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Affective and social processes play a major role in everyday life, but appropriate methods to assess disturbances in these
processes after brain lesions are still lacking. Past studies have shown that amygdala damage can impair recognition of facial
expressions, particularly fear, as well as processing of gaze direction; but the mechanisms responsible for these deficits remain
debated. Recent accounts of human amygdala function suggest that it is a critical structure involved in self-relevance appraisal.
According to such accounts, responses to a given facial expression may vary depending on concomitant gaze direction and perceived
social meaning. Here we investigated facial emotion recognition and its interaction with gaze in patients with unilateral amygdala
damage (n=19), compared to healthy controls (n=10), using computer-generated dynamic face stimuli expressing variable inten-
sities of fear, anger or joy, with different gaze directions (direct versus averted). If emotion perception is influenced by the self-
relevance of expression based on gaze direction, a fearful face with averted gaze should be more relevant than the same expression
with direct gaze because it signals danger near the observer; whereas anger with direct gaze should be more relevant than with
averted gaze because it directly threatens the observer. Our results confirm a critical role for the amygdala in self-relevance
appraisal, showing an interaction between gaze and emotion in healthy controls, a trend for such interaction in left-damaged
patients but not in right-damaged patients. Impaired expression recognition was generally more severe for fear, but with a greater
deficit for right versus left damage. These findings do not only provide new insights on human amygdala function, but may also help
design novel neuropsychological tests sensitive to amygdala dysfunction in various patient populations.
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Abbreviations: fMRI = Functional magnetic resonance imaging; LTL =left temporal lobectomy; RTL =right temporal lobectomy;
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Introduction within the mesial temporal lobe, including the hippocampus and

amygdala. This form of epilepsy is associated with mesial temporal
Temporal lobe epilepsy (TLE) is the most frequent type of focal sclerosis and presents a strong risk of drug resistance, such that
epilepsy and the epileptogenic focus often involves structures the most common and effective therapy is neurosurgery, involving
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temporal lobectomy with the removal of a variable extent of
amygdala and hippocampus. Behavioural changes in these
patients, after surgery, may include social and emotional deficits,
but the latter still remain poorly defined and investigated.
Furthermore, these patients offer a unique opportunity to under-
stand the function of the amygdala in humans better, as well as
the potential hemispheric asymmetry of amygdala function. Such
understanding may, in turn, help to design new neuropsycho-
logical tests to investigate medial temporal lobe functions because
these functions remain difficult to examine in clinical practice, and
neuropsychological testing in these patients rarely examines
emotional or social domains but tend to focus on hippocampus-
dependent memory instead.

In the present study, we built on recent empirical evidence and
theoretical accounts (Sander et al., 2003, 2007) suggesting that
the human amygdala might mediate major emotional, motiva-
tional and social functions related to the appraisal of self-relevance
(Scherer et al., 2001; Sander et al., 2005). Specifically, we
hypothesized that (i) emotion recognition might normally
depend on the self-relevance perceived by an observer; and
(i) the amygdala might play a key role in such encoding of
self-relevance. To test these hypotheses, we manipulated the
self-relevance of emotionally expressive faces (displaying fear,
anger or happiness) by changing their gaze direction (directed
towards or away from the viewer), and then compared the
effect of such manipulation on emotion recognition in patients
with unilateral amygdala damage and healthy controls. We
predicted that amygdala lesion might specifically impair recogni-
tion of emotion expression when self-relevant, rather than across
all expression conditions. Thus, we could not only verify a direct
involvement of the amygdala in relevance appraisal, but also
design a new test of emotion processing in patients.

A crucial involvement of the human amygdala in social and
affective processing is now well established by neuropsychological
and neuroimaging research. In particular, a major role of the
amygdala in emotional recognition (especially for facial expression
of fear) has been reported for many years, but its exact contribu-
tion remains controversial (Calder et al., 2001; Adolphs, 2002;
Cristinzio et al., 2007). Early evidence for emotion recognition
deficits after amygdala lesion was provided by patients with
bilateral damage of either congenital or acquired origin.
Following a first classical single-case study reporting a patient
who had bilateral amygdala destruction due to Urbach-Wiethe
disease and selective impairment in recognizing fear in facial
expressions (Adolphs et al., 1994), several other studies have
described fear recognition deficits after bilateral amygdala lesion
(Adolphs et al., 1994, 1999; Young et al., 1996; Sprengelmeyer
et al., 1999; Anderson and Phelps, 2000; Schmolck and Squire,
2001). However, fear was not always the only impaired emotion
category since some patients also showed deficits for anger,
sadness or disgust (Scott et al., 1997; Broks et al., 1998,
Rapcsak et al., 2000). Moreover, Hamann and colleagues (1996;
Hamann and Adolphs, 1999) reported normal emotion recognition
after bilateral amygdala damage in two patients.

More variable deficits have been reported in patients with
unilateral amygdala damage. Early studies reported that a small
group of patients with unilateral temporal lobectomy showed
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normal recognition for all types of facial expression (Adolphs
et al., 1995). In contrast, subsequent studies with larger samples
reported significant deficits for several emotion categories but with
some differences according to the side of the lesion: deficits were
either more severe, or found only in right lobectomy patients
(Anderson et al., 2000; Adolphs et al., 2001; Meletti et al.,
2003; Benuzzi et al., 2004; McClelland et al., 2006).

Functional magnetic resonance imaging (fMRI) in healthy
participants has also consistently demonstrated an involvement
of the amygdala in emotion processing (Pessoa, 2008). Since the
study by Morris et al. (1996), many others have reported
amygdala activation in response to fearful faces (e.g. Whalen
et al., 1998; Vuilleumier et al., 2001). However, amygdala may
also be activated by other facial attributes, such as attractiveness
(Winston et al., 2007) or trust (Said et al., 2009) as well as by
expressions of sadness (Blair et al., 1999), anger (Wright et al.,
2002; Yang et al., 2002) and disgust (Anderson et al., 2003a).
Critically, the amygdala is also activated during the processing of
neutral (Wright and Liu, 2006) or even positive expressions such
as happy faces (Breiter et al., 1996; Canli et al., 2002; Pessoa
et al., 2002), challenging the special status of fear with respect
to amygdala activity (Fitzgerald et al., 2006).

To account for these data, various interpretations of amygdala
function have been proposed as alternatives to the view that the
amygdala's domain of processing is restricted to the processing of
fear-relevant stimuli (e.g. the 'fear module’; Ohman and Mineka,
2001). Several authors (Anderson et al., 2003b; Hamann, 2003)
suggested that amygdala activity might code for arousal rather
than valence (e.g. negative or positive value). However, arousal
effects on amygdala response may interact with valence for both
facial (Adolphs et al., 1999) and non-facial stimuli (Winston et al.,
2005; Berntson et al., 2007), arguing against a strict independence
of arousal versus valence processing in the amygdala. Moreover,
some findings of amygdala activation to low-arousal information,
such as sad events (Levesque et al., 2003; Posse et al., 2003),
do not support the view that the amygdala is tuned to highly
arousing stimuli only (see Ewbank et al., 2009a).

In this context, an ‘appraisal’ theory of emotions may offer new
insights to resolve these apparent discrepancies (Sander et al.,
2005). A key aspect of appraisal theory is that the processing
of emotional stimuli depends on their perceived self-relevance.
As the amygdala might act as a relevance detector (Sander
et al., 2003, 2005, 2007), it could activate to emotional as well
as neutral faces, depending on the context, because such stimuli
potentially provide highly relevant social information for human
individuals.

With respect to the processing of facial expressions, a series of
recent behavioural studies have indirectly supported this view
in reporting that the perception of facial expressions can be
modulated by eye-gaze direction, which provides important signals
for social interactions and understanding intentions of others
(Adams and Kleck, 2003, 2005; Sander et al., 2007).
Furthermore, the effect of gaze on facial expression recognition
might depend on the type of expression, with a particular pattern
of interaction observed for the perception of anger and fear that is
thought to reflect an appraisal of the source of threat associated
with these emotions. Sander et al. (2007) confirmed this
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prediction in a behavioural study with dynamic face stimuli that
could shift their gaze while they simultaneously expressed anger,
fear or happiness. In this experiment, recognition of happy faces
was not influenced by gaze direction, but recognition of anger and
fear showed an interaction pattern as a function of gaze (direct
versus averted). Angry faces were perceived as expressing more
anger with direct than averted gaze, whereas fearful faces were
perceived as expressing more fear with averted than direct gaze—
a pattern consistent with the higher self-relevance of an angry
face looking towards the viewer, and that of a fearful face looking
to an unknown event close to the viewer. In the case of anger,
this pattern is predicted because the aversive dimension of an
angry expression should increase when the observer is the object
of anger (and hence gazed at). In the case of fear, the potential
threat signalled by a fearful face should increase when the face is
looking at something away from the observer because the object
of fear is also a potential danger for the observer (e.g. a predator
or an enemy approaching the observer), whereas this is not the
case if the gaze is directed at the observer. Indeed, in the latter
condition, the observer themselves would be the object of fear
(hence there is no potential danger for him/her). It is important
to note that these predictions concern relative differences in
self-relevance, and even fearful faces with a direct gaze could
have some degree of self-relevance for the observer (e.g. repre-
senting a strong distress cue). It is, however, expected that the
latter situation should be less self-relevant than a cue of a nearby
danger in terms of its significance for goals, needs and values
of the individual (Sander et al., 2007).

Critically, recent fMRI studies have also provided evidence for
an interaction of gaze direction and emotion expression influen-
cing amygdala responses to faces (Adams et al., 2003; Sato et al.,
2004b; Hadjikhani et al., 2008; N'Diaye et al., in press), but the
exact pattern of effects still remains controversial. A first study by
Adams et al. (2003) reported that angry faces with averted gaze
and fearful faces with straight gaze elicited stronger amygdala
responses, relative to angry faces with direct gaze and fearful
faces with averted gaze, respectively. This fMRI result was
interpreted as evidence for a specific role of the amygdala in
appraising ambiguous situations. In contrast, another fMRI study
(Sato et al., 2004) found that amygdala activation was stronger
when angry faces were presented peripherally and orientated
towards, rather than away from, the observer. Hadjikhani et al.
(2008) also used front-views of emotional faces that were edited
to manipulate gaze direction but, unlike Adams et al. (2003), they
found stronger amygdala activation to fearful faces with averted
than with direct gaze. Similar results have been obtained by our
group in a recent fMRI study using well-controlled, computer-
generated faces with dynamic expressions and gaze-shifts
(N'Diaye et al., in press). Therefore, current data from neuro-
imaging studies do not allow a definite conclusion on the role of
the amygdala for the integration of gaze and expression in emo-
tion perception. Furthermore, in all imaging studies, the amygdala
was activated together with many other brain regions, making it
difficult to unequivocally assert an essential contribution of the
amygdala to this process. The primary goal of the present study
was therefore to test for such effects after unilateral amygdala
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damage, since these patients provide a unique opportunity to
observe any causal role of the left and/or right amygdala.

Therefore, the current study investigated how gaze direction
and face expression interact during emotion perception as a
function of the perceived self-relevance of expressions, using a
similar design as the behavioural study of Sander et al. (2007)
but with the new dynamic stimuli developed for our recent
imaging work (N'Diaye et al., in press). To the best of our knowl-
edge, the possible interaction of gaze and emotion perception has
never been investigated in patients with amygdala lesions. Here
we examined such effects for the first time in patients with either
right temporal lobectomy (RTL) or left temporal lobectomy (LTL), as
well as in healthy participants. Firstly, based on appraisal theories of
emotion (Sander et al., 2005), we predicted that gaze direction
should modulate the self-relevance of expressions in faces, and
hence the perceived emotion in healthy participants (i.e. leading to
specific recognition enhancement for fear with averted gaze and
anger with direct gaze). Secondly, according to our hypothesis of
a critical role for the amygdala in processing self-relevance (Sander
etal., 2003), we predicted that such integration of gaze and expres-
sion should be reduced or abolished in patients.

Experiment 1
Method

Participants

We tested 11 patients with a left unilateral temporal lobectomy,
8 patients with a right unilateral temporal lobectomy and compared
their results with those of 10 healthy volunteers (8 male) who
participated as control subjects in this study (mean age 27.9+3.2).
None of the control subjects had any history of a learning disability or
neurological injury. All patients and healthy participants gave informed
consent in agreement with the local ethical committee regulation.
All participants were right-handed and had normal or corrected-to-
normal visual acuity. Patients were selected from the clinical database
of the Epilepsy Neurophysiology Unit in the Neurology Department of
the University Hospital in Geneva. All patients underwent a standard
neuropsychological assessment before and after neurosurgery, using
an extensive battery of clinical tests routinely used for this purpose
in our unit (e.g. Pegna et al., 1998). No patients showed severe
cognitive impairment following surgery. One patient (BU) manifested
a mild aphasic deficit that recovered well after rehabilitation, whereas
three patients (GU, HP and LH) showed mild difficulties in word
finding, and two other patients (IN and SY) had mild memory deficit
but only in demanding long-term retention tasks. Our criteria for
selection were: (i) unilateral temporal lobectomy for the treatments
of drug-resistant epilepsy; (i) time since surgery <11 years; (iii) no
psychiatric disorders pre- or post-surgery; (iv) willingness to partici-
pate; and (v) success of surgery with a complete disappearance or
important remission of epileptic attacks.

A sample of 78 individuals, operated on since 1995, was contacted,
out of which 25 individuals volunteered to participate in the study.
Among them, one was excluded because of severe depressive
syndrome, three because of an extension of the epileptogenic lesion
beyond the mesial temporal structures (amygdala—-hippocampus), and
two due to severe cognitive deficits (mental retardation attested by
poor performance on intelligence scale). Thus, our final cohort
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consisted of 19 patients, including eight patients with RTL (mean age
34.6+12.5) and 11 patients with LTL (mean age 33.6+15.6)
(Table 1). Information regarding the precise location and volume of
the surgical resection was obtained from postoperative MRI in 14
patients (6 from the right lobectomy group, 8 from the left group).
Anatomical location and overlap of the lesions were reconstructed
using MRICro software (Brett et al., 2001) and standard procedures
(Mort et al., 2003; Grandjean et al., 2008). Results from such recon-
struction are shown for each group in Fig. 1. There was no significant
difference in resection volume between the left and right patient
groups (Student t-test; P=0.19).

Stimuli
We used a new stimulus set taken from our previous fMRI study

in healthy participants (N'Diaye et al., in press), consisting of

Table 1 Clinical details of patients
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computer-generated animated faces displaying dynamic expressions
and eye movements. We created these stimuli using the Facial
Action Coding System (FACS)-Gen software, currently developed in
our centre (Roesch et al., 2006) as an extension of the FaceGen soft-
ware (FaceGen Modeller 2.0, by Singular Inversion Inc. http://
www.FaceGen.com). The FaceGen software has been used in several
previous studies investigating the neural substrates of face processing
(e.g. Schulte-Ruther et al., 2007; Oosterhof and Todorov, 2008;
Todorov et al., 2008). The FACSGen extension used here exploits the
3D face rendering processor of FaceGen but is designed to manipulate
the expressions of 3D faces with a strict control of the time-course of
animation, based on the Facial Action Coding System that was devel-
oped by Paul Ekman to describe facial motor behaviour (Ekman, 1978).
This software and the general methodology of producing the stimuli
have been validated in previous studies, including ratings made by

Patients Sex Age Date of surgery Side of lesion Volume of lesion Seizure onset (age)
GU M 57 08.07.2005 R 38 5
MI M 27 16.07.2004 R 48 5
MA M 46 19.10.2001 R 64.4 8
SA M 27 08.12.2006 R 44.4 21
IN M 39 02.11.2001 R 41.2 0.58
GE M 33 09.02.1999 R 2
MT M 40 15.12.1998 R 8
LO M 31 10.06.2004 R 47.4 13
LH F 58 11.11.2005 L 26.4 6
GX F 33 28.11.2005 L 47.4 12
CL F 19 27.05.2005 L 37 4
WA F 21 18.01.2007 L 40.2 8
HP M 41 06.10.2000 L 43.7 25
SY M 59 09.02.2001 L 525 0.5
BU M 20 14.07.2000 L 321 7
MN M 36 12.07.1996 L 1
NY F 19 26.05.2000 L 453 0.75
PT M 42 19.03.1999 L 4
PL F 52 05.03.1999 L 11

Side and volume of post-surgery lesion, plus onset of epilepsy are given for each patient. L=left temporal lobectomy; R =right temporal lobectomy.
For patients GE, MT, MN, PT and PL, information about the exact volume of the lesion was not available.

Figure 1 Anatomical reconstruction of the patients’ brain lesions. (A) Areas of overlap across patients with right lobectomy and (B) left
lobectomy. Resections were symmetrical in both groups. Note that only the mesial region and anterior pole was damaged, while more
superior lateral cortical regions were intact (including anterior and posterior portions of the superior temporal sulcus).
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FACS coders (Roesch et al., in revision). This tool provides a library of
routines that control the morphology as well as the expression of realistic
face avatars, which can be modified in a parametric manner, enabling us
to produce intermediate faces that are not based on morphing but gen-
erated from the anatomical configuration of individual facial action units
(Roesch et al., in revision). In addition, realistic gaze deviations were
created by angular rotation of the eyes relatively to the axis of the
head, via a computation of the displacement of the iris texture on a
spherical surface that modelled the eyeball. Here, we used gaze devia-
tions to either side (left/right) to generate the different gaze conditions.
Low-intensity expressions were obtained by using only the half of the
displacement of the meshes modelling the full expressions; the speed of
the animation was kept constant.

For the present study, we selected four identities (two males
and two females) with three expressions (fear, anger and happiness),
each with either low (50%) or high (100%) intensity, and with
eye-gaze manipulated between either a straight or averted direction,
leading to 48 different stimuli. Each trial consisted of a short movie
starting with a neutral face whose gaze was initially directed either
straight or averted (rightward or leftward on 50% of trials each). The
face remained static for 1200 ms. After this delay, it showed a rapid
(100 ms) eye shift, either from a straight to deviated position (averted
gaze condition) or from a deviated to straight position (direct gaze
condition), respectively (+15 or -15° of deviation). Following this
gaze shift, after another brief 100ms delay, the face displayed an
emotional expression of fear, anger or happiness with either a
high (full) or low (partial) intensity. The rise-time of low-intensity
expressions was always 200 ms long, stopping at the half of maximum
movement (50% = partial expression), whereas the rise-time of high-
intensity expressions was 400ms (100% = full expression). This was
followed by a constant expression (high or low intensity) during
another 400 or 200 ms, respectively (Fig. 2). Hence, the total duration
of face presentation in the two conditions of high and low intensity
expressions were actually matched with respect to the global duration

i A

PR L R L LT L
»

Facial exg

- Time

Figure 2 Dynamic pattern of eye movement and facial
expression on each trial. For all stimuli used in this experiment,
a neutral face gazing either toward or away from the subject
was first presented as a baseline. After a 1s delay, a 100 ms
long gaze shift was initiated. After another 100 ms delay, facial
expression was unfolded up to 100% or 50% intensity over a
period of 400 or 200 ms, respectively, and maintained for
another 200 or 400 ms, respectively. Traces represent the time
course of the two experimental factors (gaze and expression):
in dotted red, eye gaze starts from a central position (in this
example) and shifts to the left of the viewer; in solid blue, after
the initially neutral expression, an emotional expression starts
100 ms after the end of the eye shift and unfolds during

200 ms to display mild anger (in this example) for 400 ms.
The whole movie lasted 2s for all trials.
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(2s) of the face display (i.e. the dynamic unfolding of low-intensity
expressions was followed by a 400ms static display with a 50%
expression; whereas high-intensity expressions were followed by a
static display with 100% expression for 200 ms after the rise-time).

Procedure

Patients and healthy controls were tested using the same experimental
setting. The 48 stimuli were distributed into four blocks of 12 trials
with a pseudorandom order, different for each participant. A short
break was introduced between the blocks to avoid fatigue. On each
trial, subjects saw the short movie of 2s, showing a single face
displaying a specific emotion and gaze shift, presented centrally on a
computer screen. Following the movie, a response window presented
a series of seven rating scales (horizontal bars representing a continu-
ous range between O and 100). Participants had to rate the general
intensity of the expressed emotion on a first ‘intensity scale’, and then
used six other ‘category scales’ to indicate the extent to which the
six different emotion types could be perceived in the face (similar
procedure as in Sander et al., 2007). To give their response on a
given scale, participants were instructed to move the cursor using
the mouse and click at the point they chose from O to 100. The
emotion labels used for the ‘category scales’ were the French terms
for fear, anger, disgust, happiness, surprise and sadness. The order of
emotion category scales on the screen was kept constant for a given
participant, but randomized across participants (except for intensity
which was always the first). Thus, although only one scale corre-
sponded to the ‘correct’ emotion that was actually presented
(i.e. fear rating scale for fearful faces, anger ratings scale for angry
faces and happy rating scale for happy faces), the five other scales
concerning ‘incorrect’ emotions could be used by subjects to rate the
subjective impression of blends between the target emotion and
other emotions. Similar rating scales were used in previous studies to
measure recognition of emotion (Adolphs et al., 1994; Siebert et al.,
2003), but using discrete point-scales (from O to 5), whereas our
participants were requested to make continuous emotion judgements.
This type of responding has the advantage of allowing a finer and
qualitative measure of responses, including any systematic confusion
and blunting of discrimination, not only error rate (Sander et al.,
2007).

The main dependent variable was the rating given by participants
(from O to 100) on each scale. To characterize the response of the
participants better, we computed two different indices of recognition
as previously used by Shaw et al. (2007): congruence and discrimina-
tion. Congruence was defined as the mean rating given to the ‘correct’
emotion, and discrimination was the difference between the rating for
the ‘correct’ emotion (congruence) and the mean of ratings given to
the other five ‘incorrect’ emotions.

Statistical tests were conducted using Statistica software (version
6.1; StatSoft Inc., Maisons-Alfort, France). P-values below 0.05 were
considered significant.

Results

While the main focus of this experiment was to test the prediction
that an interaction between emotion (fear versus anger) and gaze
direction (direct versus averted) would be observed in healthy
controls but not in amygdala patients, we measured both the
recognition of expressions and more general intensity ratings for
these two emotions of interest, as well as for the happy condition.
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Recognition of emotional expressions

To assess the general profile of emotion judgements across the
different expressions and across participants, we first analysed
the emotion ratings made on the six emotion category scales,
regardless of the intensity of expression and direction of gaze.
A repeated-measure analysis of variance (ANOVA) was
conducted with two within-subject factors: emotion expression
(three levels: anger, fear and happiness) and emotion rating
(six levels: anger, fear, sadness, happiness, disgust and surprise),
plus one between-subject factor: participant group (three levels:
control, RTL and LTL). This analysis revealed significant main
effects of emotion expression [F(2, 52)=19.3, P<0.05] and of
emotion rating [F(5, 130)=17.3, P<0.05]. There was also a
two-way interaction between rating and emotional expression
[F(10, 260)=103.9, P<0.001] indicating that the three types
of emotions were perceived as consistently different from
each other, and that different emotion ratings were made for
the different facial expressions. Finally, there was a significant
three-way interaction between rating, emotional expression
and group [F(20, 260)=2.9, P<0.05], which indicated that the
rating profile made by the patients across emotion categories
was significantly different from the ratings made by controls
(Fig. 3). Furthermore, the ratings of fear for the fearful face
condition were lower in patients than controls [F(1, 27)=7.6,
P<0.05].

Therefore, next we investigated whether the difference between
groups primarily concerned the ratings for the ‘correct’ emotion,
or whether the groups also differed more generally in their ratings
of ‘incorrect’ emotions. For each of the three expressions and each
of the groups, we calculated two recognition indices, the ‘congru-
ence' index (the mean rating given to the ‘correct’ emotional
scale) and the ‘discrimination’ index (the difference between
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congruent responses and the mean of ratings given to the other
five ‘incorrect’ emotions). We then systematically compared the
two patient groups (right and left) with each other and with
the controls, using unpaired t-test contrasts for each face
expression type.

For the congruence index, both patient groups were found
to be significantly worse than control participants at rating the
correct emotion category for fear and anger (i.e. lower congru-
ence), but not for happiness. In addition, for the discrimination
rate, the left patient group was significantly impaired for angry
and fearful expressions as compared to the control subjects,
whereas the right patient group was significantly impaired for
fearful faces and the difference was marginally significant for
angry and happy faces (Table 2). No differences were found
between the left and right patient groups, both for the congru-
ence and discrimination measures. Overall, these results confirm a
deficit in the recognition of facial expressions of fear and anger in
patients with amygdala damage, irrespective of the operated side,
but with a trend for a broader deficit extending to happiness in
patients with right lesions.

Interaction of emotion recognition and gaze direction

The main new question addressed in our study concerned the
interaction of expression and eye gaze during emotion recognition
in amygdala patients. We first analysed emotion recognition
accuracy using a three-way ANOVA on congruence values
(i.e. ratings on the expected ‘correct’ emotion for each stimulus),
including emotion type (anger, fear versus happiness), expression
intensity (50% versus 100%) and gaze direction (direct versus
averted) as within-subject factors, plus group (control, LTL,
versus RTL) as between-subject factor. The results showed
significant effects of group [F(2, 26)=4.05, P<0.05], emotion

110
100
90
80
70
60
50

emotional rating

30
20
10

=10

E controls
T RTL
- LTL

1 2 3 4 5 6 1 2
Anger

3 4 5 6 1 2 3 4 5 6

Fear Happiness

Figure 3 Emotion ratings for the three facial expressions. The average value of ratings made on the six emotion category scales is
shown for the control subjects, LTL and RTL patients. The scale correspondence is 1 =happiness; 2 =sadness; 3 =anger; 4 =fear;
5 =surprise; and 6=disgust. Error bars represent standard deviations around the mean between subjects.
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Table 2 Performance indices for emotion ratings

C. Cristinzio et al.

Index Emotion Right, M (D.S) Left, M (SD) Controls, M (SD) Group comparison t (P
(n=8) (n=11) (n=10)
Congruence Anger 65.98 (23.54) 66.16 (24.95) 85.25 (8.62) R versus L —0.01 (0.98)
R versus controls —2.40 (0.02)*
L versus controls 2.29 (0.03)*
Fear 27.85 (23.79) 37.44 (22.27) 56.94 (19.50) R versus L —0.90 (0.38)
R versus controls —2.85 (0.01)*
L versus controls 2.12 (0.04)*
Happiness 44.14 (19.88) 55.40 (22.82) 56.50 (15.63) R versus L —1.11 (0.27)
R versus controls —1.47 (0.15)
L versus controls 0.12 (0.89)
Discrimination Anger 50.87 (31.33) 48.18 (23.57) 71.63 (18.06) R versus L 0.21 (0.83)
R versus controls —1.7 (0.09)
L versus controls 2.53 (0.01)*
Fear 6.25 (20.38) 16.64 (20.41) 36.00 (16.67) R versus L —1.09 (0.28)
R versus controls —3.41 (0.003)*
L versus controls 2.36 (0.02)*
Happiness 31.55 (17.84) 43.44 (21.85) 46.98 (13.55) R versus L —1.26 (0.22)
R versus controls —2.08 (0.05)
L versus controls 0.44 (0.66)

Congruence is the mean rating given to the ‘correct’ emotion; discrimination is the difference between the rating for the ‘correct’ emotion (i.e. congruence) and the
mean of ratings given to the five other ‘incorrect’ emotions. Average value and SDs are given for each expression and each group. Asterisks designate significant

differences between groups (unpaired t-test).

[F(2, 52)=26.1, P<0.01] and intensity [F(1, 26)=111.5, P<0.01]
but, as expected, no significant main effect of gaze [F(1, 26)=0.8,
P>0.3]. Emotion recognition was better in control participants
than in the two patient groups across all stimulus conditions and
better for happiness than for other expressions, in all participants
(Fig. 3).

The triple interaction between emotion, gaze and group failed
to reach significance in the full ANOVA above [F(4, 52)=1.2,
P>0.3]. However, our key predictions specifically concerned the
influence of gaze direction on the recognition of fear and anger,
and the possible consequences of amygdala damage on this
specific gaze x expression interaction. Because recognition accu-
racy showed significant main effects of group and also because
previous studies in normal participants showed no significant
effects of gaze for happy expression (Sander et al. 2007;
N'Diaye et al., in press), we then focused on planned comparisons
for these two emotions of interest. Three new ANOVAs were
performed on the congruence values, for each group separately,
using emotion type (anger versus fear), expression intensity
(50 and 100%) and gaze direction (direct versus averted) as
within-subject factors in each group.

For controls, as observed in the full analysis, we found signifi-
cant effects of emotion [F(1, 9)=24.4, P<0.05] and intensity
[F(1, 9)=15.5, P<0.05], as well as the predicted interaction
between emotion and gaze [F(1, 9)=7.9, P<0.05], confirming
that the ‘correct’ emotion ratings on target expressions reliably
varied as a function of the concomitant gaze direction, thus
replicating previous results in normal participants (Sander et al.,
2007). There was no interaction between emotion and intensity
[F(1, 9)=0.08, P>0.7]1 or between gaze and intensity
[F(1,9)=2.5, P>0.1].

In patients with LTL, main effects of emotion [F(1, 10)=10.2,
P<0.05] and intensity [F(1, 10)=18.1, P<0.05] were also
significant, accompanied with a reliable interaction of emotion x
intensity [F(1, 10)=16.7, P<0.05]. The critical emotion x gaze
interaction followed the same direction as in controls, but just
failed to reach significance [F(1, 10)=4.49, P=0.06]. There was
no significant interaction between gaze and intensity
[F(1, 10)=0.86, P>0.3].

On the other hand, patients with right lobectomy showed only
main effects of emotion [F(1, 7)=22.7, P<0.05] and intensity
[F(1, 7)=27.7, P<0.05], but the interaction between gaze and
emotion was not significant [F(1, 7)=0.02, P>0.8]. Likewise,
neither the interaction between emotion and intensity
[F(1, 7)=3.17, P>0.1] nor that between gaze and intensity
[F(1, 7)=0.02, P>0.8] were significant in this group.

The triple interaction emotion x gaze x intensity was not signif-
icant in any of the three groups (P>0.3). Taken together, these
results indicate that, unlike controls (and to a lesser degree left
lobectomy patients), right lobectomy patients did not differently
recognize fear versus anger as a function of averted versus direct
gaze direction, respectively (Fig. 4). Thus, these findings are
consistent with our prediction that, in controls, the perception of
self-relevance induced by gaze direction should enhance perceived
anger in angry faces when their gaze is direct rather than averted
but conversely enhance perceived fear in fearful faces when gaze
is averted rather than direct (see also Sander et al., 2007; N'Diaye
et al., in press). Critically, as predicted, this interaction was not
observed after right amygdala damage; however, this interaction
was reduced but still present in LTL patients.

In order to clarify the different response patterns to fear and
anger for right lobectomy patients, as compared with controls and

0T0Z ‘62 dunr Uo BA3UIL) JO AlSIaAIuN Je Blospeuinolplojxo-ureiq//:dny wolj papeojumod


http://brain.oxfordjournals.org

Gaze and emotion expression in human amygdala

90
80
70
60
50

40

30 DOaverted
W direct

congruence

20 U
anger fear anger fear anger fear

controls LTL RTL

Figure 4 Recognition of anger and fear as a function of gaze
direction. Ratings on the congruent emotion category scales
(from 0 to 100) are illustrated for each emotion expression and
each gaze condition in the three groups of participants. Error
bars represent standard deviations around the mean between
subjects. Relative to averted gaze, direct gaze generally
increased perception of anger but reduced perception of fear
(and vice versa), but only in controls and left lobectomy
patients, not in right lobectomy patients.

left lobectomy patients, we further analysed the effects of gaze
direction for each of these two emotions separately. Additional
ANOVAs were performed on congruence values, one for each
emotion type, using gaze direction (direct versus averted) and
expression intensity (50 and 100%) as within-subject factors and
group (control, LTL and RTL) as a between-subject factor.

When exploring responses to angry faces, we found a signifi-
cant main effect of intensity [F(1, 26)=51.3, P<0.01] and an
interaction between intensity and gaze [F(1, 26)=4.4, P<0.05].
Most importantly, we observed an interaction between gaze and
group [F(1, 26)=4.3, P<0.05]. This reflected a difference in the
influence of gaze on emotion ratings for the right lobectomy
patients relative to controls [gaze x group interaction:
F(1, 26)=4.3, P<0.05], whereas there was no such difference
for left lobectomy patients relative to controls [gaze x group
interaction: F(1, 26)=0.02]. Finally, we also observed a marginally
significant gaze x group interaction [F(1, 26)=3.8, P=0.05] when
directly comparing the two patient groups (LTL versus RTL),
suggesting that the effect of gaze on the ratings of anger was
more disrupted by right than left amygdala damage.

When exploring responses to fearful faces, we found
main effects of group [F(2, 26)=4.2, P<O0.05], intensity
[F(1, 26)=7.5, P<0.05] and gaze [F(1, 26)=4.2, P=0.05], but
no interaction between gaze and group was observed [controls
versus RTL: F(1, 26)=0.01, P>0.9; controls versus LTL:
F(1, 26)=0.04, P>0.8; RTL versus LTL: F(1, 26)=0.09, P>0.71.

Although happy expressions were used as a control condition,
for completeness, we also tested for any effect of gaze on the
recognition of happiness. Some studies have reported that percep-
tion of happiness might be enhanced with direct, as compared to
averted, gaze (Adams and Kleck, 2005; but see Sander et al.,
2007 for different results). We therefore repeated a 2 (gaze) x
2 (intensity) x 3 (group) ANOVA on congruence ratings for
happy expressions. This showed a main effect of intensity only
[F(1, 26)=120.9, P<0.01], but no main effects and no
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interactions were found with the factors gaze [F(1, 26)=0.3,
P>0.5] and group [F(2, 26)=1.0, P>0.3].

Finally, we also confirmed the mirror effect of gaze direction
on fear and anger, by measuring the directionality of gaze effects
(i.e. relative increases or decreases in emotion ratings) using a sign
test across the different face conditions and the different groups.
First, we computed the difference between stimuli with direct and
averted gaze for ratings on the fear and anger category scales
(i.e. positive differences when ratings of a given emotion category
were higher with direct gaze; negative differences when ratings
were higher with averted gaze). We then compared this measure
of gaze-effects for anger versus fearful expressions using a sign
test across participants from each group, which revealed that the
difference was significant in controls (P=0.021); nearly significant
in left lobectomy patients (P=0.065); but non-significant in right
lobectomy patients (P=0.99). These results confirm an opposite
influence of gaze direction (averted or directed) on the recognition
of anger and fear, which were present in normal participants,
weaker but still present in LTL patients and totally absent in RTL
patients. In contrast, no systematic difference was found for happy
expressions (relative to either anger or fear) in any of the three
groups.

Taken together, these data converge to show that, in both
controls and left lobectomy patients, expression and gaze inter-
acted in the recognition of emotion in faces, with anger being
rated higher with direct as compared to averted gaze, but fear
being rated higher with averted as compared to direct gaze.
No such interaction of gaze and expression was observed in
right lobectomy patients. Furthermore, the predicted loss in this
interaction for these patients was mainly driven by the abnormal
effect of direct gaze on recognition of anger, suggesting that gaze
direction and self-relevance might be more important for the
appraisal of angry than fearful expression. Most importantly,
these data demonstrate that an interaction of gaze and expression
during emotion recognition is dependent on the integrity of the
(right) amygdala.

Perception of expression intensity

In addition to the emotion scales, participants rated the face
expressions on a more general ‘emotion intensity scale’ (irrespec-
tive of emotion category). For completeness, we also analysed
these ratings by a repeated-measure ANOVA with emotion
(anger, fear and happy), intensity (50 and 100%) plus gaze
direction (direct versus averted) as within-subject factors and
group (control versus LTL versus RTL) as a between-subject
factor. We found main effects of intensity [F(1, 26)=110.6,
P<0.01] and emotion [F(2, 52)=58.8, P<0.01], and interactions
between intensity and emotion [F(2, 52]1=6.8, P<0.01] as well as
intensity and group [F(2, 26)=6.7, P<0.01] and emotion and
group [F(2, 52)=7.2, P<0.01]. Importantly, there was no main
effect of group and no main effect or interaction involving
gaze direction.

Planned comparisons revealed that full (100%) expressions were
perceived as more intense than partial (50%) expressions in all
groups [controls: F(1, 26)=81.1, P<0.01; LTL: F(1, 26)=17,
P<0.01; RTL: F(1, 26)=26.1, P<0.01], demonstrating not only
the validity of our intensity manipulation but also preserved
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processing of expression intensity in the patients. However,
comparisons between groups showed that this intensity effect
was stronger in controls than in both the LTL [F(1, 26)=13.3,
P<0.01] and RTL patients [F(1, 26)=4.8, P<0.05], explaining
the significant interaction between intensity and group. In
contrast, the interaction between intensity and patient subgroup
(LTL versus RTL) was not significant [F(1, 26)=1.4, P>0.2].

The effect of intensity was evident in all three emotions [anger:
F(1,26)=75.9, P<0.01; fear: F(1, 26)=56.2, P<0.01; happiness:
F(1, 26)=109.3, P<0.01] but lower for fearful than for happy
[F(1, 26)=10.3, P<0.01]1 or angry faces [F(1, 26)=11.5,
P <0.05], explaining the significant interaction between intensity
and emotion. Finally, the emotion x group interaction was due to
the fact that LTL patients showed a different pattern across the
three emotion categories relative to other groups. Whereas both
controls and RTL patients generally rated intensity lower for happy
faces than for fearful faces [controls: F(1, 26)=21.4, P<0.01,;
RTL: F(1, 26)=13.5, P<0.01] and angry faces [controls:
F(1, 26)=57.1, P<0.01; RTL: F(1, 26)=31.1, P<0.01], this
difference failed to reach significance in LTL [F(1, 26)=0.5,
P>0.4 and F(1, 26)=3.18, P=0.08, respectively].

Thus, overall, the lack of any significant effect of gaze direction
on general intensity ratings further establishes the specificity of
its influence on emotion recognition.

Experiment 2

Although the results above suggest a loss of eye-gaze influences
on emotion recognition in right lobectomy patients, it is, in prin-
ciple, possible that our results may reflect a deficit in processing
eye-gaze in the first place rather than impaired integration of gaze
with expression information. We therefore performed a control
experiment to assess eye-gaze perception in the same participants.
Recent evidence from both imaging and neuropsychology
studies has suggested an important role for the amygdala in
processing the eye region of faces (e.g. Whalen et al., 2004;
Adolphs et al., 2005; Spezio et al., 2007) and previous findings
indicate that gaze direction perception can be disrupted in patients
with temporal lobe damage (Campbell et al., 1990; Young et al.,
1995). In particular, Young et al. (1995) reported that a patient
with bilateral damage to the amygdala (and neighbouring regions)
was impaired in discriminating gaze direction. Such a deficit might
in itself explain a loss of interaction between emotion expression
and gaze direction in our right lobectomy patients. Our control
experiment therefore aimed at checking whether our patients
showed any deficit in processing eye-gaze cues per se. We
therefore presented our participants with an additional gaze
discrimination task using neutral faces with variations in gaze
direction (see Campbell et al., 1990; Young et al., 1995).

Methods

Participants

Participants consisted of the same groups of patients and healthy
controls as in Experiment 1. All participants were presented with this
gaze discrimination after the emotion recognition task.

C. Cristinzio et al.

Stimuli

Similar stimuli were used as those in Experiment 1 but with different
identities and always with neutral expressions. We selected four iden-
tities (two males and two females) from the same computer-generated
face dataset (FaceGen), which were shown in a full-front static
condition with different directions of gaze. Seven gaze directions
were used: full frontal (0°) or deviated by 5°, 10° and 20° (left or
right, on half of the trials each), resulting in a total of 32 items.

Procedure

The testing procedure was derived from the experimental design used
by Campbell et al. (1990) and Young et al. (1995). Neutral faces were
presented one at a time during 2s on a computer screen. After each
stimulus, three response labels appeared on the screen: ‘left’, ‘central’
and 'right' to indicate the eye-gaze direction. The ‘central’ label was
shown at the centre of the screen, whereas the ‘left' and ‘right’
labels were presented on the left and right sides, respectively. Each
participant was requested to indicate if the face looked at him/her, or
away from him/her, by choosing the label corresponding to the gaze
direction of the previously seen face.

Results

We computed the per cent of items that were perceived as
looking straight and measured how this was modulated by the
actual gaze direction and whether this modulation differed
between the three groups of participants. We focused only on
those conditions where the gaze was deviated by 5 and 10°,
because in the condition with 20° of deviation all participants
correctly perceived the gaze as deviated. We conducted an
ANOVA with one within-subject factor, gaze deviation (three
levels: direct, deviation of 5 and 10°), plus one between-subject
factor, participant group (three levels: control, RTL and LTL). This
analysis did not show any effect of group (P=0.4), but there was
a significant effect of gaze deviation [F(2, 4)=197.3, P<0.001].
Both controls and patients were practically flawless in judging the
gaze direction across all conditions except for the smallest (5°)
deviation (Fig. 5). Thus, when the gaze was deviated by 5°,
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Figure 5 Gaze direction discrimination task. The per cent of

‘direct gaze' judgements made for each of the four conditions
of eye direction and each of the three participant groups. Error
bars represent standard deviations around the mean between
subjects.
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more than 50% of the faces were judged as looking straight
rather than averted, whereas for the other degrees of deviation,
less than 10% were judged as straight (P<0.05 for all paired
comparisons between conditions). Most critically, there was no
significant difference between the three groups in any of the con-
ditions (P>0.3).

Discussion

To the best of our knowledge, the current study demonstrates, for
the first time, that unilateral right amygdala damage disrupts the
interaction of gaze and expression during emotion perception
and thus provides new support to recent proposals that the
human amygdala might be critically important for encoding the
self-relevance of emotional events. Although it has frequently
been reported that bilateral damage to the amygdala can impair
emotion recognition, particularly for fearful face expressions
(Adolphs et al., 1994), the consequence of unilateral amygdala
lesion and the contribution of amygdala activity to other emotion
categories has remained unresolved. Furthermore, a number of
studies in healthy subjects suggested that emotion perceived
from faces may be modulated by gaze direction (Adams and
Kleck, 2003, 2005; Graham and LaBar, 2007; Sander et al.,
2007) and that such interaction between gaze and expression
may activate the amygdala during fMRI (Adams et al., 2003;
Sato et al., 2004a; N'Diaye et al., in press), but these findings
are also controversial due to discrepant findings (see Bindemann
et al., 2008; Graham and LaBar, 2007). Here we report new data
showing that, in healthy controls, the gaze direction of seen faces
(eyes oriented towards or away from the viewer) could modulate
the perception of fearful and angry expression, even though facial
expression per se was visually similar. In contrast, patients with
RTL did not show this interaction, while patients with LTL showed
a relatively preserved (or slightly reduced) interaction. This deficit
in right lobectomy patients was most evident for the effect of
direct gaze on the perception of angry expression, suggesting a
stronger role of gaze for the appraisal of anger. In addition, both
right and left lobectomy patients were also more generally
impaired in recognizing expressions of fear and anger, while
perception of happiness was generally preserved (except for a
marginally significant difference in the discrimination index for
happiness between controls and right lobectomy patients).
Furthermore, there was no significant effect of gaze direction for
happy faces in either group. Altogether, these data provide new
insights into the integration of expression and gaze signals in the
amygdala and its proposed role for coding the self-relevance of
threatening events.

To investigate the modulation of emotion perception by gaze
direction, we designed a novel paradigm with well controlled,
computer-animated movies of faces displaying different emotional
expressions (fear, anger or happiness) in combination with
gaze-shifts directed either towards or away from the observer.
Replicating earlier behavioural results with a different set of
dynamic stimuli (Sander et al., 2007), our healthy participants
rated angry faces as expressing more anger when these faces
were seen with direct gaze than with an averted gaze.
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Conversely, fearful faces were perceived as expressing more
fear when these faces were seen with an averted than with
a direct gaze. This result is in agreement with the notion that
the perception of emotion is influenced by the self-relevance
assigned to a stimulus (Sander et al., 2003, 2007) and accords
with previous claims that gaze cues can provide crucial infor-
mation to infer intentions from a seen face and thus influence
the subjective significance of their expressions (Adams et al.,
2003). Thus, our results converge with previous findings
(Adams and Kleck, 2003, 2005; Sander et al., 2007) that
emotional facial perception is not determined by facial features
alone but can be modulated by eye-gaze cues, and further under-
scores the role of self-relevance in the appraisal of facial
expressions.

As recently shown by Bindemann et al. (2008), the interaction
effects between gaze and expression may vary with particular
stimuli and task conditions. Some discrepancies between previous
studies might result from differences in face stimuli. In particular,
Adams et al. (2003, 2005) and Bindemann et al. (2008) used
different sets of static faces and obtained conflicting results;
while the present results and those obtained by Sander (2007)
were obtained with different stimulus material but using dynamic
facial expressions in both cases (N'Diaye et al., in press), which
may favour the integration of facial features in an integrated
percept, given the dynamic nature of facial displays in natural
conditions. Our findings therefore also underscore the increasing
needs to employ ecologically valid stimuli to study emotional and
social processing. Moreover, when using dynamic stimuli to test
the interactions between gaze and expression, it may also be
important to consider the precise temporal dynamics of the gaze
versus expression. For example, Graham and LaBar (2007) found
that this interaction effect is sensitive to the relative speed
of processing of gaze and emotion. When emotion could be
processed faster than (i.e. prior to) gaze, these authors found a
general advantage for direct versus averted gaze; but an interac-
tion emerged only when emotion processing was delayed.
Bindemann et al. (2008) also interpreted their results concerning
interaction effects between gaze and expression as indicating that
gaze processing plays an earlier role than expression processing in
face perception. Their results indicated faster processing of direct
gaze angry faces, while gaze did not reliably affect the processing
of fear (possibly reflecting a greater relevance of gaze cues in
anger than fear). In our experiment, the gaze shift always
preceded the unfolding of the expression, which may therefore
correspond to optimal conditions for interactivity to appear.
Further research is needed to determine whether a different tem-
poral dynamic may induce a distinct recruitment of the amygdala
and appraisal processes.

It should also be noted that the fear expressions used in
our experiment were difficult to differentiate from surprise
(as commonly found in other studies, see Rapcsak et al., 2000),
perhaps allowing recognition to be most effectively modulated by
gaze direction. Thus, it is possible that gaze may serve as a cue to
determine the emotion (Adams et al., 2005), consistent with
the fact that gaze may affect emotion perception in some studies
using more ambiguous expressions or particular stimuli, but not in
other studies (Graham and LaBar, 2007; Bindemann et al., 2008).
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Accordingly, a recent fMRI experiment using the same stimuli as
this study (N'Diaye et al., in press) demonstrated that the crucial
interaction between gaze (direct versus averted) and expression
(fear versus anger) in the amygdala was particularly strong for
faces that had mildly intense expression. In the current study,
however, although fearful expressions were more ambiguous
and more difficult to recognize, an impaired modulation of gaze
on emotion recognition arose predominantly for angry faces, not
for fearful faces, indicating that this abnormal pattern was not
simply related to reduced recognition rates.

Importantly, both theoretical predictions and empirical evidence
has suggested that the amygdala might play a key role in the
appraisal of self-relevance, which is thought to mediate the interac-
tions between gaze and expression during emotional perception
(Sander et al., 2003). In support of this view, recent neuroimaging
studies reported a pattern of activation in the amygdala that was
consistent with previous behavioural results showing an influence of
gaze direction on the recognition of facial expressions (Sato et al.,
2004b; Hadjikhani et al., 2008; N'Diaye et al., in press). However,
other imaging studies have provided divergent findings (e.g. Adams,
2003). In addition, these imaging results brought only indirect evi-
dence for a critical (i.e. causal) involvement of amygdala activity in
mediating such effects. Here we directly tested for the impact of
amygdala lesions and our results suggest, for the first time, that
the integrity of the right amygdala is necessary for the emotional
appraisal of self-relevance in emotional expressions. Indeed, con-
trary to left lobectomy patients and control participants, right lobect-
omy patients did not show the critical pattern of gaze influences on
the perception of angry and fearful faces.

This asymmetry in performance between the two patient groups
might reflect a presumed ‘dominance’ of the right hemisphere for
processing emotional and social stimuli (see Borod and Madigan,
2000) as well as self-related information (Van Lancker, 1991).
It should also be mentioned that all our right-damaged patients
were male and it has been suggested that the right amygdala
might be more strongly recruited during emotional processing in
the male brain (e.g. Canli et al., 2002). A few other studies have
already found that lesions in the right amygdala generally lead to
more severe deficits in emotion recognition than lesions in the left
amygdala (Anderson et al., 2000; Adolphs et al., 2001; Benuzzi
et al., 2004; McClelland et al., 2006). In addition, fMRI studies on
gaze direction processing have reported asymmetrical activation
with stronger response in the right superior temporal sulcus
(Campbell et al., 1990; Pelphrey et al., 2004; Calder et al.,
2007; Engell and Haxby, 2007). As gaze processing in the
amygdala may partly depend on inputs from the superior temporal
sulcus (Calder and Nummenmaa, 2007), a right-sided dominance
of the superior temporal sulcus might in turn explain a greater
sensitivity of right than left amygdala to gaze cues.
Alternatively, it is also possible that the surgical temporal resection
may cause some damage to connections between amygdala and
the superior temporal sulcus, and thus impair the integration of
information relative to expression and gaze. Note, however, that
the volume of right and left temporal lobe damage was similar in
our two patients groups.

Furthermore, as showed by our control experiment, the selective
effect of right amygdala lesion on the integration of gaze and
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expression could not be explained by a more general deficit in
processing gaze direction, which could have resulted in greater
losses in gaze influences for these patients. Indeed, it has been
reported not only that bilateral amygdala lesions may impair the
perception of eye-gaze position (Young et al., 1995), but also that
gaze processing may increase amygdala activity in healthy subjects
(Wicker et al., 1998; Kawashima et al., 1999; George et al.,
2001). However, to rule out the possibility that impaired gaze
processing might lead to impaired perception of self-relevance,
we ran a control experiment that specifically tested for the ability
to discriminate small changes in eye-gaze direction in our patients.
This experiment clearly demonstrated that performance of both
right and left lobectomy patients was similar to that of healthy
controls. All three groups could accurately distinguish direct from
averted gaze and all showed equal difficulty with smaller (5°) gaze
deviations, suggesting that the task was sensitive enough to
measure discrimination performance even in healthy subjects.
Therefore, the lack of significant interaction between gaze and
expression in right lobectomy patients cannot be attributed to
some deficits in upstream processes of gaze direction perception.
Although this lack of deficit appears to contrast with the case
study of Young et al. (1995), their patient had bilateral damage
to the temporal lobes with substantial lesions beyond the
amygdala. Clinical details described large damage to subcortical
regions in the right hemisphere including "‘a discrete lesion in
the pallidal region at the level of the anterior commissure, extend-
ing more dorsally within the striatum at a level rostral to the
anterior commissure, with possible damage to adjacent parts of
the internal capsule and caudate nucleus' (Young et al., 1995).
This difference between bilateral and unilateral lesions might
suggest that an intact amygdala in either hemisphere is sufficient
to process gaze direction, while integrity of the right amygdala is
necessary to integrate information from gaze and facial expres-
sion. Alternatively, deficits in gaze direction discrimination might
be due to lesions located deeper in the temporal lobe, disconnect-
ing the amygdala from regions in the superior temporal sulcus or
other temporal cortical areas that are known to be important for
gaze processing (Campbell et al., 1990; Calder et al., 2007; Engell
and Haxby, 2007).

Conversely, the pathological lack of interaction between gaze
and expression in right lobectomy patients was essentially due
to the absence of gaze effects on the recognition of anger
(which differed from both controls and left lobectomy patients),
while the effect of averted gaze on fear perception was consistent
across all groups (Fig. 4). This might suggest that the role of
gaze is more important in the perception of threat signalled by
angry faces than fearful faces, perhaps reflecting a greater
impact of right amygdala damage on the appraisal of self-
relevance of angry faces as a function of gaze direction, which
actually accords with the fact that angry faces gazing at the
observer should represent the most self-relevant condition relative
to angry faces gazing away or to fearful faces. Accordingly, in
healthy participants, the effect of gaze on expression processing
is generally less reliable for fear than that found for anger
(Graham and LaBar, 2007; Bindemann et al., 2008), a difference
of particular interest given that abnormal lack of gaze effects in
our right lobectomy patients arose specifically for angry, rather
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than fearful, expressions. Thus, in addition to a general right-
hemisphere dominance in emotion and gaze processing, the
differences between our two patient groups might also indicate
a right amygdala bias in processing the type of threat signalled
by anger (e.g. due to its particular social or self-relevance
significance).

The existence of any lateralization in amygdala function is still
debated in terms of domains and levels of processing (Baas et al.,
2004; Sergerie et al., 2008), but some hemispheric distinction has
been proposed on the basis of results in patients with left and
right temporal damage (Funayama et al., 2001; Phelps et al.,
2001), suggesting a right amygdala bias for processing perceptual
threat cues that elicit arousal and startle-like responses (while the
left amygdala would be more involved in fear responses associated
with cognitive or linguistic representations; see also Berntson
et al., 2007). In addition, a right-amygdala lateralization in
processing the self-relevance of angry faces is consistent with a
recent neuroimaging study showing that higher anxiety levels
produce an increased response of the right (but not left) amygdala
to angry facial expressions (versus fearful or neutral) specifically
when these are task-relevant (Ewbank et al., 2009b). Altogether,
these data point to the possibility that the appraisal of
self-relevance (e.g. for angry faces and/or as a function of gaze
direction) might be predominantly dependent on integrity of
the right amygdala.

In addition, our study also found that unilateral lesions to either
side could produce deficits in processing facial expressions of
anger and fear, irrespective of gaze direction. As compared with
controls, both left and right lobectomy patients perceived less
anger in angry faces and less fear but more surprise in fearful
faces. However, patient ratings did not consistently differ from
those of controls for happy faces. These results agree with
previous studies (Anderson et al., 2000; Adolphs et al., 2001;
Fowler et al., 2006; McClelland et al., 2006) showing impairments
in facial expression recognition following unilateral amygdala
lesion, as well as those showing more severe impairments for
negative or threat-related expressions than for positive expressions
(Adolphs et al., 2001; Benuzzi et al., 2004; Shaw et al., 2004;
McClelland et al., 2006).

In conclusion, our results extend previous findings showing that,
in healthy participants, gaze direction can modulate the perception
of emotional face expression according to a specific pattern
predicted by the appraisal of self-relevance (Sander et al., 2003,
2005). Furthermore, we demonstrate for the first time that the
amygdala may play a key role in such effects, by showing that
patients with right lobectomy do not exhibit such a modulation of
emotion perception by gaze and that this deficit cannot be
explained by deficits in gaze direction discrimination or emotion
intensity perception. These results strongly support a causal role
for the amygdala (and possibly adjacent structures within the
medial temporal lobe) in processing the self-relevance of
emotional and social stimuli. In addition, this research confirms
that even unilateral amygdala lesion may lead to deficits in emo-
tion recognition, which underscores the need to properly assess
emotional processing properly before and after medial temporal
lobe surgery using appropriate tests.
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