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a b s t r a c t
The aim of this study was to determine if, and when, the neural processes involved in switching associations
formed with angry and happy faces start to diverge. We measured event-related potentials (ERPs) and
behavioural responses while participants performed a reversal learning task with angry and happy faces. In
the task, participants were simultaneously presented with two neutral faces and learned to associate one of
the faces with an emotional expression (either angry or happy), which was displayed by the face when
correctly selected. After three to seven trials, the face that had consistently been displaying an emotional
expression when selected would instead remain neutral, signalling the participant to switch their response
and select the other face on the subsequent trial. The neural processes involved in switching associations
formed with angry and happy faces diverged 375 ms after stimulus onset. Speciﬁcally, P3a amplitude was
reduced and P3b latency was delayed when participants were cued to switch associations formed with angry
expressions compared to happy expressions. This difference was also evident in later behavioural responses,
which showed that it was more difﬁcult to switch associations made with angry expressions than happy
expressions. These ﬁndings may reﬂect an adaptive mechanism that facilitates the maintenance of our
memory of threatening individuals by associating them with their potential threat.
© 2009 Elsevier Inc. All rights reserved.

Introduction
Emotional facial expressions can facilitate social interaction, but
this depends on an observer's ability to initially recognise the meaning
of another person's expression, and then use this information to
modify their subsequent social behaviour. A number of studies have
investigated the neural and cognitive processes involved in the ﬁrst
of these skills—the ability to recognise facial expressions of emotion
(see Adolphs, 2002, for a review). However, far fewer studies have
investigated the neural and cognitive processes involved in modifying
one's behaviour in response to the emotional facial expressions of
others (Blasi et al., In press; Kringelbach and Rolls, 2003).
One technique that has been used to investigate how people
modify their social behaviour is ‘reversal learning’. Reversal learning is
the capacity to modify behaviour when reinforcement contingencies
change and has two primary components: the initial learning of
associations between stimuli, and switching to new associations
when reinforcement contingencies have reversed (Remijnse et al.,
2005). Kringelbach and Rolls (2003) combined a reversal learning
task with functional magnetic resonance imaging (fMRI) to identify
brain regions that were activated when a facial expression signalled
⁎ Corresponding author. Fax: +61 2 9850 6059.
E-mail address: mwillis@maccs.mq.edu.au (M.L. Willis).
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that a change in behaviour was required. Their participants were
shown the faces of two different people displaying neutral expressions. They were told that one person would display a happy
expression if correctly selected. In the ﬁrst trial, participants guessed
which neutral person was happy. If their response was correct, the
selected person smiled, signalling that the participant should continue
to select this person on subsequent trials. If their response was
incorrect, the selected person displayed an angry expression,
indicating that the other individual should be selected on the next
trial. Thus, the participant learned to associate an emotion with a
particular person. This is the ﬁrst component of reversal learning.
After four to eight correct responses, the selected person who had
been displaying a happy expression would instead display an angry
expression. This cued the participant to switch their behavioural
response to select the other person (who was now ‘happy’ and would
smile when selected) on the subsequent trial. The ability to switch to a
new association is the second component of reversal learning.
Kringelbach and Rolls found that activation in the orbitofrontal cortex
(OFC) and the anterior and paracingulate cortices was signiﬁcantly
increased when the angry facial expression signalled that a reversal in
behaviour was required. They also found that these same brain
regions were activated when the reversal cue was a neutral
expression. Thus, the increased activation was related to the cue to
change behaviour rather than to the expression displayed by the cue.
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In Kringelbach and Rolls’ (2003) study, participants were only
required to learn and switch associations formed with happy
expressions. There are two reasons why the processes involved in
switching associations formed with happy expressions might differ to
that of other facial expressions. First, visual short-term memory for
face identities is poorer for happy and neutral faces compared to
angry faces (Jackson et al., 2008). Second, adults and children have
better long-term memory for the faces of individuals who have
committed harmful or threatening acts (Kinzler and Shutts, 2008;
Mealey et al., 1996). Since our memory for faces appears to be
inﬂuenced by their potential threat, we might expect that the
processes involved in switching associations formed with threatening
expressions (e.g. angry faces) differ to non-threatening faces (e.g.
happy faces). Thus, one aim of this study was to determine if the
processes involved in switching associations made with threatening
(angry) faces differ from those to non-threatening (happy) faces.
The ﬁrst step towards achieving this aim was adapting the reversal
learning task used by Kringelbach and Rolls (2003). They used an
angry expression to signal that a participant should modify their
behaviour and associate the happy expression with the alternative
person. In our task, participants were shown the faces of two people
with neutral expressions and were asked to select the person that
they predicted would display an emotional expression (either angry
or happy, as determined by the experimental block). From time to
time, the person who had consistently displayed an emotional
expression (angry or happy) when selected would display a neutral
expression. This signalled to the participant that they needed to
switch their response and select the other person, who was now
associated with the facial expression. By using a neutral expression to
cue the participant to switch the association we could compare
whether the processes involved in modifying associations formed
between a person and an angry expression differed from the
processes involved in switching an association formed with a happy
expression.
A second aim of this study was to identify the point in time when
the neural processes involved in switching associations formed with
angry and happy faces start to diverge. Kringelbach and Rolls' (2003)
study used fMRI to measure the neural processes associated with
switching associations. While fMRI is useful for understanding where
neural processes occur in space, it is not helpful for understanding
when neural processes occur in time (Luck, 2005). Thus, we used four
event-related potentials (ERP) peaks to track the time course of neural
processes involved in switching associations formed with different
facial expressions in a reversal learning task: the vertex positive
potential (VPP), the N2, the P3a, and the P3b.
The VPP is an early positive peak elicited at frontocentral sites
between 150 and 200 qq ms. Like the more well-known N170, the VPP
is an early face-sensitive component (see Rossion and Jacques, 2008,
for a review). Although the VPP and N170 are thought to reﬂect the
same neural processes (Joyce and Rossion, 2005), it is more
appropriate to examine the VPP when using an averaged mastoid
reference and the N170 when using a nose or common average
reference (Joyce and Rossion, 2005). Given that the OFC is involved in
switching associations with facial expressions (Kringelbach and Rolls,
2003), we examined neural processing at frontal sites, and used an
averaged mastoid reference. Thus, we examined the VPP rather than
the N170. The VPP is larger to emotional faces than neutral faces
(Eimer and Holmes, 2002; Eimer et al., 2003; Holmes et al., 2006,
2003, 2005), and larger to fearful and angry faces than happy faces
(Ashley et al., 2004; Sewell et al., 2008; Williams et al., 2006). Given
that this was the ﬁrst study to examine if, and when, the processes
involved in switching associations made with threatening faces
diverged from non-threatening faces we wanted to ensure that the
VPP would be larger to emotional faces (i.e., when participants were
cued to maintain the current association) than neutral faces (i.e.,
when participants were cued to switch their current association), and

also larger to angry faces compared to happy faces. Since the VPP
appears to reﬂect the early processing of emotion in faces, we did not
envisage that the VPP would be differentially modulated when
switching associations with angry faces compared to happy faces,
but this remained to be determined.
The N2 is elicited at frontocentral sites at around 250 to 300qq ms.
The size of the N2 is enhanced when there is a mismatch between a
stimulus event and one's expectation about that event (Folstein and
van Petten, 2008). In a reversal learning task, the cue to switch an
association results in a mismatch between the obtained neutral
expression and the expected emotion expression. Thus, we predicted
that the N2 would be larger when participants were cued to switch an
association, than when cued to maintain an association. Since this ERP
is thought to reﬂect a mismatch between expected (emotional) and
observed (neutral) stimuli, we did not expect that this neural
processing would differ between happy and angry blocks. However,
as with the VPP, we investigated this peak to conﬁrm this was indeed
the case.
The P3a is a frontocentral ERP that is elicited at around 300 ms. The
P3b is a posteriorly evoked potential that occurs at around the same
time. P3a and P3b enhancements are believed to reﬂect separate
aspects of an orienting response that occurs to novel or unexpected
stimuli (Friedman et al., 2001). In addition, P3a and P3b amplitudes
are larger when a switch in task rule is cued than when no switch is
cued (Barceló, 2003; Barceló et al., 2002; Kieffaber and Hetrick, 2005).
Since the P3a and P3b are triggered by cues to switch or modify
behaviour, we predicted that the P3a and P3b peaks associated with a
switch in association made with angry faces would differ to the P3a
and P3b peaks associated with a switch in association made with
happy faces.
Previous task switching studies have demonstrated that the neural
processing underlying task switching is time-locked to the feedback
events that signal a switch in task is required, as opposed to the target
events on which one is required to implement a switch in task rule
(Barceló, 2003; Barceló et al., 2002). Therefore, we anticipated that
the differential effects of switching associations formed with happy
and angry faces on the ERP peaks would be apparent in feedback
events rather than response events. However, because this was the
ﬁrst study to use ERPs to investigate switching associations formed
with emotional faces, we also measured the modulation of the VPP,
N2, P3a and P3b peaks triggered by the response events in which
participants were required to either implement a switch in association
or maintain the current association.
To investigate the ﬁnal stage in the time course of processes
involved in switching associations formed with happy and angry
faces, we collected behavioural responses (response times and
accuracy) to compare overt performance when switching associations
formed with angry and happy associations. As our memory for faces
appears to be inﬂuenced by their potential threat (Jackson et al., 2008;
Kinzler and Shutts, 2008; Mealey et al., 1996), we hypothesised that
participants' responses would be slower and less accurate when they
were required to switch associations formed with angry expressions
compared to associations formed with happy expressions.
Methods
Participants
Twenty-six (13 female) undergraduate students participated in
the experiment for course credit. Ages ranged from 18 to 40
(M = 23.00, SD = 5.22). We excluded data from ﬁve participants
because they made at least 20% more errors on switch response
events than on stay response events and their poor performance on
the reversal task (which could have been due to poor attention,
response inhibition and/or understanding of the task) would have
confounded the ERP and behavioural data related to the process
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under investigation (i.e., switching associations). The experimental
methods were approved by the Macquarie University Human
Research Ethics Committee in accordance with the Declaration of
Helsinki. All participants provided written informed consent to
participate in the study.
Stimuli
The stimuli were photographs of the faces of 32 different
individuals (16 female), each displaying an angry, happy and neutral
expression, for a total of 96 faces. The faces were carefully selected to
ensure that the expressions were well recognised (average accuracy
was 95 percent, from the norms in Palermo and Coltheart, 2004) and
were taken from a number of databases (Ekman and Friesen, 1976;
Gur et al., 2002; Tottenham et al., 2009; Watson, 2001). The faces
(256 grey levels, 72 ppi) were scaled to be the same size by ﬁtting the
internal facial conﬁguration of each face within an oval window
subtending a visual angle of 2.3° × 3.4°. This scaling resulted in the
hair no longer being visible in the images. Two faces (of the same
sex) were always simultaneously presented, each 2.1° to the left and
right of the centre of the screen. The left/right location of the two
faces was determined randomly, ensuring that any switch-related
effects were speciﬁc to a change in the person selected and not
related to a switch in the response key used to select the other
person. The stimulus presentation was controlled using Presentation
(Neurobehavioral Systems Inc) and viewed on a 19-in. SVGA CRT
monitor with a screen resolution of 1280 × 1024 pixels, at a viewing
distance of 100 cm.
Reversal learning task
The reversal learning task is illustrated in Fig. 1. The sequence
started with a ﬁxation cross that was presented on a black background
for a random interval between 800 and 1000 ms. Two different people
displaying neutral expressions were then presented on a mid-grey
background. The participant indicated which person they predicted
would later display an emotional expression by pressing the button
corresponding to their location (i.e., left or right) on a Cedrus response
box. In this response event, faces remained on the screen until a
behavioural response was made and response times (RTs) and
accuracy were recorded. ERPs were time-locked to the onset of the
response events. Following a response event, an inter-stimulus
interval (ISI) occurred for a random duration between 750 and
950 ms. This was then followed by a feedback event in which the two
faces were shown again for 1000 ms. ERPs were time-locked to the
onset of the feedback events. Two types of feedback events were used
to form associations between the faces and expressions. When the
participant correctly predicted which person was emotional on the
preceding response event, that person would display an emotional
expression (either happiness or anger, according to the block) and the
other person would remain neutral. This feedback reinforced that the
participant was correct and on the subsequent response event they
should “stay” selecting that person (stay feedback event). However, if
the participant predicted incorrectly, the expressions of both people
remained neutral (error feedback event), indicating that they were
incorrect and the participant should select the other person on the
subsequent response event. In this way, the participant learned which
individual was happy (or angry). Three to seven pairs of stay response
events and stay feedback events were presented in a given sequence.
These were numbered so that they could be separately analysed. The
feedback event occurring after a participant's ﬁrst selection of a
person was labelled a stay1 feedback event. The next response was
labelled a stay1 response event and the next feedback event was
labelled a stay2 feedback event, and so on.
After between three to seven stay feedback events, a switch
feedback event would occur, with the person who had been

331

consistently displaying an emotional expression when selected
instead displaying a neutral expression. The switch feedback event
provided a signal for the participant to switch their response and select
the other person on the subsequent response event (labelled as a
switch response event). If they did this successfully, the newly selected
person would display an emotional expression on the following
feedback event (indicating both that they were correct and should stay
responding with this person—stay1 feedback) whereas failing to switch
would result in error feedback.
Participants completed one block in which the people would
display a happy expression on stay feedback events when correctly
selected (happy block) and another in which the people would
display an angry expression (angry block). Block order was counterbalanced between participants. Different sets of faces were used in the
happy and angry blocks to ensure that any associations formed
between facial identities and expressions in the ﬁrst block did not
interfere with performance on the second block. The set of faces used
in each block was counterbalanced between participants, ensuring
that any emotion effects obtained were not speciﬁc to the set of faces
used. Each expression block was divided into eight sub-blocks, with
each sub-block comprising a different pair of faces (half of which were
female pairs). A trial sequence was composed of between three to
seven stay response events and stay feedback events and one switch
feedback and switch response event (as described above). Between
nine and 13 trial sequences were presented for each pair of face
identities. There were approximately 88 trial sequences in each
emotion block. In an attempt to ensure that participants understood
the task requirements, they were ﬁrst required to complete two short
practice sequences (one happy sequence and one angry sequence)
with faces that were not used in the experiment.
Electroencephalogram (EEG)
Each participant's EEG was recorded from 29 scalp sites using
sintered Ag/AgCl electrodes mounted in a Quik-Cap and positioned
according to the extended 10-20 International system (Jasper, 1958).
The sites included in the montage were FP1, FP2, F7, F3, Fz, F4, F8, FT7,
FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CP4, TP8, P7, P3, Pz, P4,
P8, O1, Oz, O2. The ground electrode was located on the midline
between FPz and Fz. The EEG at each site was referenced to the left
mastoid, then re-referenced ofﬂine to the average of the right and left
mastoids. The vertical electro-oculogram (VEOG) was recorded with
electrodes placed above and below the left eye. The horizontal
electro-oculogram (HEOG) was recorded from electrodes placed 1 cm
from the outer canthi of each eye. Electrode impedance was kept
below 5 kΩ where possible. Data were recorded with a band-pass
ﬁlter of 0.05–100qq Hz with a 50-Hz notch, ampliﬁed (SYNAMPS 2
ampliﬁer), and digitised at a sampling rate of 500 Hz.
Each participant's EEG was processed ofﬂine. The inﬂuence of
VEOG activity was reduced using an algorithm that was calculated
from at least forty 400 ms epochs which contained a clear blink as
judged by the eye, and an amplitude increase of 10% of the maximum
activity recorded at the VEOG channel. Data were ﬁltered with a 30Hz low-pass ﬁlter. Epochs of 1100 ms were created, commencing
100 ms prior to stimulus presentation and concluding 1000 ms
following stimulus presentation. Epochs were baseline corrected and
any epochs with activity exceeding ±100 μV were removed.
ERPs
For each emotion block, averages were computed separately for
feedback events and response events for the following levels: switch,
stay1, stay2, stay3, stay4, stay5+. Events presented at the level of stay5,
stay6 and stay7 were averaged together because fewer events were
presented at these levels. Thus, 12 averages were computed for each
emotion block, resulting in 24 average waveforms for each electrode
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Fig. 1. On each response event, the participant was required to select the person who they thought would display an emotional expression, by pressing the button corresponding to
their location, illustrated in the ﬁgure by the button displayed above the selected face. If the participant was correct, on the subsequent stay feedback event, the selected person
would display an emotional expression. From time to time, a switch feedback event would occur and the person who had consistently displayed an emotional expression when
selected would instead remain neutral. This was a signal that the participant should switch their association and select the other person on the subsequent switch response event.
ERPs were time-locked to the onset of stimulus presentation for response events and feedback events.

and participant. For feedback events, ERPs were only computed when a
correct behavioural response was made on the previous response
event (i.e., error feedback events were excluded). For response events,
ERPs were only computed when participants responded correctly on
both that event and the previous response event. We excluded ERPs to
response events that followed an error feedback event because the
response processes involved in making a response after error feedback
might be similar to the processes involved in switching associations.
Mean amplitude and peak latency data were obtained for the VPP,
N2 and P3a at the three frontocentral midline sites (Fz, FCz, Cz) where
the amplitude of these peaks was maximal, as determined by visual
inspection of grand averaged waveforms. Similarly, we obtained mean
amplitude and peak latency data for the P3b at the three posterior
sites (P3, Pz, P4) where grand averaged waveforms revealed the
amplitude of the P3b was maximal.

Time windows were determined by locating the latency of the
peaks of interest via a visual inspection of grand averaged waveforms
and individual ERP averages. For feedback events, we measured the
mean amplitude and peak latency of the VPP from 140 to 200 ms, N2
from 180 to 280 ms, P3a from 280 to 450 ms, and P3b from 280 to
700 ms. For response events, mean amplitude and peak latency of the
VPP was measured from 140 to 200 ms, N2 from 200 to 300 ms, P3a
from 280 to 400 ms, and the P3b from 280 to 450 ms.
ERPs to feedback events
For mean amplitude and latency measures of the VPP, N2 and P3a
to feedback events, we conducted three-way repeated measures
ANOVAs with the factors of Emotion (angry, happy), Site (Fz, FCz, Cz)
and Feedback Event (switch, stay1, stay2, stay3+). ERPs to stay3
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feedback events were averaged together with stay4 and stay5+
feedback events because preliminary analyses indicated there was
no difference in the mean amplitude and latency of these conditions.
The mean number of trials included in each average for feedback
events after incorrect trial exclusion and artifact rejection were as
follows: Switch (M = 76 for both angry and happy), Stay1 (M = 70
angry, M = 71 happy), Stay2 (M = 75 angry, M = 74 happy) and Stay3+
(M = 227 angry, M = 229 happy). The number of trials in Switch, Stay1
and Stay2 trials were approximately equal. As we averaged the latter
conditions together, Stay3+ contained more trials. However, as Luck
(2005) notes, it is justiﬁable to compare mean amplitude measurements from waveforms that are based on a different number of trials.
For mean amplitude and latency measures of the P3b to feedback
events, we conducted three-way repeated measures ANOVAs with the
factors of Emotion (angry, happy), Site (P3, Pz, P4) and Feedback Event
(switch, stay1, stay2, stay3+).
Since the aim of the study was to ascertain whether ERPs
differed when switching an association formed with an angry
expression compared to an association formed with a happy
expression, we conducted planned t-tests comparing ERPs evoked
to switch feedback events in angry blocks to switch feedback events
occurring in happy blocks. In order to examine effects of Feedback
Event when there was no evidence of a signiﬁcant Emotion × Feedback Event, we carried out three (Bonferroni adjusted) planned
pairwise comparisons, which were Switch vs. Stay1; Switch vs.
Stay2; Switch vs. Stay3+. All planned comparisons were conducted
on mean amplitude and peak latency data for the VPP, N2, P3a and
P3b when appropriate. If a signiﬁcant interaction emerged with Site,
the planned pairwise comparisons (Bonferroni adjusted) were
conducted for each site separately.
ERPs to response events
For mean amplitude and latency measures of the VPP, N2 and P3a
to response events, three-way repeated measures ANOVAs were
conducted with the factors of Emotion (angry, happy), Site (Fz, FCz,
Cz) and Response Event (switch, stay1, stay2, stay3+). As with
feedback events, ERPs to Stay3 response events were averaged
together with stay4 and stay5+ response events because preliminary
analyses indicated there was no difference in the mean amplitude and
latency of these conditions. Mean amplitude and peak latency
measures of the P3b were analysed using three-way repeated
measures ANOVAs with the factors of Emotion (angry, happy), Site
(P3, Pz, P4) and Response Event (switch, stay1, stay2, stay3+). The
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mean number of trials included in each average for response events
after incorrect trial exclusion and artifact rejection were as follows:
Switch (M = 68 angry, M = 70 happy), Stay1 (M = 69 angry, M = 70
happy), Stay2 (M = 74 for both angry and happy) and Stay3+
(M = 224 angry, M = 225 happy). As with feedback events, the
number of trials in Switch, Stay1 and Stay2 trials were approximately
equal, while Stay3+ averages contained more trials as the latter
conditions together.
We conducted planned t-tests comparing ERPs elicited to switch
response events in angry blocks to those occurring in happy blocks. In
order to examine effects of Response Event when there was no
evidence of a signiﬁcant Emotion × Response Event interaction, we
carried out three (Bonferroni adjusted) planned pairwise comparisons, which were Switch vs. Stay1; Switch vs. Stay2; Switch vs. Stay3+.
All planned comparisons were conducted on mean amplitude and
peak latency data for the VPP, N2, P3a and P3b when appropriate. If a
signiﬁcant interaction emerged with Site, the planned pairwise
comparisons (Bonferroni adjusted) were conducted for each site
separately.
Behavioural data
Mean percentage errors and median reaction times for correct
responses were analysed using a two-way repeated measures ANOVA
with the factors of Emotion (angry and happy) and Response Event
(switch, stay1, stay2, stay3+). We averaged together behavioural
responses collected on Stay3 response events with stay4, stay5+
because an initial analysis conﬁrmed that there was no signiﬁcant
difference between the mean percentage error and median reaction
time of these conditions. As we were interested in ascertaining if it
was more difﬁcult to switch associations formed with angry
expressions compared to associations formed with happy expressions, we conducted planned t-tests comparing mean percentage
errors and median reaction time of behavioural responses obtained on
switch response events in angry and happy blocks.
Results
The Greenhouse–Geisser epsilon adjusted value has been reported
in instances where the sphericity assumption was violated. We used
an alpha level of p = 0.05 unless otherwise stated. Mean amplitudes
and peak latencies for all signiﬁcant main effects are displayed in
Table 1. Mean amplitudes and peak latencies for all signiﬁcant
interactions are displayed in Table 2.

Table 1
Mean amplitudes and peak latencies for signiﬁcant main effects.
Site

VPP amplitude
VPP latency
N2 amplitude
N2 latency
P3a amplitude
P3a latency

P3b amplitude
P3b latency

VPP amplitude
P3a amplitude

Emotion

Feedback event

Fz

FCz

Cz

Angry

Happy

2.20 ± 0.58
173 ± 2
0.57 ± 0.43
–
1.24 ± 0.24
–

2.80 ± 0.62
172 ± 2
0.92 ± 0.50
–
1.73 ± 0.25
–

2.65 ± 0.60
170 ± 2
0.93 ± 0.53
–
1.94 ± 0.23
–

2.81 ± 0.61
–
–
–
–
–

2.30 ± 0.59
–
–
–
–
–

P3

Pz

P4

Angry

Happy

1.72 ± 0.18
382 ± 7

2.04 ± 0.21
416 ± 15

2.26 ± 0.26
378 ± 9

2.11 ± 0.20
–

1.91 ± 0.21
–

Fz

FCz

Cz

Angry

Happy

–
2.02 ± 0.32

–
3.16 ± 0.43

–
4.02 ± 0.46

–
–

–
–

Values are mean ± standard error. No value (-) indicates that no main effect was observed.

Switch

Stay1

Stay2

Stay3+

–
− 0.33 ± 0.46
241 ± 4
1.86 ± 0.32
375 ± 7

2.97 ± 0.57
–
1.61 ± 0.51
229 ± 4
1.94 ± 0.26
331 ± 7

2.55 ± 0.60
–
0.81 ± 0.50
228 ± 4
1.32 ± 0.26
328 ± 6

2.74 ± 0.60
–
1.13 ± 0.51
229 ± 5
1.42 ± 0.23
327 ± 6

Switch

Stay1

Stay2

Stay3+

2.21 ± 0.23
362 ± 11

1.66 ± 0.19
366 ± 12

1.63 ± 0.20
342 ± 9

Switch

Stay1

Stay2

Stay3+

1.66 ± 0.63
3.55 ± 0.34

1.18 ± 0.59
2.98 ± 0.42

1.02 ± 0.59
2.79 ± 0.43

1.31 ± 0.58
2.95 ± 0.43

1.94 ± 0.65

2.54 ± 0.26
498 ± 15
Response event
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Table 2
Mean amplitudes and peak latencies for signiﬁcant interactions.
Site

N2 amplitude

P3a amplitude

P3b amplitude

P3b latency

P3a amplitude
P3b amplitude
VPP latency
P3b latency

Feedback event
Switch

Stay1

Stay2

Stay3+

Fz
FCz
Cz
Fz
FCz
Cz
P3
Pz
P4
P3
Pz
P4

− 0.39 ± 0.41
− 0.25 ± 0.47
− 0.35 ± 0.51
1.52 ± 0.30
2.03 ± 0.35
2.02 ± 0.34
2.11 ± 0.24
2.76 ± 0.27
2.75 ± 0.31
505 ± 19
521 ± 17
467 ± 18

1.32 ± 0.45
1.75 ± 0.53
1.76 ± 0.56
1.47 ± 0.26
2.02 ± 0.27
2.34 ± 0.27
1.95 ± 0.20
2.16 ± 0.25
2.53 ± 0.27
341 ± 9
387 ± 19
358 ± 12

0.50 ± 0.45
0.94 ± 0.53
0.98 ± 0.55
0.92 ± 0.25
1.38 ± 0.27
1.65 ± 0.25
1.46 ± 0.16
1.63 ± 0.20
1.88 ± 0.27
350 ± 11
401 ± 23
347 ± 11

0.84 ± 0.46
1.24 ± 0.53
1.30 ± 0.56
1.04 ± 0.24
1.47 ± 0.24
1.74 ± 0.23
1.38 ± 0.18
1.62 ± 0.22
1.88 ± 0.24
330 ± 8
355 ± 15
340 ± 9

Emotion

Switch

Stay1

Stay2

Stay3+

2.28 ± 0.32
1.61 ± 0.25
2.43 ± 0.24
1.99 ± 0.24
175 ± 2
170 ± 2
363 ± 13
361 ± 13

1.44 ± 0.30
1.19 ± 0.25
1.76 ± 0.20
1.55 ± 0.20
173 ± 2
171 ± 2
350 ± 11
381 ± 16

1.48 ± 0.25
1.36 ± 0.23
1.70 ± 0.19
1.55 ± 0.22
172 ± 2
174 ± 2
341 ± 10
343 ± 9

Angry
Happy
Angry
Happy
Angry
Happy
Angry
Happy

1.55 ± 0.31
2.16 ± 0.36
2.54 ± 0.27
2.54 ± 0.27
168 ± 3
171 ± 3
517 ± 15
478 ± 19

Values are mean ± standard error.

ERPs to Feedback events: mean amplitude
Switch feedback events were the ﬁrst cue that a switch in
association was required and so represented the ﬁrst stage in the
process of switching associations. Thus, ERPs evoked by feedback
events are reported ﬁrst.
Signiﬁcant main effects of Site, F(1.19, 29.65) = 7.85, p = 0.006,
η2ρ = 0.24, Emotion, F(1, 25) = 7.81, p = 0.01, η2ρ = 0.24, and Feedback

Event, F(3, 75) = 8.84, p b 0.0005, η2ρ = 0.26, were obtained in the
analysis of VPP amplitude evoked to feedback events. As anticipated,
VPP amplitude was larger to feedback events in angry blocks than in
happy blocks (see Fig. 2). A planned t-test also demonstrated that VPP
amplitude did not differ between switch feedback events in happy
and angry blocks (t = 0.58, p = 0.562, d = 0.04), suggesting that the
main effect of Emotion was driven by differential modulation of the
VPP by the happy and angry faces displayed in stay feedback events.
As Fig. 3 demonstrates, VPP amplitude was, as expected, smaller to
switch feedback events, which comprised two neutral faces, than to
stay feedback events that comprised an angry or happy facial
expression (t N 2.61, p b 0.05, d N 0.18, for all comparisons). All interactions were non-signiﬁcant (F b 1.35, p N 0.257, η2ρ b 0.06, for all
interactions).
Analysis of N2 amplitude revealed a signiﬁcant main effect of Site,
F(1.15, 28.64) = 4.46, p = 0.039, η2ρ = 0.15, Feedback Event, F(1.92,
48.04) = 33.92, p b 0.0005, η2ρ = 0.58, and a signiﬁcant Site × Feedback
Event interaction, F(3.10, 77.47) = 4.80, p = 0.004, η2ρ = 0.16. Planned
comparisons revealed, as Fig. 3 demonstrates, that on each site N2
amplitude was larger to switch feedback events than stay1, stay2 and
stay3+ feedback events (t N 4.70, p b 0.0005, d N 0.39, for all comparisons). All other main effects and interactions were non-signiﬁcant
(F b 1.07, p N 0.357, η2ρ b 0.05, for all remaining effects and interactions).
In our analysis of P3a amplitude, we obtained signiﬁcant main
effects of Site, F(1.17, 29.26) = 42.05, p b 0.0005, η2ρ = 0.63, Feedback
Event, F(1.70, 42.62) = 4.07, p = 0.01, η2ρ = 0.14, a signiﬁcant Site × Feedback Event interaction, F(2.73, 68.22) = 3.38, p = 0.027, η2ρ = 0.12
and a signiﬁcant Emotion × Feedback Event interaction, F(3, 75) = 7.36,
p = 0.005, η2ρ = 0.23. As anticipated, P3a amplitude evoked on switch
feedback events was modulated by the speciﬁc emotion block. As Figs. 4
and 5 show, a smaller P3a was evoked to switch feedback events in
angry blocks than in happy blocks (t = 3.23, p = 0.003, d = 0.35).
Analysis of P3b amplitude revealed signiﬁcant main effects of Site,
F(1.37, 34.16) = 6.50, p = 0.009, η2ρ = 0.21, Feedback Event, F (1.82,

Fig. 2. ERP grand averaged waveforms, recorded from Fz, FCz, Cz, P3, Pz and P4 on angry and happy feedback events.
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Fig. 3. ERP grand averaged waveforms, recorded from Fz, FCz, Cz, P3, Pz and P4 on switch, stay1, stay2 and stay3+ feedback events. While the grand averaged waveforms suggest an
effect of Feedback Event on N1 amplitude at frontocentral sites, no signiﬁcant difference emerged when N1 amplitude was analysed.

45.91) = 20.14, p b 0.0005, η2ρ = 0.45, and a signiﬁcant main effect of
Emotion, F(1, 25) = 5.68, p = 0.025, η2ρ = 0.19, reﬂecting larger P3b
amplitude evoked to feedback events in angry blocks compared to

happy blocks. The analysis revealed a signiﬁcant Site × Feedback Event
interaction, F(3.92, 98.02) = 8.56, p b 0.0005, η2ρ = 0.26. Planned
comparisons revealed as Fig. 3 demonstrates, that P3b amplitude

Fig. 4. ERP grand averaged waveforms, recorded from Fz, FCz, Cz, P3, Pz and P4 on angry and happy switch feedback events.

336

M.L. Willis et al. / NeuroImage 50 (2010) 329–339

Fig. 5. Topographical maps showing scalp distributions from 300 to 700 ms for happy (top) and angry (bottom) switch feedback events.

was greater to switch feedback events compared to stay2 and stay3+
feedback events on all sites (t N 3.89, p b 0.005, d N 0.56). On Pz, P3b
amplitude was also greater to switch feedback events compared to
stay1 feedback events (t = 2.81, p = 0.03, d = 0.46). A signiﬁcant
Emotion × Feedback Event interaction, F(3, 75) = 2.95, p = b 0.005,
η2ρ = 0.11, also emerged. However, there was no evidence to suggest
that P3b amplitude to angry and happy switch feedback events
differed, as our planned comparison was non-signiﬁcant (t = 0.01,
p = 0.995, d = 0.001). From the means displayed in Table 2, it can be
seen that mean amplitude was greater to angry stay feedback events,
compared to happy stay feedback events. However, there was no
difference in P3b amplitude for happy and angry switch feedback
events, which most likely accounts for the observed interaction. No
other signiﬁcant interactions emerged (F b 2.00, p N 0.149, η2ρ b 0.07, for
remaining interactions).
ERPs to feedback events: peak latency
Analysis of VPP peak latency demonstrated a main effect of Site,
F(1.15, 28.78) = 5.17, p = 0.026, η2ρ = 0.17, and a signiﬁcant Emotion ×
Feedback Event interaction, F(1.76, 43.90) = 4.78, p = 0.017, η2ρ = 0.16.
However, a planned t-test revealed a non-signiﬁcant difference between
the peak latency of the VPP evoked to switch feedback events in angry
blocks and happy blocks (t = 1.46, p = 0.156, d = 0.23). No other
signiﬁcant main effects or signiﬁcant interactions emerged (F b 2.62,
p N 0.05, η2ρ b 0.10, for all remaining effects and interactions).
As Fig. 3 reveals, a main effect of Feedback Event was obtained
for N2 peak latency, F(2.12, 53.06) = 7.52, p = 0.001, η2ρ = 0.23, reﬂecting a delayed N2 for switch feedback events compared to stay1,
stay2 and stay3+ feedback events (t N 3.04. p b 0.05, d N 0.53, for all
comparisons). All remaining main effects and interactions failed to
reach signiﬁcance (F b 1.46, p N 2.22, η2ρ b 0.06, for all remaining effects
and interactions).
A main effect of Feedback Event, F(1.86, 46.42) = 24.64, p b 0.0005,
η2ρ = 0.50, was also obtained for P3a peak latency. As Fig. 3 indicates,
the P3a latency was delayed to switch feedback events, compared to
stay1, stay2 and stay3+ feedback events (t N 5.10, p b 0.0005, d N 1.23,
for all comparisons). No other signiﬁcant main effects or interactions
emerged (F b 2.22, p N 0.143, η2ρ b 0.09, for all remaining effects and
interactions).
Analysis of P3b latency revealed main effects of Site, F(2, 50) =
7.16, p = 0.002, η2ρ = 0.22, and Feedback Event, F(1.68, 41.91) =

54.05, p b 0.0005, η2ρ = 0.68. A signiﬁcant Site × Feedback Event
interaction, F(3.87, 96.79) = 2.58, p = 0.044, η2ρ = 0.09 emerged. P3b
latency was delayed to switch feedback events compared to stay1,
stay2 and stay3+ feedback events on all sites (t N 5.1, p b 0.0005,
d N 1.15, for all comparisons). A signiﬁcant Emotion × Feedback Event
interaction, F(3, 64.94) = 6.55, p = 0.001, η2ρ = 0.21, was obtained. A
planned t-test revealed that P3b latency was delayed to switch
feedback events in angry blocks, compared to happy blocks (t = 2.59,
p = 0.016, d = 0.45). The nature of this effect was not clearly evident
for all sites in the grand averaged waveforms shown in Fig. 4.
However, grand average waveforms are known to obscure signiﬁcant effects in ERP peaks that show large individual differences. The
scalp topography of this effect is displayed in Fig. 5, which shows the
peak latency of the P3b emerging between 400 and 500 ms for
happy switch feedback events, whereas the peak latency of the P3b
emerges later for angry switch feedback events, between 500 and
600 ms. All other main effects and interactions failed to reach
signiﬁcance (F b 1.17, p N 0.328, η2ρ b 0.05, for all remaining effects and
interactions).
ERPs to response events: mean amplitude
A main effect of Response Event, F(3, 75) = 6.98, p b 0.0005,
η2ρ = 0.22, was obtained for VPP amplitude. As seen in Fig. 6, VPP
amplitude was larger when participants had to implement a switch in
association on switch response events than when they had to
maintain the current association in stay1, stay2 and stay3+ response
events (t N 3.12, p b 0.05, d N 0.10, for all comparisons). No other
signiﬁcant main effects or interactions emerged (F b 3.07, p N 0.05,
η2ρ b 0.11, for all remaining effects or interactions). No signiﬁcant main
effects or interactions emerged in the analysis of N2 amplitude
(F b 3.04, p N 0.05, η2ρ b 0.10, for all main effects and interactions).
Analysis of P3a amplitude revealed a main effect of Site, F(1.19,
29.82) = 64.95, p b 0.0005, η2ρ = 0.72, and Response Event, F(2.35,
58.76) = 8.05, p b 0.0005, η2ρ = 0.24. As Fig. 6 reveals, P3a amplitude
was bigger to switch response events than to stay1, stay2 and stay3+
response events (t N 2.93, p b 0.05, d N 0.26, for all comparisons). No
other signiﬁcant main effects or interactions emerged in the analysis
of P3a amplitude (F b 2.24, p N 0.05, η2ρ b 0.08).
A main effect of Site, F(2, 50) = 3.85, p = 0.028, η2ρ = 0.13, was
obtained on P3b amplitude. However, all other main effects and
interactions failed to reach signiﬁcance (F b 1.75, p N 0.158, η2ρ b 0.07).
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Fig. 6. ERP grand averaged waveforms, recorded from Fz, FCz, Cz, P3, Pz and P4 on switch, stay1, stay2 and stay3+ response events.

ERPs to response events: peak latency
Analysis of peak latency failed to reveal any evidence of signiﬁcant
main effects or signiﬁcant interactions for the VPP (Fb 1.78, pN 0.147,
η2ρ b 0.07, for all effects and interactions), N2 (Fb 2.08, pN 0.114, η2ρ b 0.08,
for all effects and interactions), P3a (Fb 3.55, pN 0.05, η2ρ b 0.13, for all
effects and interactions), and P3b (Fb 3.44, pN 0.05, η2ρ b 0.12, for all effects
and interactions).
Behavioural data
Analysis of percentage error data revealed signiﬁcant main effects
of Emotion, F(1, 25) = 5.69, p = 0.025, η2ρ = 0.19, and Response Event,
F(1.35, 33.81) = 52.16, p b 0.0005, η2ρ = 0.68, and a signiﬁcant Emotion × Response Event interaction, F(1.48, 37.08) = 5.06, p = 0.019,
η2ρ = 0.17. A planned t-test was carried out comparing error percentages for responses made on switch response events for angry and
happy blocks. This comparison was signiﬁcant, t(25) = 2.60,
p = 0.016, d = 0.53. As Fig. 7 indicates, participants made more errors
when attempting to implement a switch association in angry blocks
than in happy blocks. There was no evidence of signiﬁcant main effects
or a signiﬁcant interaction in the analysis of median RTs (M = 460 ms,
SE = 13 ms, F b 1.91, p N 0.169, η2ρ b 0.08, for both main effects and the
interaction).

involved in switching associations would differ for angry and happy
facial expressions. We found that this was indeed the case, with
distinct neural processing emerging in the P3a and P3b peaks evoked
when participants were cued to switch associations. We also
demonstrated that switching associations was more difﬁcult for
associations formed with angry expressions than happy expressions.
The current results extend Kringelbach and Rolls' (2003) ﬁndings by
demonstrating that the neural processes involved in switching
associations differ depending on the emotional valence of the associated facial expression.
Time course of processing feedback events
Differential neural processing of switch feedback events in angry
and happy blocks was ﬁrst observed in the P3a and P3b peaks. P3a

Discussion
The aim of this study was to determine if, and when, the processes
involved in switching associations formed with threatening (angry)
and non-threatening (happy) faces start to diverge. We compared the
time course of processes related to switching associations for these
different expressions using the VPP, N2, P3a, P3b ERPs as well as
behavioural responses. Since our memory for faces appears to be
inﬂuenced by their potential threat (Jackson et al., 2008; Kinzler and
Shutts, 2008; Mealey et al., 1996), we expected that the processes

Fig. 7. Mean percentage of errors for behavioural responses obtained on switch, stay1,
stay2 and stay3+ response events during angry and happy blocks. Error bars represent
± 1 standard error.
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amplitude was reduced and P3b latency was delayed when the
associated emotion was anger compared to happiness. These ﬁndings
are consistent with previous research ﬁndings that have demonstrated that reduced P3a amplitude and delayed P3b latency is associated
with poor behavioural performance when an individual is required to
modify their behavioural response (e.g., Campanella et al., 2002). An
enhanced P3a seems to occur when there is a need to resolve response
uncertainty, perhaps because increased attention is directed towards
a stimulus to facilitate behavioural response modiﬁcation (Campanella et al., 2002). Thus, the reduced P3a amplitude to switch feedback
events in angry blocks may indicate that less attention is directed
towards the cue to switch the angry association. The P3b appears to
reﬂect the allocation of attentional resources to memory updating
after stimulus evaluation (Delplanque et al., 2005). Therefore, the
delayed P3b latency may reﬂect greater difﬁculty updating memory to
the modiﬁed association when processing angry switch feedback
events than happy switch feedback events.
The ﬁnding that the VPP was larger when processing feedback
events in angry blocks, than in happy blocks is consistent with
previous studies that have demonstrated enhanced VPP positivity to
fearful and angry faces, compared to happy faces (Ashley et al., 2004;
Sewell et al., 2008; Williams et al., 2006). Collectively, these ﬁndings
suggest that VPP enhancement reﬂects early preferential processing
of threatening stimuli (Williams et al., 2006). We also found that VPP
amplitude was reduced to switch feedback events containing neutral
faces compared to the VPP amplitude elicited on stay feedback events
that displayed an emotional face. This replicates the commonly
reported ﬁnding that VPP amplitude is larger to emotional faces
compared to neutral faces (Eimer and Holmes, 2002; Eimer et al.,
2003; Holmes et al., 2003, 2005; Williams et al., 2006).
The N2 did not differ to switch feedback events in happy and
angry blocks. However, the N2 did differ between switch feedback
events and stay feedback events across angry and happy blocks.
Speciﬁcally, the N2 was larger and later to switch feedback events
than stay feedback events. Holroyd and Coles (2002) argued that
N2 enhancement arises from a mismatch between an event and
one's expectation about what will occur in that event. Our ﬁndings
lend further support to this proposal, since larger N2 amplitude
was elicited when there was a mismatch between the two neutral
faces that were displayed in the switch feedback event and the
emotional expression that participants expected to be presented.
Like the N2, P3a latency and P3b amplitude to switch feedback
events did not differ between angry and happy blocks, but the P3a was
later and the P3b larger to switch feedback events than stay feedback
events. These ﬁndings are consistent with task switching studies that
have demonstrated P3b enhancement to feedback that signals a
switch in task rule is required (Barceló, 2003; Barceló et al., 2002;
Kieffaber and Hetrick, 2005). Delayed P3a latency has also previously
been evoked when processing deviant stimuli that are associated with
poorer behavioural performance (Campanella et al., 2002).
In sum, differences between switching associations with angry
and happy expressions ﬁrst emerge at around 375 ms after
presentation of the cue to switch the association. This difference is
evident in the P3a and P3b peaks, which are thought to index the
attentional processes involved in behavioural response modiﬁcation
and memory updating respectively. Interestingly, this difference is
not associated with an early face-sensitive ERP (VPP) nor an ERP
(N2) thought to index the detection of a mismatch between expected
and observed stimuli.
Time course of processing response events
On response events, VPP and P3a amplitudes were larger for
switch response events than stay response events even though the
two faces presented in both switch and stay response events were
always neutral. Williams and colleagues (2006) have suggested that

VPP enhancement may reﬂect more detailed face processing.
Therefore, VPP enhancement occurring on switch response events
may reﬂect more thorough processing of the two faces, which could
be related to greater neural effort involved in implementing the
switch in association to the new person.
Behavioural data
Participants were less accurate at switching associations formed
with angry expressions compared to associations formed with happy
expressions. This suggests that associations formed with threatening
faces may be more resistant to modiﬁcation than associations made
with non-threatening facial expressions. This suggestion is supported
by previous studies demonstrating enhanced memory for faces of
potentially harmful individuals. This is thought to reﬂect an adaptive
mechanism for directing attention towards potentially threatening
individuals (Kinzler and Shutts, 2008; Mealey et al., 1996). Enhanced
memory of harmful individuals may arise because when we associate
faces with potential threat, such associations are more resistant to
modiﬁcation than associations made with non-threatening facial
expressions.
This behavioural effect was evident in errors rather than response
times. Kringelbach and Rolls (2003) also failed to ﬁnd evidence of a
signiﬁcant difference between response times when switching
associations, compared to those elicited when maintaining associations. This suggests that the processes involved in determining which
person would be selected on a response event had been made prior to
the onset of the response event. Indeed, the distinct P3a and P3b
modulation, which emerged on switch feedback events, suggests that
the neural processing associated with reduced performance when
switching angry associations emerged when processing switch
feedback events.
Limitations and future research
Our ﬁnding that switch feedback events trigger larger N2 and P3b
responses and later P3a responses than stay feedback events concurs
with a number of previous studies investigating neural processes
involved in response inhibition, task switching and modiﬁed
responses to stimulus novelty. In line with studies showing that VPP
amplitude is larger to emotional faces than neutral faces (e.g. Eimer
et al., 2003), we also demonstrated a reduced VPP to switch feedback
events comprising neutral faces compared to stay feedback events
displaying an emotional face. However, it is important to note that in
order to cue a switch in association, the switch feedback events had to
be perceptually different (two neutral faces) to stay feedback events
(one neutral and one emotional face). Thus, we cannot be sure that
the ERP differences between switch and stay feedback events are
related to the process of switching associations or are related to
the different stimuli. Unfortunately, this limitation is inherent in all
switching studies–and indeed most real-life situations–because the
stimulus that signals a switch in association (e.g. switch feedback
event) needs to be perceptually different to the stimulus that signals
an ongoing association (e.g. stay feedback event). It will be important
for future studies to dissociate the modulation that is speciﬁc to the
processing of emotional expressions and that which is speciﬁc to the
actual process of switching associations with facial expressions. One
way to do this could be to present the stimuli that were presented in
the stay and switch feedback events in the current study in the
context of another task that does not have the switch requirement,
and examine whether the same neural processing occurs.
The current study shows that the processes involved in switching
associations differ for angry and happy expressions. We have proposed
that this ﬁnding may reﬂect the existence of an adaptive mechanism
that facilitates our memory of individuals who may be of potential
threat to us in future encounters. However, from these results alone we
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cannot exclude the possibility that the ﬁndings may reﬂect the
existence of a more general mechanism that results in enhanced
memory for all negative stimuli. A ﬁrst step towards addressing this
issue would be to investigate whether the processes involved in
switching associations differ between negative facial expressions that
are threatening (e.g. angry) and those which are non-threatening (e.g.
sad). If switching associations is also found to differ between angry
faces and sad faces, such that switching associations is more difﬁcult
for angry faces, this would provide further evidence to suggest an
adaptive mechanism that facilitates the maintenance of memory for
threatening individuals. However, if no such difference was demonstrated, this would suggest that the difference observed in the current
study reﬂects the existence of a mechanism that facilitates memory of
negative faces. Future studies could then examine if this effect is
speciﬁc to faces, or if it is also observed when switching associations
with non-face stimuli that are negatively valenced.
In the current study, we have shown that the process of switching
associations with emotional faces, which is believed to be dependent
on the integrity of the OFC (Kringelbach and Rolls, 2003), differs when
switching associations formed with angry compared to happy faces.
Patients with OFC damage often display inappropriate social behaviour
(Blair & Cipolotti, 2000; Damasio, Tranel, & Damasio, 1990; Hornak et
al., 2003; Hornak, Rolls, & Wade, 1996; Rolls, Hornak, Wade, &
McGrath, 1994). A question of particular interest pertains to whether
their inappropriate social behaviour reﬂects a general reversal
learning deﬁcit (Hornak et al., 2004) or alternatively, reﬂects a
particular problem when learning and modifying associations between faces and negative emotional expressions.
Summary
The aim of the current study was to determine if, and when, the
processes involved in switching associations formed with angry and
happy faces diverge. We demonstrated that the processes involved in
switching associations did indeed differ for angry and happy associations. This differential processing emerged around 375 ms after the
initial presentation of the cue to switch the association, and was evident
in reduced P3a amplitude and delayed P3b latency evoked in angry
blocks compared to happy blocks. Further evidence of divergent
processing was reﬂected in behavioural performance as participants
found it more difﬁcult to switch associations made with angry faces than
happy faces. Previous studies have found enhanced memory for faces of
potentially harmful individuals (Jackson et al., 2008; Kinzler and Shutts,
2008; Mealey et al., 1996). Thus, there may be an adaptive mechanism
that facilitates the maintenance of our memory for threatening
individuals by associating them with their potential threat.
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