortical reaction to
the spider, such differences might have been undetectable
in the present study. Figure 6A shows that there was
indeed an area of significantly different current density in
ExtTrials as opposed to RepTrials between 200 and 320
ms: the ventromedial prefrontal area on both sides, with
extension into the right anterior insula. This area mainly

Figure 6.

(A and B) Statistical t-maps of Inverse solutions for the trial type

comparison independent of iES. Results of paired t-tests between

LAURA source estimations are shown by means of statistical t-

maps superimposed on slices of MRI brain template. Differential

activations for ExtTrial versus RepTrial for time periods of 200–320

ms and 400–520 ms are shown in (A) and (B) respectively. Signifi-

cant differences are displayed in white (P-values < 0.05, Bonferroni

corrected). (A): Axial slide; (B): Coronal slide. (C–F) Time course

of electrical source imaging in the posterior medial temporal lobe

and in the orbotofrontal cortex. The curves show the current

source density estimated by the LAURA model from 0 to 600 ms

poststimulus onset for ExtTrial and for RepTrial in four anatomically

defined regions of interest corresponding to the left (C) and right

(D) ventromedial prefrontal cortex (VMPFC) and to the left (E)

and right (F) posterior medial temporal lobe (Post MTL). Each

region of interest is delimited in white on coronal slides (Post

MTL) and axial slides (VMPFC). The black boxes below the curves

indicate the time course of statistical differences (P-values of Bon-

ferroni corrected paired t-tests) comparing the current source den-

sity in each region of interest for ExtTrial versus RepTrial. Only

periods exceeding 30 ms and P < 0.05 are depicted.

r Modulation of Cognitive Control of Behavior r

r 2127 r



includes the orbitofrontal cortex and ventral paramedian
prefrontal cortex. Figure 6C,D show that activity in these
areas was indeed significantly stronger in ExtTrials than
RepTrials and that this local activity difference was limited
to the period between 220 and 300 ms. Between 400 and
520 ms (when maps 6 and 8 differed), RepTrials induced
stronger activation in posterior medial temporal lobes (Fig.
6B). Figure 6E,F show that activity in this area was stron-
ger in RepTrials than ExtTrials over a relatively long pe-
riod between 350 and 600 ms.

DISCUSSION

Our study shows that the iES of stimuli, in this case a
threatening stimulus (spider), modulates cognitively con-
trolled behavior in reversal learning and that this modula-
tion has an early electrocortical correlate.
Although iES by itself was irrelevant for the task, it

influenced behavior. Subjects made more errors when they
had to continue to select the face having a spider (Rep-
Trials) and when the presented stimulus (disk in ExtTrials)
predicted that on the next trial, they would have to select
the other face having a spider on its nose. That is, subjects
appeared to avoid face-spider association, even when this
behavior contradicted the declared task requirement. This
behavioral modulation was accompanied by ERP differen-
ces. We found amplitude differences of evoked potentials
at 120–180 ms and different electrocortical map configura-
tions between 200 and 320 ms when a spider, rather than a
disk, was presented. Most importantly, the strength of the
early electrocortical map configuration representative of
the amplitude difference between 120–180 ms (map 3 in
Fig. 4) negatively correlated with the anxiety subjects
resented in response to the spider picture; the more partic-
ipants declared that the schematic spider appeared threat-
ening to them, the faster and stronger map 3 appeared.
Whereas the level of anxiety induced by the spider influ-
enced the neurophysiological response, it did not directly
influence the behavioral response (no significant correla-
tion with task performance), an observation that might be
due to a ceiling effect regarding task performance: subjects
made more than 95% of correct responses on average.
Previous ERP studies reported that pictures of spiders

induced relatively late (400–600 ms) differences of parietal
responses when compared with neutral pictures [Kolassa
et al., 2006; Miltner et al., 2005; Mühlberger et al., 2006;
Trippe et al., 2007]. These studies focused on spider phobic
individuals and did not provide fine-grained analysis of
early ERP responses. In another study, Kolassa et al [2006]
described amplitude differences of a negative potential
around 170 ms (N170) both in healthy controls and spider
phobic participants when they performed a color-naming
task with schematic designs of spiders and flowers. The
N170 also emerged with significantly different amplitude
in our study (Figs. 2A,B and 3, electrodes P7, P10, Oz).

Indeed, map 3 (see Fig. 4) represents the electrocortical
configuration associated with the N170.
Our study juxtaposed very different stimuli to test the

modulation of behavioral control by iES: a schematic spi-
der versus a disk. Thus, one might speculate that the early
ERP differences resulted from structural differences
between these stimuli. The correlation just discussed
between map 3 (N170) and anxiety provoked by the spider
stimulus makes such an explanation unlikely. Indeed, the
faces presented in this experiment provided a homogene-
ous background, which avoided obvious structural differ-
ences between the stimuli (see Fig. 1). Kolassa et al. [2006]
observed the same N170 difference when using spider and
flower designs composed of the same structural compo-
nents. Thus, the observed ERP differences very likely
reflect—as intended—different processing of a stimulus
with high iES (spider) as opposed to a completely neutral
stimulus (disk).
Inverse solutions indicated that these early differences of

electrocortical activity reflected differential activity in the
anterior medial temporal area on both sides in response to
the spider (see Fig. 5). Allowing for the relatively low spa-
tial resolution of electrocortical mapping and inverse solu-
tions [Michel et al., 2004], the finding is compatible both
with functional imaging studies demonstrating activation
of the amygdala in the processing of threatening [Carlsson
et al., 2004; Ohman et al., 2007] and fearful stimuli (faces)
[Morris et al., 1999; Vuilleumier et al., 2002] and with stud-
ies demonstrating a important role of the anterior temporal
lobe in object categorization [Chao et al., 1999; Haxby
et al., 2001]. Although the method used here does not
allow to differentiate between these two anatomical inter-
pretations, the present study shows that the anterior
medial temporal lobe processes the iES of stimuli early
and transiently, in the period between 170 and 200 ms.
In contrast to iES, the electrocortical differentiation

between behaviorally relevant absence (ExtTrials) as
opposed to the presence (RepTrials) of anticipated out-
comes occurred at a relatively late stage. Both waveform
analysis (Fig. 2C,D) and spatiotemporal segmentation (Fig.
4B) indicated that ExtTrials and RepTrials primarily dif-
fered between 400 and 520 ms. This effect appears unlikely
to reflect a P300, that is, the electrophysiological response
to surprise in response to rare stimuli [Courchesne et al.,
1978; Polich, 1989]: the effect appeared after the typical
200–400 ms window of the P300 and was not centered on
fronto-central electrode positions. Also, this late effect did
not depend on the iES of the feedback stimulus and was
similar in blocks with the spider or the disk as the target.
It appeared that the differential activity in this period
mainly reflected continued validity of stimulus-response
association (RepTrial): the expression of one of the two
electrocortical map configurations in this period (maps 7
and 8) was associated with faster and more correct
responses in RepTrials; map 8 appeared to be specifically
involved in the encoding of the continued validity of stim-
ulus associations. The finding is compatible with earlier
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ERP studies, which showed specific ERP components after
350 ms reflecting recognition, source memory, recollection,
and adaptation of working memory [Cycowicz et al., 2001;
Duzel et al., 2001; Eimer, 2000; Halgren et al., 2002; Wild-
ing and Rugg, 1996]. Additionally, source estimation per-
formed in this study indicated that, between 300 and 600
ms, there was stronger posterior medial temporal activity
in RepTrials than ExtTrials (Fig. 6B,E,F). This finding is
compatible with an earlier study on alternation learning
with neutral stimuli using PET, which showed parahippo-
campal activation when subjects were requested to store
the outcome of the ongoing trial to select the response in
the next trial [Schnider et al., 2005].
The main goal of the present study was to see in what

way iES (currently irrelevant for behavior)—presumed to
be expressed at an early stage—would modulate electro-
cortical processing of behaviorally relevant absence of the
target stimulus (ExtTrials). Behavioral relevance in our
task was defined by the need to adapt behavior in the next
trial by switching to the alternate stimulus. Similar to the
present study, an earlier study [Schnider et al., 2007]
showed marked electrocortical differences between Ext-
Trials and RepTrials between 400–600 ms. However, in the
earlier study, the main effects were observed at an earlier
stage, between 190 and 300 ms. In this period, the Ext-
Trials induced electrocortical responses which differed
from RepTrials and from trials with unexpected, but
behaviorally irrelevant deviations from expectation (pre-
sentation of a new object which still signaled correct
choice). In the present study, too, ExtTrials evoked electro-
cortical differences between 200 and 300 ms, but they were
discrete in comparison to the processes distinguishing
between the spider and the disk. Indeed, in this early pe-
riod, differences only appeared when comparing electrical
current densities (estimated on the basis of inverse solu-
tions) induced by ExtTrials and RepTrials. In contrast to
the earlier study, which explored the processing of com-
pletely neutral stimuli, devoid of any tangible reward
value [Schnider et al., 2007], the present study was
intended to juxtapose these two components of behavioral
relevance: absence of an anticipated outcome and presence
of a inherently relevant, threatening stimulus. The combi-
nation of the current with the earlier study suggests that
the processing of a threatening stimulus has primacy over
the processing of an anticipated outcome, both with
regards to time and intensity of the electrocortical
response.
The source estimation performed in this study contrib-

utes yet another insight: between 200 and 300 ms, ExtTrial
differed from RepTrials by higher current density in ven-
tromedial prefrontal areas (Fig. 6A,C,D). This result is
compatible with a role of the orbitofrontal cortex in the ad-
aptation of behavior to ongoing reality [Schnider, 2003], a
previous PET study showing orbitofrontal activation in
alternation learning and extinction when outcomes were
uncertain [Schnider et al., 2005], and previous functional
imaging studies showing that the updating of stimulus-

response associations was associated with activity of the
orbitofrontal cortex [Fellows and Farah, 2003; Remijnse
et al., 2005; Rolls, 2000].
In summary, the present study shows that an archetypi-

cal, threatening stimulus modulates and precedes cogni-
tive-behavioral decisions. The electrophysiological analysis
suggests three steps in the processing of such information:
an initial valuation of the threatening stimulus between
100 and 200 ms, guided by anterior temporal structure,
presumably the amygdala (processing of fear, threat); fol-
lowed by—and partially overlapping with—the processing
of the behaviorally relevant absence of the declared target
stimulus between 200 and 300 ms (extinction processing),
which is mediated by the ventromedial prefrontal area; fol-
lowed by the final stage of the cognitive-behavioral updat-
ing of the stimulus-outcome association between 400 and
600 ms, mediated by the posterior medial temporal lobe,
presumably the hippocampal area. It appears that anterior
limbic structures (amygdala, ventromedial prefrontal area)
work in concert to evaluate the behavioral relevance of
stimuli at an early stage of processing.
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