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1 Department of Psychiatry and Psychotherapy, Charité - Universitätsmedizin Berlin, Campus Mitte, Berlin, Germany, 2 Berlin School of Mind and Brain, Berlin, Germany

Abstract

Background: While hemispheric specialization of language processing is well established, lateralization of emotion
processing is still under debate. Several conflicting hypotheses have been proposed, including right hemisphere hypothesis,
valence asymmetry hypothesis and region-specific lateralization hypothesis. However, experimental evidence for these
hypotheses remains inconclusive, partly because direct comparisons between hemispheres are scarce.

Methods: The present fMRI study systematically investigated functional lateralization during affective stimulus processing in
36 healthy participants. We normalized our functional data on a symmetrical template to avoid confounding effects of
anatomical asymmetries. Direct comparison of BOLD responses between hemispheres was accomplished taking two
approaches: a hypothesis-driven region of interest analysis focusing on brain areas most frequently reported in earlier
neuroimaging studies of emotion; and an exploratory whole volume analysis contrasting non-flipped with flipped
functional data using paired t-test.

Results: The region of interest analysis revealed lateralization towards the left in the medial prefrontal cortex (BA 10) during
positive stimulus processing; while negative stimulus processing was lateralized towards the right in the dorsolateral
prefrontal cortex (BA 9 & 46) and towards the left in the amygdala and uncus. The whole brain analysis yielded similar results
and, in addition, revealed lateralization towards the right in the premotor cortex (BA 6) and the temporo-occipital junction
(BA 19 & 37) during positive stimulus processing; while negative stimulus processing showed lateralization towards the right
in the temporo-parietal junction (BA 37,39,42) and towards the left in the middle temporal gyrus (BA 21).

Conclusion: Our data suggests region-specific functional lateralization of emotion processing. Findings show valence
asymmetry for prefrontal cortical areas and left-lateralized negative stimulus processing in subcortical areas, in particular,
amygdala and uncus.
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Introduction

The two hemispheres of the brain differ in structure and

function. While hemispheric specialization of some cognitive

domains such as language is well established [1], lateralization of

emotion processing is still under debate. According to the right

hemisphere hypothesis of emotion, the right hemisphere of the

brain is specialized for emotional and the left for cognitive

processes [2,3]. This hypothesis is supported by findings from

behavioral [2,4] and lesion studies [5] although conflicting findings

have been reported [6,7,8].

According to the valence asymmetry hypothesis [9], positive or

approach-related emotions are lateralized towards the left and

negative or withdrawal-related emotions towards the right

hemisphere, especially in prefrontal brain regions [10,11]. This

hypothesis has found support from lesion [12,13,14], electroen-

cephalography (EEG) [10,15,16], transcranial magnetic stimula-

tion (TMS) [17,18] and functional neuroimaging studies [19,20].

However, a number of neuroimaging studies did not support the

valence asymmetry hypothesis [21,22,23], especially when exam-

ining subcortical regions like the amygdala [24,25,26]. Laterali-

zation of emotions may thus differ between prefrontal and

subcortical areas [27].

Discrepancy between neuroimaging findings may, in parts, be

related to a methodological issue [28]: The lateralization debate

largely draws on studies that did not intend and were not designed

to test for hemispheric asymmetry. Findings tend to be considered

asymmetric when voxels in one hemisphere exceed statistical

threshold while homologous voxels in the contralateral hemisphere

do not. However, a direct comparison between hemispheres is

necessary to demonstrate statistically significant lateralization.
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Only few investigations have directly compared hemispheres,

mostly concentrating on the amygdala [29,30].

Direct comparison between hemispheres has been provided by

a pioneering meta-analysis on emotion processing [31]. This

analysis does neither support the right hemisphere theory of

emotion nor the valence asymmetry hypothesis. It rather suggests

that the direction of lateralization is region-specific. Specifically,

Wager et al. [31] found a trend towards left lateralization for

approach-related emotions in the lateral prefrontal cortex.

Furthermore, negative emotions were lateralized towards the left

in the amygdala and towards the right in the basal ganglia. While

meta-analyses can address research questions with greater

statistical power than individual studies, they also entail certain

limitations: meta-analyses combine studies that differ with regard

to affective stimulus material (e.g., visual stimuli, auditory stimuli,

recall), task demands, control conditions, imaging data analysis,

and statistical thresholds. In addition, meta-analyses draw

conclusions from the frequency of reported peaks which could,

in principle, differ from the magnitude of activation considered in

individual studies [31]. Finally, meta-analyses of functional

imaging data cannot address the problem that investigation of

functional asymmetry could potentially be affected by anatomical

asymmetry.

The aim of the present study was to investigate functional

lateralization by directly comparing BOLD responses to affective

stimuli between hemispheres. A homogenous sample of 36 healthy

participants underwent a standard affective stimulus processing

paradigm for fMRI (International Affective Picture System) [32].

Two approaches were taken to study functional asymmetry: First,

a region of interest analysis was carried out, focusing on brain

areas most frequently reported in earlier neuroimaging studies of

emotion [33]. Second, we performed an exploratory whole volume

analysis, contrasting non-flipped with flipped fMRI data using a

paired t-test. The present study focused on functional asymmetries.

Because functional differences can interfere with anatomical

differences [34,35], we placed particular emphasis on normalizing

our data on a symmetrical template to avoid confounding effects of

anatomical asymmetries [36]. We tested three competing hypoth-

eses: The right hemisphere hypothesis, the valence asymmetry

hypothesis, and the region-specific lateralization hypothesis.

Materials and Methods

Participants
Thirty-six right-handed [37] healthy volunteers (18 women;

mean age: 36.7 years; 610.9 S.D.; range: 22–61 years) partic-

ipated in this study. Participants were recruited through advertis-

ing. Participants had no psychiatric axis I or II disorder (SCID-

interview). Exclusion criteria were current neurological or severe

medical disorder, history of head injury resulting in loss of

consciousness, age below 18 or above 65 years and contraindica-

tions to MRI. The study was approved by the research ethics

committee of the Charité Campus Mitte and written informed

consent was obtained from all study participants.

Experimental Design
During fMRI participants viewed standardized photographs

taken from the International Affective Picture System (IAPS) [32] as

previously described [38,39]. The IAPS is an established stimulus

set to elicit emotional responses. Pictures were selected in a

manner so that their standard valence scores were clearly positive,

negative or neutral: the mean normative valence ratings were 7.4

(60.5, S.D.), 2.6 (60.9), and 5.0 (60.4) for positive, negative, and

neutral pictures, respectively. The mean normative arousal ratings

were 5.0 (60.8), 5.7 (61.0), and 2.7 (60.5) for positive, negative,

and neutral pictures, respectively. Each of three picture conditions

(positive, negative, and neutral) comprised 36 trials presented over

2 runs. Prior to half of the photographs, attention-directing cues

were presented, indicating the emotional valence of the subsequent

affective picture. These cue periods represent conditions of no

interest in the present analysis. Photographs were presented for 2 s

using an event-related design and were arranged in a pseudor-

andomized and counterbalanced order with respect to valence

condition. Each photograph was followed by a blank screen

baseline period (randomly jittered between 4.6 and 9.2 s). Subjects

were instructed to confirm each picture by button press in order to

keep participants engaged in the experiment and to monitor the

attentiveness of the subjects. No judgment task was associated with

the button response. After the fMRI session, the photographs were

presented again and subjects rated each picture’s valence and

intensity using a 9-point visual analogue scale. Valence and

arousal ratings were not obtained in seven participants.

FMRI Data Acquisition
MR images were acquired on a 1.5-Tesla scanner (Magnetom

VISION SiemensH) with an Echo Planar Imaging (EPI) sequence

(TE = 40 ms, TR = 2,3 s, a= 90u, matrix = 64664, voxel si-

ze = 46463,3 mm3). A total of 290 T2*-weighted images were

acquired per run. Additionally, a 3D Magnetization Prepared

Rapid Gradient Echo (TR = 9.7 ms, TE = 4 ms, flip angle 12u,
matrix = 2566256, voxel size = 16161 mm3) image data set was

acquired.

fMRI Data Analysis
Data preprocessing. FMRI data were analyzed using SPM

8 (Wellcome Department of Imaging Neuroscience, London).

The functional images were slice time corrected and realigned

to the mean functional image [40]. Each participant’s structural

T1 image was coregistered to the mean functional image of the

participant. Coregistered T1 images were segmented and

spatially normalized to a group-specific symmetrical template.

Such a symmetrical template was used to eliminate structural

asymmetries which could potentially interfere with functional

asymmetries [35]. To create the symmetrical template, first all

anatomical images were normalized to the standard template

provided by the Montreal Neurological Institute (MNI template)

as implemented in SPM8. In the next step, all normalized

anatomical images were copied and flipped. Then, a mean

image of all flipped and non-flipped anatomical images was

constructed and smoothed with a 10-mm full-width at half-

maximum (FWHM) Gaussian kernel. All functional images were

normalized to this symmetrical template, then copied and

flipped. Non-flipped and flipped functional images were

smoothed with a 15-mm full-width at half maximum Gaussian

kernel in order to avoid false positive effects due to small

anatomical differences between hemispheres.

First-level analysis. For first level analysis, flipped and non-

flipped images were analyzed separately in the context of the

general linear model approach, using the onset of each picture for

a box-car function (2 s stimulus duration) to provide a stimulus

function. The stimulus functions were convolved with the

canonical hemodynamic response function as implemented in

SPM 8 [41]. Picture valence (positive, negative and neutral) was

modeled as the explanatory variable and realignment parameters

were additionally included. After model estimation for each

participant, contrasts of parameter estimates of stimulus-related

responses were obtained at each voxel for each regressor [40].

Asymmetry for Affective Stimulus Processing
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Non-flipped functional images were used for the region of

interest analysis. For the whole volume analysis, flipped and non-

flipped functional images were compared using a paired t-test.

Region of interest analysis. Regions of interest (ROIs) were

chosen based on the frequency of reported activations in earlier

neuroimaging studies of emotion, as reviewed by Phan et al. [33]:

regions that had shown activations in more than 25% of emotion

studies were included as ROIs: Dorsolateral prefrontal cortex (BA

9/46), medial prefrontal cortex (BA 10), anterior cingulate cortex

(BA 24/32), occipital cortex (BA 17/18/19), insula, basal ganglia

(caudate nucleus, putamen, pallidum), parahippocampal gyrus,

uncus, amygdala, and cerebellum. For all ROIs, we generated

symmetrical templates from the union of the flipped and unflipped

mask images of each ROI. Mask images were taken from the

Brodman Atlas [42,43]. If a ROI was not provided by the

Brodman Atlas, we used the Lobes Atlas, Labels Atlas, or

Automated Anatomical Labeling Atlas in descending priority

[42,43,44].

The VOI tool (SPM 8) was used to extract the mean contrasts of

parameter estimates (‘positive . neutral’, ‘negative . neutral’) of

each ROI for each participant separately in the right and the left

hemisphere. ‘Neutral picture viewing’ was chosen as control

condition because it allows subtracting the general effect of picture

viewing thus isolating the specific effect of positive or negative

affective picture viewing. A paired t-test was applied to compare

effects between hemispheres (SPSS 18). For the ROI analysis,

results with p,0.05 were considered significant.

Given the small size and the shape of some of the ROIs (e.g., the

amygdala) as well as the voxel size of 46463,3 mm3 and the

smoothing kernel of 15 mm, it is acknowledged that our ROI

analysis does not allow to completely isolate activation in small

ROIs from activation in adjacent structures (e.g., hippocampus

and parahippocampal gyrus).

Whole volume analysis. For exploratory purposes, a whole

volume second-level random effects analysis was carried out,

comparing non-flipped with flipped functional data (paired t-test).

This allowed the direct comparison of BOLD responses between

hemispheres. Statistical parametric maps were estimated for the

contrasts ‘positive . neutral picture viewing’, ‘negative . neutral

picture viewing’, and ‘negative .positive picture viewing’,

comparing right with left hemispheric functional data. Again,

picture conditions were chosen as control conditions to subtract

out general effects of picture viewing. For the whole-volume

analysis, statistical significance threshold was set to p,0.001,

uncorrected, voxel level with an extent threshold k$ = 5 voxels

[45]. We indicate where results survive corrections for multiple

comparisons at p,0.05 (false discovery rate, FDR) [46].

To explore the impact of the control condition on lateralization

effects, additional whole volume analyses were carried out

contrasting positive and negative picture conditions with baseline

(‘positive picture viewing . baseline’, ‘negative picture viewing .

baseline’).

Results

Behavioural Data
Response times for button responses to pictures during fMRI

were 911 ms (6377, S.D.), 936 ms (6385), and 912 ms (6357) for

positive, negative, and neutral pictures, respectively. Response

times showed no valence effect (F(2,70) = 0.49, p = 0.62).

The mean posthoc valence ratings differed significantly between

positive (mean valence rating 6 SD: 7.261.0), negative (2.760.8),

and neutral (5.360.7) pictures (F(2,56) = 197.3, p,0.001). Positive

pictures received significantly higher valence ratings than negative

(F(1,28) = 261.2, p,0.001) and neutral (F(1,28) = 93.0, p,0.001)

pictures. Valence ratings were significantly lower in negative

compared to neutral pictures (F(1,28) = 171.6, p,0.001).

The mean posthoc arousal ratings differed significantly between

positive (mean arousal rating 6 SD: 4.861.6), negative

(5.561.7), and neutral (2.561.5) pictures (F(2,56) = 37.7,

p,0.001), with lower arousal ratings in neutral compared to

positive (F(1,28) = 59.7, p,0.001) and to negative (F(1,28) = 56.5,

p,0.001) pictures. There was a trend for higher arousal ratings

in negative compared to positive pictures (F(1,28) = 3.4,

p,0.077).

ROI Analysis
Results of the ROI analysis are shown in Figure 1. Positive

(compared to neutral) stimulus processing was lateralized towards

the left in the medial prefrontal cortex (BA 10; p = 0.006). Negative

(compared to neutral) stimulus processing was lateralized towards

the right in the dorsolateral prefrontal cortex (BA 9 & 46;

p = 0.016) and towards the left in the amygdala (p = 0.047) and

uncus (p = 0.013). Lateralization effects differed significantly

between positive and negative stimulus processing in the

dorsolateral prefrontal cortex (BA 9 & 46; p = 0.011), with more

pronounced lateralization towards the right during negative

pictures. This significant valence by laterality interaction was still

present after controlling for differences in arousal between

negative and positive pictures (p = 0.006).

Whole Volume Analysis
For exploratory purposes, a SPM whole volume analysis was

carried out to directly compare BOLD responses between the right

and the left hemisphere. A paired t-test was used to compare non-

flipped versus flipped functional images that were normalized on a

symmetrical template. Comparing ‘positive . neutral pictures’

(Figure 2, Table 1), we observed lateralization towards the left in

the medial prefrontal cortex (BA 9) and towards the right in the

premotor cortex (BA 6) and the temporo-occipital junction (BA 19

& 37).

In the comparison ‘negative . neutral pictures’ (Figure 3,

Table 2), lateralization towards the right was found in the

dorsolateral prefrontal and premotor cortex (BA 9, 46, 6) and the

temporo-parietal junction (BA 37, 39, 42). Stronger left-hemi-

spheric activations were observed in the amygdala and the

paraphippocampal gyrus as well as the middle temporal gyrus (BA

21).

The comparison ‘negative .positive pictures’ (Figure 4, Table 3)

revealed a lateralization towards the right in the dorsolateral

prefrontal cortex (BA 9, 46), the posterior superior temporal gyrus

(BA 41) and the caudate nucleus.

Exploratory Baseline Comparisons
To explore how the control condition chosen impacts on

lateralization of emotional picture processing, we performed an

additional analysis using the baseline (instead of the neutral picture

condition) as a control. In these baseline contrasts, both positive

and negative picture viewing were generally associated with

lateralization towards the right hemisphere. The contrast ‘positive

picture viewing . baseline’ revealed lateralization towards the

right in the lateral prefrontal cortex (BA 45, 46), the occipital lobe

(BA 18, 19) and the lateral parietal lobe (BA 7, 39) extending to the

temporo-parietal junction (BA 37, 39); and lateralization towards

the left in the postcentral gyrus (BA 2, 3). The contrast ‘negative

picture viewing . baseline’ showed lateralization towards the right

in the dorsolateral prefrontal cortex (BA 9, 46), the occipital lobe

(BA 19) and the lateral parietal lobe extending to the temporo-
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parietal junction (BA 7, 39, 40, 21, 22); and lateralization towards

the left in the orbitofrontal cortex (BA 11, 47).

Discussion

The present fMRI study provides evidence for hemispheric

asymmetry of affective stimulus processing in healthy participants.

However, our present data do not generally associate positive and

negative emotions with one or the other hemisphere. Instead, the

pattern of lateralization differs between brain regions. Specifically,

positive stimulus processing is lateralized towards the left in the

medial prefrontal cortex; and towards the right in the premotor

cortex and temporo-occipital junction. Negative stimulus process-

ing shows lateralization towards the left in the amygdala, uncus

and middle temporal gyrus; and lateralization towards the right in

the dorsolateral prefrontal cortex (extending to the premotor

cortex) and temporo-parietal junction.

The present study adds to the literature in that it places

particular emphasis on several issues relevant for the investigation

of functional lateralization. First, we directly compare BOLD

responses measured in one hemisphere with the corresponding

responses in the other hemisphere. Such direct comparison is

necessary to demonstrate statistically significant lateralization and

is preferable to an approach that argues for asymmetry when

voxels in one hemisphere exceed statistical threshold while

homologous voxels in the opposite hemisphere do not [28].

Second, we perform ROI analyses motivated by a priori

hypotheses as well as more exploratory whole-volume analyses.

This allows systematic and comprehensive investigation of

lateralization. Most previous studies providing direct comparisons

between hemispheres have concentrated on the amygdala [29].

Third, we rule out that functional asymmetries are confounded by

structural asymmetries. Because structural differences between

hemispheres can give a false impression of or obscure functional

differences [34,35,36], we normalize our functional data on a

group-specific symmetrical template.

Valence Asymmetry Hypothesis
The valence asymmetry hypothesis of emotion posits that the

left hemisphere is dominant for positive and the right for negative

emotions. The hypothesis has found particular support from

lesion, EEG, TMS and functional neuroimaging findings in the

prefrontal cortex [10,12,13,14,15,16,20,21,22,23]. However, sub-

cortical findings have not consistently supported the hypothesis

[24,25,26]. In accordance with this, we found support for valence

asymmetry in the prefrontal cortex, but not in subcortical brain

areas (e.g., amygdala, uncus).

Extending earlier prefrontal findings, our data suggest that

lateralization of emotion processing might differ between the

medial (BA 10) and the dorsolateral prefrontal (BA 9, 46) cortex:

Positive stimuli induce left-lateralization in the medial prefrontal

cortex, but no significant lateralization in the dorsolateral

prefrontal cortex. In contrast, negative stimuli provoke right-

lateralization in the dorsolateral prefrontal cortex, but no

significant lateralization in the medial prefrontal cortex.

Not consistent with the valence asymmetry hypothesis (in the

above version), the amygdala and uncus show left-lateralization

during negative stimulus processing, rather compatible with earlier

suggestions that negative emotions are lateralized towards the left

in limbic brain areas [47].

Figure 1. Lateralization during positive and negative picture viewing. ROI analysis. Lateralization of BOLD responses in regions of interest.
The bars represent hemispheric differences of contrasts of parameter estimates (red: ‘positive . neutral’; blue: ‘negative . neutral’) extracted from
the respective ROI (mean values for the respective ROI, averaged across the 36 participants). Bars extending to the left indicate lateralization towards
the left (left . right), and bars extending to the right indicate lateralization towards the right (right . left). *p,0.05; (*) p,0.1 on tests of laterality
within valence condition (positive or negative), or between positive and negative valence conditions if marked by brackets. Lat PFC, dorsolateral
prefrontal cortex; mPFC, medial prefrontal cortex; acc, anterior cingulate cortex; oc, occipital cortex.
doi:10.1371/journal.pone.0046931.g001
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Role of the Control Condition
Our main analyses used neutral picture viewing as a control for

positive and negative picture conditions. Strikingly different

findings were obtained when we used the blank screen baseline

condition as a control in the whole volume analysis. Specifically,

both positive and negative picture viewing showed lateralization

towards the right in several cortical areas (including the lateral

prefrontal cortex, the temporo-parietal junction and the occipital

lobe) when contrasted with the blank screen baseline. At first

glance, these findings seem to support the right hemisphere theory

of emotion [2,3]. However, since picture and, in particular, face

processing is lateralized towards the right [48,49], it is more likely

that the right lateralization observed in these baseline contrasts is

driven by picture rather than by emotion processing. Our finding

illustrates how lateralization effects may vary depending on the

control condition chosen, particularly in studies presenting

pictorial stimulus material.

Lateralization in the Amygdala
Due to its important role in emotion processing, several earlier

fMRI studies have searched for lateralization effects in the

amygdala. Findings have been inconsistent, even in studies directly

Figure 2. Lateralization during positive picture viewing. Whole volume analysis. Brain areas showing lateralization (‘left . right’, ‘right . left’)
during positive (versus neutral) picture viewing (‘pos . neu’); SPM whole volume analysis (paired t-test) comparing non-flipped with flipped
functional data. Because data represent comparisons between left and right hemispheres, sections views display half of the brain only: ’Left . right’
indicates clusters showing significantly larger activation in the left compared to the right hemisphere. ’Right . left’ indicates clusters showing
significantly larger activation in the right compared to the left hemisphere. Clusters are projected on a symmetrical MNI template. P,0.001
uncorrected, cluster size k$5, t = t-value. Bars represent contrasts of parameter estimates for ‘positive . neutral picture viewing’ (‘positive’) and
‘negative . neutral picture viewing’ (‘negative’). Values were extracted from peak voxels presented in Table 1 for the right and the left hemisphere
averaged across the 36 participants.
doi:10.1371/journal.pone.0046931.g002

Table 1. Contrast ‘positive . neutral picture viewing’.

Anatomical Region Hemisphere Coordinates (MNI) Max T Value Cluster Size (k)

X Y Z

Temporo-occipital junction (inferior & middle temporal gyrus;
middle occipital gyrus; BA 19, 37)*

Right . Left 48 264 1 5.70 91

Premotor cortex (precentral gyrus, BA 6) Right . Left 48 27 37 4.17 24

Medial prefrontal cortex (superior & medial frontal gyrus; BA 9) Left . Right 212 53 22 3.51 5

Maximum t-values and peak voxel coordinates for activation clusters, uncorrected p,0.001, k$5; * activations survive FDR-correction at p,0.05. Within each row,
anatomical regions and BAs were sorted according to their proportion in the respective cluster (descending order).
BA = Brodmann Area, k = number of voxels.
doi:10.1371/journal.pone.0046931.t001
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testing for condition-by-hemisphere interaction: Some studies

report lateralization towards the left [29,50], others towards the

right [51] and still others bilateral activation [52,53] during

negative stimulus processing. These discrepant findings are

possibly due to differences in fMRI paradigms: Amygdala

activation seems to be lateralized towards the left when visible

(non-masked) negative pictures or language-related affective

stimuli are presented, while invisible (masked) affective stimuli

seem to produce greater right-sided activation [31,54,55,56,57]. It

has therefore been proposed that the right amygdala is associated

with rapid stimulus detection and the left amygdala with more

detailed affective information processing [58]. Thus, the relatively

long presentation of (non-masked, visible) stimuli might account

for the left-lateralized amygdala responses to negative pictures

observed in the present study. With regard to positive stimulus

processing, our findings in both ROI (Figure 1) and whole brain

analysis (Figure 3) are compatible with left-lateralized amygdala

responses also to positive pictures, although this effect appears to

be weaker (compared to the negative picture condition) and did

not reach significance here.

Conclusion and Perspective
The present study investigated functional lateralization of

emotion processing in healthy subjects. Methodologically, partic-

Figure 3. Lateralization during negative picture viewing. Whole volume analysis. Brain areas showing lateralization (‘left . right’, ‘right .

left’) during negative (versus neutral) picture viewing (‘pos . neu’); SPM whole volume analysis (paired t-test) comparing non-flipped with flipped
functional data. Because data represent comparisons between left and right hemispheres, sections views display half of the brain only: ’Left . right’
indicates clusters showing significantly larger activation in the left compared to the right hemisphere. ’Right . left’ indicates clusters showing
significantly larger activation in the right compared to the left hemisphere. Clusters are projected on a symmetrical MNI template. P,0.001
uncorrected, cluster size k$5, t = t-value. Bars represent contrasts of parameter estimates for ‘positive . neutral picture viewing’ (‘positive’) and
‘negative . neutral picture viewing’ (‘negative’). Values were extracted from peak voxels presented in Table 2 for the right and the left hemisphere
averaged across the 36 participants.
doi:10.1371/journal.pone.0046931.g003

Table 2. Contrast ‘negative . neutral picture viewing’.

Anatomical Region Hemisphere Coordinates (MNI) Max T Value Cluster Size (k)

X Y Z

Dorsolateral prefrontal & premotor cortex (inferior & middle
frontal gyrus, precentral gyrus; BA 9, 46, 6)

Right . Left 48 17 31 4.93 103

Temporo-parietal junction (posterior superior & middle
temporal gyrus, angular gyrus; BA 37, 39, 42)

Right . Left 45 240 10 4.44 55

Middle temporal gyrus (BA 21) Left . Right 260 210 211 4.10 11

Amygdala, parahippocampal gyrus Left . Right 215 27 217 4.06 11

Maximum t-values and peak voxel coordinates for activation clusters, uncorrected p,0.001, k $5. Within each row, anatomical regions and BAs were sorted according
to their proportion in the respective cluster (descending order).
BA = Brodmann Area, k = number of voxels.
doi:10.1371/journal.pone.0046931.t002

Asymmetry for Affective Stimulus Processing
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Figure 4. Lateralization during negative versus positive picture viewing. Whole volume analysis. Brain areas showing lateralization
(‘right . left’) during negative versus positive picture viewing (‘neg .pos’); SPM whole volume analysis (paired t-test) comparing non-flipped (right-
sided) with flipped (left-sided) functional data. Because data represent comparisons between left and right hemispheres, sections views display half
of the brain only: ’Right . left’ indicates clusters showing significantly larger activation in the right compared to the left hemisphere. The reverse
contrast (‘left . right’) revealed no significant effect. Clusters are projected on a symmetrical MNI template. P,0.001 uncorrected, cluster size k$5,
t = t-value. Bars represent contrasts of parameter estimates for ‘positive . neutral picture viewing’ (‘positive’) and ‘negative . neutral picture viewing’
(‘negative’). Values were extracted from peak voxels presented in Table 3 for the right and the left hemisphere averaged across the 36 participants.
doi:10.1371/journal.pone.0046931.g004
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ular emphasis was placed on the direct comparison between left

and right hemispheric functional data, the systematic and

comprehensive investigation of relevant brain areas (through both

hypothesis-driven ROI and exploratory whole brain analysis), and

the normalization of functional data to a symmetrical template.

This approach revealed region-specific lateralization during

passive IAPS picture viewing. Specifically, our data suggest

valence asymmetry in prefrontal cortical areas and left-lateralized

negative stimulus processing in subcortical brain areas, in

particular amygdala and uncus. However, the pattern of

lateralization observed here during passive IAPS picture viewing

may not generalize to all forms of emotion processing. The

approach taken here to study lateralization could be useful for

further investigation of factors that influence lateralization of

emotion processing. Such factors might include stimulus material

(e.g., visual, auditory, olfactory), stimulus duration and level of

awareness (e.g., visible, invisible). Lateralization may also be

influenced by induction method (e.g., perception versus imagery),

cognitive demand (e.g., passive viewing versus judgment task), and

social content (e.g., emotional stimuli with versus without social

information). In addition, lateralization might differ between

approach- and withdrawal-related emotions (as opposed to

positive and negative) [59] or between individual emotions (e.g.,

happiness, anger, disgust). Finally, the approach taken here to

study lateralization could shed new light on the yet controversial

hemispheric imbalance hypothesis of depression [60] which

postulates hypoactivity in the left relative to the right prefrontal

cortex during emotion processing in depression.

Author Contributions

Conceived and designed the experiments: FS MS PS TK. Performed the

experiments: FS MS. Analyzed the data: EB JE CHA SG FS FB.

Contributed reagents/materials/analysis tools: FS TK. Wrote the paper:

EB JE CHA FB AH.

References

1. Price CJ (2000) The anatomy of language: contributions from functional

neuroimaging. Journal of anatomy 197 Pt 3: 335–359.

2. Sackeim HA, Gur RC, Saucy MC (1978) Emotions are expressed more intensely

on the left side of the face. Science 202: 434–436.

3. Schwartz GE, Davidson RJ, Maer F (1975) Right hemisphere lateralization for

emotion in the human brain: interactions with cognition. Science 190: 286–288.

4. Levine SC, Levy J (1986) Perceptual asymmetry for chimeric faces across the life

span. Brain and cognition 5: 291–306.

5. Mandal MK, Mohanty A, Pandey R, Mohanty S (1996) Emotion-specific

processing deficit in focal brain-damaged patients. The International journal of

neuroscience 84: 87–95.

6. Caltagirone C, Ekman P, Friesen W, Gainotti G, Mammucari A, et al. (1989)

Posed emotional expression in unilateral brain damaged patients.

Cortex; a journal devoted to the study of the nervous system and behavior 25:

653–663.

7. Kowner R (1995) Laterality in facial expressions and its effect on attributions of

emotion and personality: a reconsideration. Neuropsychologia 33: 539–559.

8. Mandal MK, Asthana HS, Tandon SC, Asthana S (1992) Role of cerebral

hemispheres and regions in processing hemifacial expression of emotion:

evidence from brain-damage. The International journal of neuroscience 63:

187–195.

9. Davidson RJ (1984) Affect, cognition and hemispheric specialization. In: Izard

CE, Kagan J, Zajonc RB, editors. Emotions, Cognition, and Behavior. New

York: Cambridge University Press. 320–365.

10. Davidson RJ (1992) Anterior cerebral asymmetry and the nature of emotion.

Brain and cognition 20: 125–151.

11. Gur RC, Skolnick BE, Gur RE (1994) Effects of Emotional Discrimination Tasks

on Cerebral Blood-Flow - Regional Activation and Its Relation to Performance.

Brain and Cognition 25: 271–286.

12. Morris PL, Robinson RG, Raphael B, Hopwood MJ (1996) Lesion location and

poststroke depression. The Journal of neuropsychiatry and clinical neurosciences

8: 399–403.

13. Paradiso S, Chemerinski E, Yazici KM, Tartaro A, Robinson RG (1999) Frontal

lobe syndrome reassessed: comparison of patients with lateral or medial frontal

brain damage. Journal of neurology, neurosurgery, and psychiatry 67: 664–667.

14. Starkstein SE, Robinson RG, Price TR (1987) Comparison of cortical and

subcortical lesions in the production of poststroke mood disorders. Brain

: a journal of neurology 110 (Pt 4): 1045–1059.

15. Davidson RJ (1995) Cerebral asymmetry, emotion, and affective style. In:

Davidson RJ, Hugdahl K, editors. Brain asymmetry. Cambridge, Mass.: MIT

Press. 361–388.

16. Davidson RJ (1998) Affective style and affective disorders: Perspectives from

affective neuroscience. Cognition & Emotion 12: 307–330.

17. George MS, Wassermann EM, Williams WA, Steppel J, Pascual-Leone A, et al.

(1996) Changes in mood and hormone levels after rapid-rate transcranial

magnetic stimulation (rTMS) of the prefrontal cortex. J Neuropsychiatry Clin

Neurosci 8: 172–180.

18. Pascual-Leone A, Catala MD, Pascual-Leone Pascual A (1996) Lateralized effect

of rapid-rate transcranial magnetic stimulation of the prefrontal cortex on mood.

Neurology 46: 499–502.

19. Canli T, Desmond JE, Zhao Z, Glover G, Gabrieli JD (1998) Hemispheric

asymmetry for emotional stimuli detected with fMRI. Neuroreport 9: 3233–

3239.

20. Lee GP, Meador KJ, Loring DW, Allison JD, Brown WS, et al. (2004) Neural

substrates of emotion as revealed by functional magnetic resonance imaging.

Cognitive and behavioral neurology : official journal of the Society for

Behavioral and Cognitive Neurology 17: 9–17.

21. Gotlib IH, Ranganath C, Rosenfeld JP (1998) Frontal EEG alpha asymmetry,

depression, and cognitive functioning. Cognition & Emotion 12: 449–478.

22. Hagemann D, Naumann E, Becker G, Maier S, Bartussek D (1998) Frontal

brain asymmetry and affective style: a conceptual replication. Psychophysiology

35: 372–388.

23. Reid SA, Duke LM, Allen JJ (1998) Resting frontal electroencephalographic

asymmetry in depression: inconsistencies suggest the need to identify mediating

factors. Psychophysiology 35: 389–404.

24. Gur RC, Schroeder L, Turner T, McGrath C, Chan RM, et al. (2002) Brain

activation during facial emotion processing. NeuroImage 16: 651–662.

25. Lane RD, Reiman EM, Bradley MM, Lang PJ, Ahern GL, et al. (1997)

Neuroanatomical correlates of pleasant and unpleasant emotion. Neuropsycho-

logia 35: 1437–1444.

Table 3. Contrast ‘negative .positive picture viewing’.

Anatomical Region Hemisphere Coordinates (MNI) Max T Value Cluster Size (k)

X Y Z

Caudate nucleus Right . Left 3 21 1 3.80 12

Dorsolateral prefrontal cortex (middle & inferior
frontal gyrus; BA 9, 46)

Right . Left 48 17 28 3.72 20

Posterior superior temporal gyrus (BA 41) Right . Left 51 243 10 3.60 9

Maximum t-values and peak voxel coordinates for activation clusters, uncorrected p,0.001, k$5. Within each row, anatomical regions and BAs were sorted according to
their proportion in the respective cluster (descending order).
BA = Brodmann Area, k = number of voxels.
doi:10.1371/journal.pone.0046931.t003

Asymmetry for Affective Stimulus Processing

PLOS ONE | www.plosone.org 8 October 2012 | Volume 7 | Issue 10 | e46931



26. Schneider F, Grodd W, Weiss U, Klose U, Mayer KR, et al. (1997) Functional

MRI reveals left amygdala activation during emotion. Psychiatry research 76:
75–82.

27. Demaree HA, Everhart DE, Youngstrom EA, Harrison DW (2005) Brain

lateralization of emotional processing: historical roots and a future incorporating
"dominance". Behavioral and cognitive neuroscience reviews 4: 3–20.

28. Davidson RJ, Irwin W (1999) The functional neuroanatomy of emotion and
affective style. Trends in cognitive sciences 3: 11–21.

29. Killgore WD, Yurgelun-Todd DA (2001) Sex differences in amygdala activation

during the perception of facial affect. Neuroreport 12: 2543–2547.
30. Wright CI, Fischer H, Whalen PJ, McInerney SC, Shin LM, et al. (2001)

Differential prefrontal cortex and amygdala habituation to repeatedly presented
emotional stimuli. Neuroreport 12: 379–383.

31. Wager TD, Phan KL, Liberzon I, Taylor SF (2003) Valence, gender, and
lateralization of functional brain anatomy in emotion: a meta-analysis of findings

from neuroimaging. NeuroImage 19: 513–531.

32. Lang PJ, Bradley MM, Cuthbert BN (1997) International Affective Picture
System (IAPS): Technical Manual and Affective Ratings: NIMH Center for the

Study of Emotion and Attention 1997. University of Florida.
33. Phan KL, Taylor SF, Welsh RC, Ho SH, Britton JC, et al. (2004) Neural

correlates of individual ratings of emotional salience: a trial-related fMRI study.

NeuroImage 21: 768–780.
34. Caroli A, Lorenzi M, Geroldi C, Nobili F, Paghera B, et al. (2010) Metabolic

compensation and depression in Alzheimer’s disease. Dementia and geriatric
cognitive disorders 29: 37–45.

35. Casanova R, Srikanth R, Baer A, Laurienti PJ, Burdette JH, et al. (2007)
Biological parametric mapping: A statistical toolbox for multimodality brain

image analysis. NeuroImage 34: 137–143.

36. Watkins KE, Paus T, Lerch JP, Zijdenbos A, Collins DL, et al. (2001) Structural
asymmetries in the human brain: a voxel-based statistical analysis of 142 MRI

scans. Cerebral cortex 11: 868–877.
37. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh

inventory. Neuropsychologia 9: 97–113.

38. Bermpohl F, Dalanay U, Kahnt T, Sajonz B, Heimann H, et al. (2009) A
preliminary study of increased amygdala activation to positive affective stimuli in

mania. Bipolar disorders 11: 70–75.
39. Wrase J, Schlagenhauf F, Kienast T, Wustenberg T, Bermpohl F, et al. (2007)

Dysfunction of reward processing correlates with alcohol craving in detoxified
alcoholics. NeuroImage 35: 787–794.

40. Friston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD, et al. (1994) Statistical

parametric maps in functional imaging: A general linear approach. Human
Brain Mapping 2: 189–210.

41. Friston KJ, Ashburner J, Frith CD, Poline JB, Heather JD, et al. (1995) Spatial
registration and normalization of images. Human Brain Mapping 3: 165–189.

42. Lancaster JL, Rainey LH, Summerlin JL, Freitas CS, Fox PT, et al. (1997)

Automated labeling of the human brain: a preliminary report on the
development and evaluation of a forward-transform method. Human brain

mapping 5: 238–242.
43. Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, et al. (2000)

Automated Talairach atlas labels for functional brain mapping. Human brain
mapping 10: 120–131.

44. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, et al.

(2002) Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain.

NeuroImage 15: 273–289.

45. Hayasaka S, Nichols TE (2004) Combining voxel intensity and cluster extent
with permutation test framework. NeuroImage 23: 54–63.

46. Genovese CR, Lazar NA, Nichols T (2002) Thresholding of statistical maps in
functional neuroimaging using the false discovery rate. NeuroImage 15: 870–

878.

47. Tucker DM, Luu P, Pribram KH (1995) Social and emotional self-regulation.
Annals of the New York Academy of Sciences 769: 213–239.

48. Le Grand R, Mondloch CJ, Maurer D, Brent HP (2003) Expert face processing
requires visual input to the right hemisphere during infancy. Nature

neuroscience 6: 1108–1112.
49. Rossion B, Dricot L, Devolder A, Bodart JM, Crommelinck M, et al. (2000)

Hemispheric asymmetries for whole-based and part-based face processing in the

human fusiform gyrus. Journal of cognitive neuroscience 12: 793–802.
50. Schneider F, Gur RE, Mozley LH, Smith RJ, Mozley PD, et al. (1995) Mood

effects on limbic blood flow correlate with emotional self-rating: a PET study
with oxygen-15 labeled water. Psychiatry research 61: 265–283.

51. Sander K, Scheich H (2001) Auditory perception of laughing and crying

activates human amygdala regardless of attentional state. Brain research
Cognitive brain research 12: 181–198.

52. Garavan H, Pendergrass JC, Ross TJ, Stein EA, Risinger RC (2001) Amygdala
response to both positively and negatively valenced stimuli. NeuroReport 12:

2779–2783.
53. Yang TT, Menon V, Eliez S, Blasey C, White CD, et al. (2002) Amygdalar

activation associated with positive and negative facial expressions. Neuroreport

13: 1737–1741.
54. Baas D, Aleman A, Kahn RS (2004) Lateralization of amygdala activation: a

systematic review of functional neuroimaging studies. Brain research Brain
research reviews 45: 96–103.

55. Costafreda SG, Brammer MJ, David AS, Fu CH (2008) Predictors of amygdala

activation during the processing of emotional stimuli: a meta-analysis of 385
PET and fMRI studies. Brain research reviews 58: 57–70.

56. Fusar-Poli P, Placentino A, Carletti F, Allen P, Landi P, et al. (2009) Laterality
effect on emotional faces processing: ALE meta-analysis of evidence.

Neuroscience letters 452: 262–267.
57. Lange K, Williams LM, Young AW, Bullmore ET, Brammer MJ, et al. (2003)

Task instructions modulate neural responses to fearful facial expressions.

Biological psychiatry 53: 226–232.
58. Glascher J, Adolphs R (2003) Processing of the arousal of subliminal and

supraliminal emotional stimuli by the human amygdala. The Journal of
neuroscience : the official journal of the Society for Neuroscience 23: 10274–

10282.

59. Davidson RJ, Saron CD, Senulis JA, Ekman P, Friesen WV (1990) Approach
Withdrawal and Cerebral Asymmetry - Emotional Expression and Brain

Physiology.1. Journal of Personality and Social Psychology 58: 330–341.
60. Sackeim HA, Greenberg MS, Weiman AL, Gur RC, Hungerbuhler JP, et al.

(1982) Hemispheric asymmetry in the expression of positive and negative
emotions. Neurologic evidence. Arch Neurol 39: 210–218.

Asymmetry for Affective Stimulus Processing

PLOS ONE | www.plosone.org 9 October 2012 | Volume 7 | Issue 10 | e46931


