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1. Introduction

A pancultural means of signaling emotion in humans is through
facial expressions (Darwin, 1872; Ekman, 1993). Perceiving facial
emotion is critical for social interaction and engages a distributed
neural network (Haxby et al., 2002) centered around the amyg-
dala (Adolphs and Spezio, 2006). Human amygdala responses to
facial emotion have been demonstrated at a neuronal (Fried et al.,
1997, 2002) and systems level (Vuilleumier and Pourtois, 2007),
occurring as early as 200 ms post-stimulus (Krolak-Salmon et al.,
2004; Palermo and Rhodes, 2007). Larger activations of the human
amygdala to fearful than to happy faces, together with fear recogni-
tion (Adolphs et al., 1994, 1995; Hurlemann et al., 2007) and social
judgment (Adolphs et al., 1998) deficits in patients with selective
bilateral amygdala lesion, have led to proposals that the amygdala
is preferentially engaged by socio-emotional signals of impending
physical threat and danger (Zald, 2003; Phelps, 2006).
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erge on the human amygdala as a core moderator of facial emotion percep-
e human amygdala have been anatomically delineated, but the individual
s to facial emotion perception is unclear. Here we combined functional MRI
ly defined maximum probabilistic maps to investigate the response char-
ns in 14 subjects presented with dynamic animations of angry and happy
ions. We localized facial emotion-related signal changes in the basolateral
ions of the left amygdala, with most robust responses observed to happy

te a differential neural response to happy faces in ventromedial prefrontal
h a hypothesized role of this brain region in positive valence processing.
faces both evoked temporopolar responses. Our findings extend current
tion in humans by suggesting an intrinsic functional differentiation within
raction of value from facial expressions.
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Current concepts of the amygdala’s role in facial emotion per-
ception are substantially influenced by findings in nonhuman

primates (Rolls, 2007). Single-cell recording research has demon-
strated that the monkey amygdala contains face-selective neurons,
and that activity of these neurons is higher for threatening faces
than for appeasing faces (Gothard et al., 2007). This is consis-
tent with larger signals to threatening than to appeasing faces in
functional magnetic resonance imaging (fMRI) studies of the mon-
key amygdala (Hoffman et al., 2007). As monkeys never see static
faces, recent studies used movieclips of dynamic facial emotion
to stimulate the amygdala (Kuraoka and Nakamura, 2007). FMRI
studies in humans have demonstrated larger amygdala responses
to dynamic relative to static facial emotion (LaBar et al., 2003;
Sato et al., 2004; but see Kilts et al., 2003), reflecting the emi-
nent ecological relevance of rapid nonverbal communication of
dynamic changes in subjective emotional states (Kamachi et al.,
2001; van der Gaag et al., 2007). Moreover, fMRI evidence indicates
that computer-generated static displays of human facial emotion
engage the amygdala in a manner equivalent to natural stimuli, yet
have the advantage of being highly manipulable and controllable
(Moser et al., 2007). This suggests a fundamental role of the amyg-
dala in extracting socio-emotional value from a face, independent
of its genuine biological or virtual nature.

http://www.sciencedirect.com/science/journal/01650270
mailto:renehurlemann@gmx.de
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The amygdala is not a homogeneous structure. Based on dif-
ferences in connectivity, cyto-, myelo-, and chemoarchitecture, the
amygdala can be differentiated into a basolateral, superficial, and
centromedial subregion (Amunts et al., 2005). While fMRI studies
in monkeys emphasize the role of the basolateral amygdala in facial
emotion perception (Hoffman et al., 2007), the individual contribu-
tion of amygdala subregions to this function in humans is unclear.
The principle aim of the present fMRI study was to test 14 healthy
volunteers on a face perception task involving virtual animations of
angry, happy, and neutral facial expressions in order to examine the
intrinsic functional differentiation within the amygdala related to
the perception of dynamic facial emotion. The rationale was to use
maximum probabilistic anatomical maps of the basolateral, super-
ficial, and centromedial amygdala based on histological analysis of
ten human post-mortem brains (Amunts et al., 2005; Eickhoff et
al., 2005, 2006) for analysis of blood oxygenation level dependent
(BOLD) contrast sensitive high-resolution MR images acquired on
a 3T scanner.

2. Methods

2.1. Subjects

The present study was approved by the local ethics committee
of the Medical Faculty of the University of Bonn and is in accor-
dance with the latest revision of the 1964 Declaration of Helsinki.
Informed written consent was obtained from 14 right-handed
volunteers (7 male, 7 female; age range 21–31 years; mean age
25.4 ± 2.4 years, normal or corrected-to-normal vision, recruited by
local advertisement). All volunteers had never been on psychoac-
tive medication and were free from current of past neurological or
psychiatric disorder as assessed by an experienced clinician.

2.2. Stimulus design and presentation

We generated homogeneous dynamic facial animations dis-
playing emotional and neutral expressions using the software
package Poser 5 (Curious Labs, Inc., Santa Cruz, CA, USA) (see also
Moser et al., 2007). Virtual modeling of human faces holds sev-
eral methodological advantages because it allows a higher level of
standardization and experimental control. Face proportions, sur-
face textures, movements, and the intensity of facial emotion can
be systematically varied. Furthermore, large numbers of stimuli can

be created under equal lightning conditions, viewing angles and
focus lengths.

In our stimulus set, faces were presented in frontal view with
the gaze focused on the observer. Settings for luminance and con-
trast were fixed. Animations were presented against a deep black
background. Male and female faces varied in hair color, hair style,
eye color, facial contour, shape of nose, eye brows and skin tex-
ture. In a standardized manner, dynamic angry, happy, and neutral
facial expressions were created by morphing nose, eyes, tongue, eye
brows, mouth, crinkles, lips and the overall mien. Consistent with
previous studies (LaBar et al., 2003), stimuli were presented at a
rate of 30 frames/s for a total duration of 45 frames/1.5 s. Dynamic
changes in happy and angry facial expressions occurred between
key frames 5 and 35 after stimulus onset. Facial emotion peaked at
key frame 35 and remained stable for the final 0.33 s. Movements in
neutral facial expressions involved a brief downward movement of
the lips, eye brows and eye lids. Maximum changes were reached
at key frame 25, after which the expression returned to the ini-
tial display. Stimuli are exemplified online (Supplementary Video
1). The stimulus set comprised a total of 90 computer-generated
animations (30 happy, angry, and neutral, half female) that were
ience Methods 172 (2008) 13–20

rated, together with stimuli taken from a widely used series of
natural static faces (Ekman and Friesen, 1976), in an independent
behavioral validation study by 12 judges (6 male, 6 female; age
range 22–30 years; mean age 25.3 ± 2.8 years) on a 9-point scale
according to their perceived valence, arousal and distinctiveness
(i.e., “how pleasant/intense/distinct is the emotion?”, Lang et al.,
1997). Subjective ratings were analyzed using repeated-measures
analyses of variance (ANOVAs) followed by Bonferroni-corrected
pair-wise comparisons.

Before fMRI scanning, subjects were instructed that they would
be exposed to hostile (aggressive), happy (smiling), and neutral
animations of human faces. During fMRI scanning, subjects were
required to perform a dichotomic gender judgment task. Push-
button response times were analyzed using a repeated-measures
ANOVA. Stimuli were presented for 1.5 s in a fixed-random slow
event-related design. The inter-trial interval consisting of a black
background with a white fixation cross varied between 13.2 and
20.9 s in order to allow the hemodynamic response of the amygdala
to return to baseline levels (LaBar et al., 2003). Stimulus deliv-
ery and response recording was carried out using Presentation 11
(Neurobehavioral Systems, Inc., Albany, CA, USA).

2.3. fMRI acquisition

MR images were acquired on a Siemens Magnetom Tim
Trio 3.0 T System (Siemens Medical Solutions, Erlangen, Ger-
many). Sequence parameters were: T2*-weighted echoplanar
images (EPI) with BOLD contrast, echo time (TE) = 33 ms, repeti-
tion time (TR) = 2200 ms, flip angle = 90◦, slice thickness 2.0 mm,
interslice gap 1.0 mm, FoV = 256 mm, matrix size 128 × 128, voxel
size = 2.0 mm × 2.0 mm × 3.0 mm; 29 axial slices were oriented
along the anterior–posterior commissure line. The fMRI time series
consisted of 700 volumes.

Randomly selected images from our EPI sequence and images
depicting the mean standard deviation of the signal amplitude
across the fMRI session are provided in our supplementary material
section (Supplementary Figs. 1 and 2). The EPI images demonstrate
the high quality of our MR protocol. Furthermore, signal variance in
the amygdala is almost the same as in cortical regions, suggesting
no significant signal drop-out in the amygdala.

2.4. fMRI data analysis

All fMRI analyses were carried out using MATLAB 7.0.1 (The

MathWorks, Inc., Natick, MA, USA) and Statistical Parametric Map-
ping 5 (SPM5, Wellcome Trust Centre for Neuroimaging, London,
UK, http://www.fil.ion.ucl.ac.uk/spm). For each subject, the EPI
images were slice-time corrected and spatially realigned to the
first image in the series to correct for head movements. The
EPI images were then normalized to the Montreal Neurological
Institute (MNI) template implemented in SPM5 (re-sampled to
2 mm × 2 mm × 2 mm voxels). Most fMRI studies of human amyg-
dala responses used smoothing kernels between 8 and 12 mm
full-width-half-maximum (FWHM) (Zald, 2003). We used a Gaus-
sian kernel of 8 mm FWHM to improve the signal-to-noise ratio and
the sensitivity to detect an activation given it exists (Hopfinger et
al., 2000; Smith, 2001; Brett et al., 2007; see also Ball et al., 2007). In
addition, we conducted a separate confirmatory ROI analysis using
a 4-mm FWHM kernel to test the reliability of the localization of
activated voxels within amygdala subregions.

Within each subject, the task-related neural activity for each
condition (i.e., angry, happy and neutral) was modeled with a
box-car function convolved with the canonical hemodynamic
response function and its temporal derivative as implemented
in SPM5. A high-pass filter was applied eliminating signal drifts

http://www.fil.ion.ucl.ac.uk/spm
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Fig. 1. Mean ratings of arousal, valence and distinctiveness (1: low; 9: high) obtaine
taken from the Ekman and Friesen series (Ekman and Friesen, 1976). Error bars indi

slower than 128 s. Statistical parametric maps were derived by
applying linear contrasts to the parameter estimates for the
three conditions (happy, angry and neutral), resulting in a t-
statistic for every voxel. For group statistics, baseline contrasts
for the three conditions calculated on the single subject level
were used within a general linear model random effects anal-
ysis in order to attain pair-wise t-statistics for the events of
interest [i.e., (happy + angry) > neutral, neutral > (happy + angry),
happy > neutral, angry > neutral, happy > angry and angry > happy].

For a hypothesis-driven analysis of the amygdala, a region of
interest (ROI) consisting of the amygdala bilaterally was defined
using cytoarchitectonic maximum probability maps derived from
histological analysis of 10 human post-mortem brains (Amunts
et al., 2005) as provided by the SPM Anatomy toolbox (Version
1.4, http://www.fz-juelich.de/inb/inb-3//spm anatomy toolbox;
Eickhoff et al., 2005, 2006). These maps enclose the basolateral
amygdaloid group (lateral, basolateral, basomedial and paralam-
inar nuclei), the centromedial amygdaloid group (central and
medial nuclei), and the superficial amygdaloid group (anterior
amygdaloid area, ventral and posterior cortical nuclei) (Amunts et
al., 2005; for visualization see Ball et al., 2007) and define the most
likely cytoarchitectonic area at each voxel of the reference space
(Eickhoff et al., 2005, 2006). Thus, maximum probability maps
allow for the non-overlapping anatomical localization of activated
voxel clusters and provide a high degree of sensitivity compared to
other methods of ROI definition (Eickhoff et al., 2006). Significant
activations are reported at a threshold of p < 0.05, family-wise
error corrected, and an extent threshold of k > 3 voxels. For every

cluster, the relative contribution of voxels located within specific
amygdala subregions is quantified (%). In our confirmatory ROI
analysis based on 4-mm smoothed functional data, we used a
significance threshold of p < 0.001.

In order to investigate which other brain regions might be dif-
ferentially active during the processing of emotional stimuli, we
additionally conducted a whole brain analysis. Here, activations
are reported at a significance threshold of p < 0.001 (uncorrected)
and an extent threshold of k > 3 voxels. The anatomical localiza-
tion of significant activations was assessed by reference to the MNI
standard stereotactic space which approximates the Talairach space
(Talairach and Tournoux, 1988).

3. Results

3.1. Behavioral validation study

The fMRI stimulus set comprised a total of 90 computer-
generated animations that were rated, together with static
face stimuli taken from the Ekman and Friesen series (Ekman
and Friesen, 1976), by 12 independent judges on a 9-point
ience Methods 172 (2008) 13–20 15

ngry, happy, and neutral computer-animated faces compared to natural static faces
he standard deviation (S.D.).

scale according to their perceived valence, arousal and distinc-
tiveness. A repeated-measures ANOVA for stimulus type (i.e.,
natural face and computer animations) and emotional cate-
gory (i.e., happy, angry and neutral) computed on valence
and arousal ratings revealed main stimulus type (valence,
F(1,11) = 6.660, p = 0.026; arousal, F(1,11) = 11.028, p = 0.007), emo-
tional category (valence, F(2,22) = 451.619, p < 0.001; arousal,
F(2,22) = 62.953, p < 0.001), and stimulus type × emotional cat-
egory interaction (valence, F(2,22) = 15.326, p < 0.001; arousal,
F(2,22) = 12.143, p < 0.001) effects (Fig. 1). All face stimuli were rated
according to their presumed valence (i.e., happy > neutral > angry;
all p < 0.001, Bonferroni corrected for multiple comparisons). Happy
and angry faces were rated as more arousing than neutral stim-
uli (both p < 0.001), whereas angry faces were judged to be more
arousing than happy faces (p = 0.040). Only ratings of angry faces
differed between stimulus sets: computer-animated angry faces
scored lower in valence and higher in arousal than the nat-
ural angry faces (both p < 0.001). A repeated-measures ANOVA
conducted on distinctiveness ratings revealed a main effect of emo-
tional category (F(2,22) = 21.494, p < 0.001) as well as an interaction
between stimulus type and emotional category (F(2,22) = 13.203,
p < 0.001) (Fig. 1). Happy and angry faces were rated as more dis-
tinct than neutral faces (both p ≤ 0.002), and computer-animated
angry faces were judged to be more distinct than natural angry
faces (p < 0.001).

3.2. Reaction time measures
The gender judgment response times (mean ± S.D.) measured
during fMRI scanning were as follows: happy faces, 1.20 (0.18) s;
neutral faces, 1.11 (0.15) s; angry faces, 1.16 (0.18) s. A repeated-
measures ANOVA revealed a main effect of emotional category
(F(2,26) = 7.719, p = 0.002). Bonferroni-adjusted pair-wise compar-
isons demonstrated faster responses to neutral versus happy facial
expressions (p = 0.003), and a trend toward faster responses to
neutral versus angry facial expressions, whereas there was no
difference in response times between happy and angry facial
expressions (p > 0.05).

3.3. fMRI results

ROI analysis for the amygdala as a whole. The emotional (i.e.,
happy and angry) > neutral contrast revealed activation of two
clusters in the left amygdala (Fig. 2): 83.0% of the larger cluster con-
taining 22 voxels was assigned to the superficial amygdala; 13.6%
of this cluster was assigned to the basolateral amygdala; 87.5% of
the second cluster containing five voxels was allocated to the baso-
lateral amygdala. The reverse contrast (i.e., neutral > emotional)
yielded no significant results. The ROI analysis for happy compared

http://www.fz-juelich.de/inb/inb-3//spm_anatomy_toolbox
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Fig. 2. Region of interest (ROI) analysis. Presented are axial and coronal sections
through the cytoarchitectonic maximum probability maps showing differential
amygdala activations as revealed by the contrasts: (a) emotion > neutral and (b)
happy > neutral. Abbreviations: L, left; LBG, basolateral group; P, posterior; SFG,
superficial group.

to neutral stimuli showed similar results as the emotional > neutral
contrast: 82.1% of a larger cluster (14 voxels) was assigned to the
superficial amygdala, whereas 8.0% was assigned to the basolat-
eral amygdala; 93.3% of a smaller cluster (13 voxels) covered the
basolateral amygdala (Fig. 2). The ROI analysis for angry relative to
neutral stimuli as well as additional contrasts between happy and
angry stimuli revealed no significant amygdala responses. Fig. 3
Fig. 3. Region of interest (ROI) analysis. (a) Mean BOLD percent signal changes
for voxels with 90–100% assignment probability to amygdala subregions. (b–d)
Signal time courses for a voxel showing maximum activation in the contrast emo-
tion > neutral. Abbreviations: AMG, amygdala; TP, temporal pole; CM, centromedial;
SF, superficial; LB, basolateral. Error bars indicate the standard error of the mean
(S.E.M.).

depicts the mean BOLD percent signal changes within different
amygdala subregions.

As detailed in Section 2.4, we performed an additional confir-
matory ROI analysis with 4-mm smoothed functional data. The
emotional > neutral contrast revealed one cluster of five voxels
located within the left superficial amygdala. The happy > neutral
contrast yielded two clusters: a larger cluster (eight voxels) was
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Table 1
List of brain regions showing a significant activation in response to dynamic animations of emotional (happy and angry) faces relative to neutral faces

Contrast Region Side MNI-coordinates k Z

X Y Z

Emotional > neutral Medial orbital gyrus R 12 50 −8 7 3.30
Temporal pole L −32 8 −20 170 4.29
Insula L −28 16 −14 3.21
Insula R 36 10 4 12 3.39
Amygdala R 16 −2 −22 26 3.37
Amygdala L −16 −6 −20 43 3.82
Middle cingulate gyrus L −10 −18 34 5 3.26
Fusiform gyrus L −24 −32 −20 9 3.45
Inferior temporal gyrus R 48 −62 −8 42 3.84

−28

34
6
2

−8
16

−10
40

−32
−32
−26

16
−16
−24
−34

36
48
Middle occipital gyrus L

Happy > neutral Lateral orbital gyrus R
Medial orbital gyrus R
Straight gyrus R
Straight gyrus L
Anterior cingulate gyrus R
Anterior cingulate gyrus L
temporal pole R
Temporal pole L
Amygdala L
Hippocampal formation L
Amygdala R
Amygdala L
Parahippocampal gyrus L
Fusiform gyrus L
Fusiform gyrus R
Inferior temporal gyrus R

Middle occipital gyrus L −28

Angry > neutral Temporal pole L −34
Insula R 36
Amygdala L −16

Significance threshold: p < 0.001, uncorrected.

allocated to the left superficial amygdala; 68.8% of a second clus-
ter (two voxels) was assigned to the left basolateral amygdala.
The angry > neutral contrast revealed a small cluster of two vox-
els and was allocated to the left amygdala. The ROI analysis of the
happy > angry contrast yielded two clusters within the left amyg-
dala: 91.7% of a larger cluster (six voxels) and 62.5% of a second
cluster (two voxels) were assigned to the left basolateral amygdala
(Supplementary Fig. 3). No other contrasts produced significant
results.

Whole brain analysis. The emotional > neutral contrast demon-
strated activations in left middle occipital gyrus, left fusiform gyrus,
right inferior temporal gyrus, amygdala (bilaterally), left tempo-
ral pole, insula (bilaterally), left middle cingulate gyrus, and more
rostral regions including the right medial orbital gyrus (Table 1

Table 2
List of brain regions showing a significant activation in response to dynamic animations o

Contrast Region Side M

X

Happy > angry Medial frontal gyrus R
Lateral orbital gyrus R
Anterior cingulate gyrus R
Anterior cingulate gyrus L −
Lateral orbital gyrus L −
Medial frontal gyrus L −
Caudate head L
Straight gyrus L −
Temporal pole R
Hippocampal formation R
Hippocampal formation L −

Angry > happy No suprathreshold clusters

Significance threshold: p < 0.001, uncorrected.
−86 10 12 3.42

54 −4 7 3.64
36 −14 359 4.02
18 −20 3.77
22 −14 3.69
34 26 18 3.37
32 8 30 4.01
14 −42 50 3.73
8 −20 150 4.06
0 −24 4.12

−8 −26 3.30
−2 −22 7 3.22
−6 −20 37 3.63

−32 −18 39 3.92
−36 −18 5 3.27
−42 −10 28 3.57
−62 −8 36 3.85

−86 10 8 3.37

10 −18 58 3.88
10 4 10 3.40
−6 −18 4 3.24

and Figs. 3 and 4). A separate analysis for happy versus neutral
stimuli showed similar activation patterns. In addition, activations
in left hippocampal formation, right temporal pole, right fusiform
gyrus, right lateral orbital gyrus, anterior cingulate gyrus (bilater-
ally) and straight gyrus (bilaterally) were found (Table 1 and Figs.
3 and 4). Angry relative to neutral stimuli activated left tempo-
ral pole, left amygdala and right insula (Table 1 and Figs. 3 and
4). The angry > happy contrast revealed no suprathreshold voxels,
whereas the happy > angry contrast yielded activations in hip-
pocampal formation (bilaterally), right temporal pole and right
caudate nucleus as well as in several perfrontal regions including
the lateral orbital gyri (bilaterally), medial frontal gyri (bilaterally),
left straight gyrus, and anterior cingulate gyrus (bilaterally) (Table 2
and Fig. 4).

f happy faces compared to angry faces

NI-coordinates k Z

Y Z

8 52 0 4 3.24
34 54 −4 568 4.90
14 34 2 4.16
10 30 8 366 4.69
34 50 −2 3.98
16 52 12 3.92
−8 14 −10 74 4.08
12 28 −14 3.54
52 12 −22 4 3.18
36 −28 −14 16 3.58
14 −40 10 4 3.22
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might predict that the basolateral amygdala would be particularly
Fig. 4. Whole brain analysis. (a–d) Whole brain analysis. Differential activity
as revealed by the contrasts (a) emotion > neutral, (b) happy > neutral and (c)
happy > angry, superimposed on coronal and sagittal sections of a single subject
brain template provided by SPM5. Abbreviations: L, left; MFG, medial frontal gyrus;
P, posterior; R, right.

In view of accumulating evidence for differential effects of gen-
der on socio-emotional processing (Hamann, 2005; Cahill, 2006),
we carried out a separate analysis with subjects’ gender as a second
factor. However, this analysis yielded no significant results, most
probably due to the small sample size in the present study (n = 14).
ience Methods 172 (2008) 13–20

4. Discussion

Consistent with our experimental rationale, dynamic ani-
mations of facial emotion elicited robust differential amygdala
responses. As determined by cytoarchitectonic maximum prob-
abilistic maps, these responses were primarily located in the
basolateral and superficial (cortical) subregions of the left amyg-
dala. This pattern was present in 8- and 4-mm smoothed functional
data and is compatible with current concepts of the functional
architecture of the mammalian amygdala (McDonald, 1998, 2003;
LeDoux, 2007).

In accord with evidence from single-cell recording (Gothard
et al., 2007) and fMRI (Hoffman et al., 2007) research in mon-
keys, we localized activation to dynamic facial emotion within
the basolateral amygdala. This subregion receives the majority
of cortical and subcortical input to the amygdala and plays an
essential role in attaching emotional value to incoming infor-
mation, as evidenced by conditioning experiments in monkeys
(Paton et al., 2006) and rodents (Amorapanth et al., 2000; Repa
et al., 2001; Anglada-Figueroa and Quirk, 2005). We localized the
most robust responses to dynamic facial emotion in the super-
ficial (cortical) amygdala, suggesting a key role of this specific
subregion in the perceptual encoding of facial emotion. While
the basolateral and superficial (cortical) amygdala have both been
identified as important sites of plasticity in conditioning exper-
iments, the centromedial amygdala coordinates – via efferent
projections to hypothalamus and brainstem areas – behavioral,
endocrine and autonomic changes that together form an integrated
conditioned response (Gonzalez-Lima and Scheich, 1986; Anglada-
Figueroa and Quirk, 2005; Phelps and LeDoux, 2005; LeDoux,
2007). Although our data indicate that the perceptual encoding
of dynamic facial emotion engages the centromedial amygdala,
responses to emotional and neutral stimuli did not significantly
differ from each other, perhaps due to a lack of conditioned
value.

Beside empirical support for an equal engagement of the amyg-
dala in the perception of appetitive and aversive facial emotion
(e.g., Winston et al., 2003; van der Gaag et al., 2007), there is sub-
stantial evidence from studies in monkeys (Gothard et al., 2007)
and humans (e.g., Morris et al., 1996) for a neural response bias
of the amygdala toward facial signals of impending physical threat
and danger (Zald, 2003; Phelps, 2006). As the emotional basis of
aggressive threat in monkeys is assumed to be homologous with
human anger (Blanchard et al., 1984; Lawrence et al., 2007), one
sensitive to facial expressions of anger. In the present study, angry
faces scored high in arousal and low in valence ratings, however,
we observed no robust differential response to angry faces in the
basolateral amygdala, most likely due to significant variation in per-
ceived threat across subjects. It thus appears from our findings that
in contrast to natural angry faces, their virtual counterparts fail
to effectively engage the amygdala. We speculate that the obvi-
ous absence of real physical danger and threat in virtual stimuli
might reduce amygdala responsiveness to these stimuli. This inter-
pretation is compatible with findings that amygdala responses are
modulated by contextual information (Phelps, 2006) and reflect the
extent to which a social encounter makes one feel guarded or safe
(Haxby et al., 2002). However, we also note that the presence of
amygdala responses to natural angry faces in controls (e.g., Whalen
et al., 2001; Adams et al., 2003; LaBar et al., 2003; Strauss et al.,
2005; Lawrence et al., 2007; but see Blair et al., 1999) as well as
the absence of such responses in patients with selective bilateral
amygdala damage (e.g., Sato et al., 2002; Graham et al., 2007; but
see Adolphs et al., 1999; Siebert et al., 2005; Hurlemann et al., 2007)
have inconsistently been reported in the literature.



eurosc

T

R. Hurlemann et al. / Journal of N

Extending our analyses to the whole brain, we detected robust
temporopolar activation to both angry and happy face stimuli, a
finding consistent with previous fMRI studies using emotional face
stimuli (e.g., Phillips et al., 1998; Blair et al., 1999; Tsukiura et al.,
2003; Kim et al., 2005). Classic lesion studies in monkeys (e.g.,
Kluver and Bucy, 1937) and humans (Damasio et al., 1990; Gorno-
empini et al., 2004) provide converging evidence for engagement

of the temporal pole in the production as well as recognition of
facial expressions (Olson et al., 2007). In addition, an ability to infer
emotional states, desires, intentions, and beliefs of others (theory
of mind, ToM) involves the temporal pole (Olson et al., 2007). Find-
ings of overlapping activations for ToM and empathy tasks in the
temporal pole have led to proposals that this region contributes
to inferences about the mental state of others (Frith and Frith,
2003).

By calculating a happy versus angry contrast, we isolated a dif-
ferential neural response to positive valence in the ventromedial
prefrontal cortex. This result is in line with a functional parcellation
of the prefrontal cortex along the emotional dimensions of arousal
and valence, with the ventromedial subregion specifically coding
positive valence (Dolcos et al., 2004). The emotion versus neu-
tral contrast revealed robust activations of face-processing regions
within occipito-temporal cortices including the occipital gyrus and
the fusiform gyrus (Kanwisher et al., 1997; Haxby et al., 2002), per-
haps reflective of distant modulatory influences of the amygdala
(Amaral and Price, 1984; Vuilleumier et al., 2004).

In conclusion, the present fMRI study – although limited by the
use of virtual stimuli – extends current models of human facial
emotion perception by suggesting an internal amygdala organiza-
tion related to the extraction of value from facial expressions. Thus,
our findings add to emerging evidence (Ball et al., 2007) that the
combined use of fMRI and probabilistic anatomical maps is feasi-
ble to shed new light on the functional architecture of the human
amygdala by specifying the response properties of its constituent
subregions.

Conflict of interest

None.

Acknowledgments

R. Hurlemann and A.K. Rehme contributed equally to this work.

The authors thank S. Bagherzadeh and G. Claussen for excel-
lent assistance, and B. Newport for technical support during fMRI
acquisition. R. Hurlemann was supported by a German Research
Foundation (DFG) grant (HU1302/2-1), a German Federal Ministry
of Education and Research (BMBF) grant (01GW0671), and a BON-
FOR fellowship. Martin Diessel and Henrik Walter are affiliated
with the Department of Psychiatry, Division of Medical Psychol-
ogy, University of Bonn, 53105 Bonn, Germany. Martin Diessel was
supported by a grant from the Volkswagen Foundation (AZ: 80 777).

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.jneumeth.2008.04.004.

References

Adams RB, Gordon HL, Baird AA, Ambady N, Kleck RE. Effects of gaze on amygdala
sensitivity to anger and fear faces. Science 2003;300:1536.

Adolphs R, Tranel D, Damasio H, Damasio A. Impaired recognition of emotion in
facial expressions following bilateral damage of the human amygdala. Nature
1994;372:669–72.
ience Methods 172 (2008) 13–20 19

Adolphs R, Tranel D, Damasio H, Damasio AR. Fear and the human amygdala. J
Neurosci 1995;15:5879–91.

Adolphs R, Tranel D, Damasio AR. The human amygdala in social judgment. Nature
1998;393:470–4.

Adolphs R, Tranel D, Hamann S, Young AW, Calder AJ, Phelps EA, Anderson A, Lee
GP, Damasio AR. Recognition of facial emotion in nine individuals with bilateral
amygdala damage. Neuropsychologia 1999;37:1111–7.

Adolphs R, Spezio ML. Role of the amygdala in processing visual social stimuli. Prog
Brain Res 2006;156:363–78.

Amaral DG, Price JL. Amygdalo-cortical projections in the monkey (Macaca fascicu-
laris). J Comp Neurol 1984;230:465–96.

Amorapanth P, LeDoux JE, Nader K. Different lateral amygdala outputs medi-
ate reactions and actions elicited by a fear-arousing stimulus. Nat Neurosci
2000;3:74–99.

Amunts K, Kedo O, Kindler M, Pieperhoff P, Mohlberg H, Shah NJ, Habel U, Schneider
F, Zilles K. Cytoarchitectonic mapping of the human amygdala, hippocampal
region and entorhinal cortex: intersubject variability and probability maps. Anat
Embryol 2005;210:343–52.

Anglada-Figueroa D, Quirk GJ. Lesions of the basal amygdala block expression of
conditioned fear but not extinction. J Neurosci 2005;25:9680–5.

Ball T, Rahm B, Eickhoff SB, Schulze-Bonhage A, Speck O, Mutschler I. Response
properties of human amygdala subregions: evidence based on functional MRI
combined with probabilistic anatomical maps. PLoS ONE 2007;21:e307.

Blair RJR, Morris JS, Frith CD, Perrett DI, Dolan RJ. Dissociable neural responses to
facial expressions of sadness and anger. Brain 1999;122:883–93.

Blanchard DC, Blanchard RJ. Affect aggression: an animal model applied to human
behavior. In: Blanchard RJ, Blanchard DC, editors. Advances in the study of
aggression, vol. 1. New York: Academic Press; 1984. p. 1–62.

Brett M, Penny W, Kiebel S. Parametric procedures. In: Friston K, Ashburner J, Kiebel S,
editors. Statistical parametric mapping: the analysis of functional brain images.
London: Elsevier Academic Press; 2007. p. 223–31.

Cahill L. Why sex matters for neuroscience. Nat Rev Neurosci 2006;7:477–84.
Damasio AR, Tranel D, Damasio H. Face agnosia and the neural substrates of memory.

Annu Rev Neurosci 1990;13:89–109.
Darwin CR. The expression of emotion in man and animals. London: John Murray;

1872.
Dolcos F, LaBar KS, Cabeza R. Dissociable effects of arousal and valence on pre-

frontal activity indexing emotional evaluation and subsequent memory: an
event-related fMRI study. Neuroimage 2004;23:64–74.

Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, Amunts K, Zilles K. A new
SPM toolbox for combining probabilistic cytoarchitectonic maps and functional
imaging data. Neuroimage 2005;25:1325–35.

Eickhoff SB, Heim S, Zilles K, Amunts K. Testing anatomically specified hypotheses in
functional imaging using cytoarchitectonic maps. Neuroimage 2006;32:570–82.

Ekman P, Friesen WV. Pictures of facial affect. Palo Alto, CA: Consulting Psychologist
Press; 1976.

Ekman P. Facial expression and emotion. Am Psychol 1993;48:384–92.
Fried I, MacDonald KA, Wilson CL. Single neuron activity in human hippocampus

and amygdala during recognition of faces and objects. Neuron 1997;18:753–
65.

Fried I, Cameron KA, Yashar S, Fong R, Morrow JW. Inhibitory and excitatory
responses of single neurons in the human medial temporal lobe during recog-
nition of faces and objects. Cereb Cortex 2002;12:575–84.

Frith U, Frith C. Development and neurophysiology of mentalizing. Philos Trans R
Soc Lond B: Biol Sci 2003;358:459–73.

Gonzalez-Lima F, Scheich H. Classical conditioning of tone-signaled bradycar-
dia modifies 2-deoxyglucose uptake patterns in cortex, thalamus, habenula,

caudate-putamen and hippocampal formation. Brain Res 1986;363:239–56.

Gorno-Tempini ML, Rankin KP, Woolley JD, Rosen HJ, Phengrasamy L, Miller BL.
Cognitive and behavioral profile in a case of right anterior temporal lobe neu-
rodegeneration. Cortex 2004;40:631–44.

Gothard KM, Battaglia FP, Erickson CA, Spitler KM, Amaral DG. Neural responses
to facial expression and face identity in the monkey amygdala. J Neurophysiol
2007;97:1671–83.

Graham D, Devinsky O, LaBar KS. Quantifying deficits in the perception of fear and
anger in morphed facial expressions after bilateral amygdala damage. Neuropsy-
chologia 2007;45:42–54.

Hamann S. Sex differences in the responses of the human amygdala. Neuroscientist
2005;11:288–93.

Haxby JV, Hoffman EA, Gobbini MI. Human neural system for face recognition and
social communication. Biol Psychiatry 2002;51:59–67.

Hoffman KL, Gothard KM, Schmid MC, Logothetis NK. Facial expression- and gaze-
selective responses in the monkey amygdala. Curr Biol 2007;17:766–72.
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