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 i g  h  l  i  g  h  t  s

Chimeric  and  dichotic  stimuli  were  presented  to two  split-brain  patients  (D.D.V.  and  A.P.).
Stimuli  conveyed  happy/sad  expressions  and  participants  judged  their  emotion  content.
The  total  split-brain  patient  D.D.V.  neglects  visual  stimuli  in  the  left hemifield.
A.P.  shows  a right-hemispheric  dominance  in  unimodal  analysis.
The  valence  hypothesis  is  confirmed  in  bimodal  conditions  by  A.P.  and  the control  group.
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a  b  s  t  r  a  c  t

Hemispheric  asymmetries  have  been  widely  explored  in  both  the  visual  and  the  auditory  domain,  but  little
is known  about  hemispheric  asymmetries  in audio–visual  integration.  We  compared  the  performance  of
a partially  callosotomized  patient,  a total split-brain  patient  and  a control  group  during  the  evaluation
of  the  emotional  valence  of  chimeric  faces  and  dichotic  syllables  (an  emotional  syllable  in  one  ear  and
white  noise  in  the  other  ear) presented  unimodally  (only  faces  or only  syllables)  or  bimodally  (faces  and
syllables  presented  simultaneously).  Stimuli  could  convey  happy  and  sad expressions  and  participants
were  asked  to  evaluate  the  emotional  content  of  each  presentation,  using  a 5-point  Likert  scale  (from
very  sad  to  very  happy).  In  unimodal  presentations,  the  partially  callosotomized  patient’s  judgments
depended  on  the emotional  valence  of  the  stimuli  processed  by  the  right  hemisphere,  whereas  those  of
the  total  split-brain  patient  showed  the opposite  lateralization;  in  these  conditions,  the  control  group
did  not  show  asymmetries.  Moreover,  in  bimodal  presentations,  results  provided  support  for  the  valence
hypothesis  (i.e.,  left  asymmetry  for  positive  emotions  and  vice  versa)  in  both  the  control  group and  the

partially  callosotomized  patient,  whereas  the  total  split-brain  patient  showed  a tendency  to  evaluate  the
emotional  content  of  the  right  hemiface  even  when  asked  to focus  on the  acoustic  modality.  We  conclude
that partial  and  total  hemispheric  disconnections  reveal  opposite  patterns  of  hemispheric  asymmetry  in
auditory, visual  and  audio–visual  emotion  processing.  These  results  are  discussed  in the  light  of  the
right-hemisphere  hypothesis  and  the  valence  hypothesis.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Studies on the cerebral lateralization of emotional processing
ave shown variable patterns of results, and the aspect of hemi-
pheric asymmetry in this field still remains controversial [1].

∗ Corresponding author. Tel.: +39 871 3554216; fax: +39 871 35542163.
E-mail address: giulia.prete@unich.it (G. Prete).

ttp://dx.doi.org/10.1016/j.bbr.2014.06.034
166-4328/© 2014 Elsevier B.V. All rights reserved.
According to the right-hemisphere hypothesis [2–4], a right-
hemispheric dominance would underlie all aspects of emotional
processing. On the other hand, according to the valence hypoth-
esis [5–7] a right-hemispheric superiority would underlie the
processing of negative emotions, whereas a left-hemispheric supe-

riority would underlie the processing of positive emotions.

Hemispheric asymmetries in perception have been explored by
means of several paradigms. In the auditory domain, the organiza-
tion of cerebral auditory pathways makes it possible to evaluate the

dx.doi.org/10.1016/j.bbr.2014.06.034
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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ontribution of each hemisphere by presenting different stimuli in
he two ears (dichotic listening). Exploiting this fact, a number of
tudies have shown that the presentation of an acoustic stimulus in
ne ear leads to a higher activation in the contralateral hemisphere
e.g., right ear/left hemisphere) rather than in the ipsilateral hemi-
phere [8,9]. In particular, the dichotic listening paradigm reveals

 right ear advantage (REA), indicating a left-hemispheric superi-
rity in linguistic processing [10,11], which has also been shown
n ecological contexts [12]. The REA seems to be attributable to
he involvement of the corpus callosum (CC) and the auditory cor-
ex, besides attentional factors (see [13] for a review). Moreover,
ichotic listening has been used to investigate the lateralization of
motional processing in the auditory verbal and nonverbal domains
14]. For example, Erhan and colleagues [15] asked participants
o categorize emotional prosody of dichotically presented non-
ense syllables as having positive or negative intonation, and they
ound a left ear advantage (LEA), even if they underlined an oppo-
ite electrophysiological correlate, namely a higher amplitude of
he N100 component in the left rather than in the right hemi-
phere. These authors proposed that such a pattern of event-related
otentials reflects phonetic analysis but that emotional evaluation

s processed in the right hemisphere, thus supporting the right-
emisphere hypothesis. Of note, however, Erhan and colleagues
ointed out that the LEA was stronger for negative than for positive
motions ([15], see also [72]). On the other hand, Herrero and Hillix
16] found a general lower recognition score for negative than pos-
tive emotional intonation sentences, and a significant interaction
etween the presentation ear and the emotional valence of stimuli,
ith a specific lowering of scores for the negative emotional sen-

ences presented in the right ear. Schepman et al. [17] have recently
onfirmed this pattern of results, providing further support for the
alence hypothesis.

Other controversial results were also obtained in EEG and
euroimaging studies in which different paradigms than dichotic

istening were used. Recording event-related potentials and skin
onductance, Meyers and Smith [18] did not find asymmetry in
onverbal affective stimuli processing. Nevertheless, in a functional
agnetic resonance imaging study, Wildgruber and colleagues [19]

ound a stronger activation of the right hemisphere for acoustic
timuli with both positive and negative valence, thus supporting
he right-hemisphere hypothesis.

Cerebral lateralization has also been largely studied in the
omain of visual perception. Specifically, a paradigm used to

nvestigate cerebral asymmetries in face processing is that of the
himeric faces [2], that are created by juxtaposing the left and right
alves of two distinct faces. Studies that made use of chimeric

aces showed that the right hemisphere is more specialized for face
rocessing than the left hemisphere [20]. Also in this context, how-
ver, contrasting results have been obtained as regards emotion
rocessing. Presenting chimeric emotional faces, Drebing and col-

eagues [21] provided support for the right-hemisphere hypothesis
21]. Killgore and Yurgelun-Todd [22], on the basis of an fMRI study,
oncluded that the valence and the right-hemisphere hypothe-
is are not mutually exclusive, but they should be considered as
ifferent possibilities to understand facial emotion processing. A
imilarly unclear pattern of results has been achieved by exploiting
ilateral presentations of two emotional faces or unilateral pre-
entations of one face, providing evidence in support for both the
ight-hemisphere hypothesis [23,24] and the valence hypothesis
25–27].

With regard to audio–visual integration, an important question
s whether the fusion of multisensory inputs leads to a combina-

ion of the processing activities involved by each of the two  sensory

odalities considered in isolation, or whether the information pre-
ented in one sensory modality predominates over that presented
n the other modality. Of note, a number of studies showed that
esearch 271 (2014) 354–364 355

multisensory integration is automatic and unintentional, although
other studies suggested a different point of view (see [28] for a
review). Collignon and colleagues [29] asked participants to clas-
sify vocal and visual stimuli according to their emotion content,
finding that the categorization improved when vocal and visual
expressions were congruent and that, in the incongruent condi-
tions, participants based their evaluations mainly on the visual
component (visual capture). On the other hand, Petrini et al. [30]
found the opposite result, with the acoustic information prevail-
ing during the evaluation of incongruent audio–visual emotional
stimuli (auditory capture). Thus, it could be concluded that there
is a reciprocal influence during auditory and visual processing of
emotional information depending on congruence [31], but the pri-
oritization of one sensory modality over the other does not seem
to follow a clear rule when the two  modalities convey conflicting
contents.

Many studies focused on the cerebral correlates of audio–visual
integration and showed that different cerebral areas are impli-
cated in this process: for example, Kreifelts and colleagues [32]
found that the behavioral improvement during the simultaneous
presentation of emotionally congruent bimodal stimuli correlated
with an increased activation in the bilateral posterior superior tem-
poral gyrus ([32]; see also [33], for a review) and in the right
thalamus; other studies highlighted a left-hemispheric activation
during bimodal processing, in particular in the middle tempo-
ral gyrus [34,35] and in the posterior superior temporal sulcus
[36]. Jeong and colleagues [37] found that emotionally congru-
ent audio–visual presentations enhanced the activity in auditory
areas, whereas emotionally incongruent presentations enhanced
the activity in face recognition areas, such as the fusiform gyrus.
Ethofer and colleagues [38] have recently shown the importance
of the orbitofrontal cortex in the mechanism of habituation to
facial expressions and prosody, which highlights the role of this
region as an important component of a system for emotional
processing of faces and voices and as a neural interface among sen-
sory areas. Finally, electrophysiological data demonstrated an early
audio–visual crosstalk following stimulus presentation [39,34].

Another source of information about audio–visual neural cor-
relates comes from studies on neurological patients. Hayakawa
and colleagues [40] showed that a patient with amygdala and hip-
pocampus lesions could not recognize fear from facial expressions,
but was  able to recognize them from prosodic and verbal stimuli,
whereas a patient with a more extended lesion beyond the amyg-
dala could not recognize fear expressions from prosodic and verbal
stimuli, even if he was  able to recognize them from facial stimuli
[40].

Although audio–visual integration has been largely investi-
gated, hemispheric lateralization in this field remains largely
unexplored, even more so in the case of multisensory analysis
in emotion perception. One of the possible sources of evidence
consists in studying split-brain patients [41,42], individuals who
have undergone the surgical resection of the corpus callosum
(CC) as an extreme attempt to prevent the spread of epileptic
seizures between the two  hemispheres [43]. Importantly, com-
parisons among the performance of patients who have undergone
different degrees of hemispheric disconnection (total or partial
and, in the latter case, in different regions of the CC) provide us
with a rare chance to study hemispheric competences [44]. Stud-
ies with callosotomized patients confirmed the right-hemispheric
superiority in face processing [45], as well as the left-hemispheric
superiority (REA) in dichotic listening ([46]; see [47], for a review).
However the hemispheric superiority in emotion analysis remains

controversial even as regards split-brain patients’ results: Stone
et al. [48] showed that both disconnected hemispheres could match
equally well facial expressions to emotion words, but the left
hemisphere performed poorly on a discrimination task. Làdavas
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ig. 1. Midsagittal MRI  of patients. Left panel: A.P.’s brain, showing the anterior sect
he  complete absence of callosal fibers.

t al. [49], based on the results of a split-brain patient who  was
apable to discriminate emotional from neutral stimuli presented
n both LVF and RVF, concluded that emotional processing could
ake place in either disconnected hemisphere, but only the right
emisphere produced an autonomic response to emotional stimuli
49]. A recent study in which a total split-brain patient and an ante-
ior callosotomized patient were tested, provided support for the
ight hemisphere hypothesis in the case of bilateral presentation of
aces with a hidden emotional content [24]. As reviewed by Gainotti
50], the right-hemispheric superiority in subliminally presented
motional content could be explained by a subcortical asymmetry
n emotion detection.

The aim of the present study was to investigate hemispheric
symmetries in audio–visual integration and the way in which lat-
ralized visual and acoustic emotional stimuli are processed by the
wo hemispheres. According to previous evidence on emotional
nalysis in the visual and acoustic modalities, one might expect that
ither the right-hemisphere hypothesis or the valence hypothesis
s applicable also to the audio–visual domain.

First of all, we expected a moderate hemispheric asymme-
ry in emotion evaluation by healthy participants. Second, we
xpected a more extreme hemispheric lateralization pattern in a
otal split-brain patient regardless of the nature of stimuli, due to
he complete absence of reciprocal callosal connections between
he hemispheres. Finally, we expected that in a patient with
n anterior callosal section, lateralization would appear weaker
ompared to that of the total split-brain patient, due to intact con-
ections between posterior cortical areas, the posterior part of the
C being spared, but stronger compared to that of healthy sub-

ects, because of the complete segregation of the anterior areas.
owever, we could not predict the direction of any lateralization,
ecause of the mixed results available in the literature in both
isual and acoustic domains, and the absence of clear evidence
f cerebral asymmetry in multimodal integration of emotional
timuli.

. Materials and methods

.1. Participants
A patient with an anterior section of the CC, a patient with a
otal section of the CC, and 16 healthy participants took part in the
xperiment.
the corpus callosum, which saves the splenium. Right panel: D.D.V.’s brain, showing

A.P. is a 47-year-old man, who underwent the surgical resection
of a large anterior portion of the CC to reduce the spread of epileptic
seizures. The surgery was carried out in 1993 and it left intact only
the splenium (see Fig. 1a). A.P.’s postoperative IQ was  87, as mea-
sured by means of the Wechsler adult intelligence scale (WAIS),
and his laterality quotient was  +10, according to the Edinburgh
Handedness Inventory [51].

D.D.V. is a 48-year-old man, who, in order to prevent the spread
of epileptic foci, underwent the complete resection of the corpus
callosum through different stages, the last of which occurred in
1994. The surgical resection left intact the anterior commissure (see
Fig. 1b). D.D.V.’s postoperative IQ was 81, as assessed by the WAIS,
and his laterality quotient was  +100, according to the Edinburgh
Handedness Inventory [51].

Both patients had no visual impairments or psychiatric symp-
toms (further details of the patients’ status are provided by [52]).
They were tested at the Epilepsy Center of the Polytechnic Univer-
sity of Marche (Torrette, Ancona), during a pause between routine
neurological examinations.

The control group was composed of 16 male individuals (age:
M = 24.44; SD = 1.35). According to self-report, all were right-
handed, had normal or corrected-to-normal vision, and none of
them had neurological or psychiatric histories. These participants
were tested as volunteers at the Psychobiology Laboratory of the
University of Chieti.

Informed consent was obtained from all participants prior to
the beginning of the task and the experimental procedures were
approved by the local ethical committee.

2.2. Stimuli

We  used chimeric faces as visual stimuli and dichotic presenta-
tions as acoustic stimuli.

Facial stimuli were created from photographs contained in the
Karolinska directed emotional faces [53], a database of female
and male faces with both neutral and emotional expressions. Pho-
tographs of a female face in a happy pose (HA) and in a sad pose
(SA) were selected and converted into gray-scale images, measur-
ing 5.2◦ × 6.6◦ of visual angle (198 × 252 pixel) at a distance of about
72 cm.  From these images, hemiface components were created: the

two photographs were centrally divided into two halves, in order to
obtain one left sad hemiface, one right sad hemiface, one left happy
hemiface, and one right happy hemiface. Chimeric faces were thus
created by combining the 4 hemifaces to each other. The final set
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Fig. 2. An example of chimeric face (HA/SA).

f visual stimuli was composed of 4 chimeric faces: HA left hemi-
ace/HA right hemiface, HA left hemiface/SA right hemiface, SA left
emiface/HA right hemiface, SA left hemiface/SA right hemiface. In
rder to reduce the sense of strangeness possibly due to chimeric
timuli, the two half faces were separated by a thin white stripe
width: .02◦ of visual angle; see Fig. 2).

Acoustic stimuli were created by recording consonant–vowel
yllables pronounced by a female actress with different emotional
ccent. The syllable/ba/was recorded with two different emotional
ntonations: happy (HA) and sad (SA). Stimuli were then han-
led with GoldWave Software v5.25 (GoldWave Inc., St. John’s, NL,
anada). They were digitized (16 bit, sampling rate 44,100 Hz) and
resented in a dichotic paradigm, in which the emotional syllable
as presented in one ear and white noise (WN) was  simultaneously
resented in the other ear. Acoustic stimuli lasted 350 ms,  including
0 ms  of linear fade-in at the beginning of each stimulus and 50 ms
f linear fade-out at the end of each stimulus. Dichotic stimuli were
elivered by means of headphones (Philips SHP5400): an emotional
yllable and white noise were presented in the opposite ears, with

 common onset and a common duration of 350 ms.  The final set
f acoustic presentations was composed of 4 dichotic stimuli: HA
yllable in the left ear/WN in the right ear, WN in the left ear/HA
yllable in the right ear, SA syllable in the left ear/WN in the right
ar, and WN in the left ear/SA syllable in the right ear. We  chose to
void the simultaneous presentation of different emotional sylla-
les in the two ears in order to keep the complexity of conflicting

nformation between visual and auditory input as manageable as
ossible for subsequent statistical analyses.

We presented happy and sad emotional expressions, on the
asis of previous studies indicating that these two emotions are
valuated as highly opposite in valence (positive and negative,
espectively), and are thus easy to differentiate from each other
54]. We  chose to use the 350 ms  presentation time to allow
atients to effectively process all stimuli even in the case of bimodal

possibly conflicting) conditions, in which the cognitive load could
e high. We  also preferred to use a relatively long presentation
ime to make sure that the bimodal integration occurred, given that
ome electrophysiological data demonstrated that audio–visual
esearch 271 (2014) 354–364 357

integration may  take place only at about 180 ms after stimuli onset
[39]. On the other hand, there is evidence of lateralized effects
obtained with long presentation time in both the acoustic (e.g., [55])
and the visual domain (e.g., [56,57]).

2.3. Procedure

Participants were administered four different sessions in which
they were asked to evaluate the emotional valence of stimuli, using
a 5-point Likert scale: from 1 = very sad, to 5 = very happy (1 = very
sad; 2 = sad; 3 = neutral; 4 = happy; 5 = very happy), using the com-
puter keyboard.

In the first session, only acoustic stimuli were presented. The
4 dichotic stimuli were presented in random order 5 times each,
constituting a set of 20 acoustic stimuli. A white screen lasting
500 ms  was followed by the presentation of a central fixation cross
for 850 ms.  After a first interval of 500 ms in which only the cross
was shown, the dichotic stimulus was presented for a duration of
350 ms,  so that the end of the acoustic input corresponded to the
end of the cross presentation. Then, the screen went blank until the
response was  given, and the next trial started (see Fig. 3a).

In the second session, only visual stimuli were presented. The
4 chimeric faces were presented in random order 5 times each,
constituting a set of 20 visual stimuli. A white screen lasting 500 ms
was followed by the presentation of a black fixation cross in the
center of the screen for 500 ms.  The stimulus was  then presented
in the center of the screen with a duration of 350 ms.  Then, the
screen went blank until the response was  given by the participant,
and the next trial started (see Fig. 3b).

In the last two  sessions, acoustic and visual stimuli were pre-
sented together. Each of these sessions were constituted by 80
stimuli, including all 16 possible combinations of the 4 chimeric
faces and the 4 dichotic presentations, each combination being
repeated 5 times in a random order. These two  sessions were simi-
lar to each other: a white screen was presented for 500 ms, followed
by the presentation of a black fixation cross in the center of the
screen for 500 ms.  The disappearance of the cross coincided with
the simultaneous onset of both the chimeric face in the center of
the screen and the dichotic stimulus in the earphones, both lasting
350 ms.  Then, the screen went blank until the response was given,
and the next trial started (see Fig. 3c). In the first of these two  ses-
sions, participants were asked to evaluate the emotional valence of
the visual stimuli, ignoring the acoustic input, whereas, in the last
session, participants were asked to evaluate the emotional valence
of the acoustic stimuli, ignoring the visual input.

In order to specify which modality had to be attended to, at
the beginning of each session instructions were presented on the
computer screen. In the instructions it was also specified that the
gaze had to be maintained at the center of the screen for all the
testing time. At the end of a session, participants were allowed to
take a short break before starting the next one.

The two patients gave their responses using the right hand. As
regards the control group, half of the participants used the right
hand and the other half used the left hand. The whole task was
controlled by E-Prime software (Psychology Software Tools, Inc.,
Pittsburgh, PA) and lasted about 30 min.

3. Results

Statistical analyses were carried out using the software Statistica
8.0.550 (StatSoft. Inc., Tulsa, USA). As regards control group scores,

the different conditions in each of the 4 sessions were compared
by means of different analysis of variance (ANOVAs), using the
emotion judgment as the dependent variable. Preliminary ANOVAs
were conducted for each session, using the response hand as a
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ig. 3. Schematic representation of a trial in session 1: dichotic stimuli (top panel, 

:  bimodal presentations, with both dichotic and chimeric stimuli (bottom panel).

etween-subjects factor, but neither the main effect of this fac-
or nor interactions were significant. Thus, we carried out three
epeated measures ANOVAs (one for each unimodal session and
ne for the two bimodal sessions). Post-hoc comparisons were car-
ied out by means of Bonferroni test and corrected p-values are
eported.

In the auditory session, the ANOVA was carried out using emo-
ional tone (happy and sad) and presentation ear (left and right) as
ithin-subject factors. Only the main effect of emotional tone was

ignificant (F(1, 15) = 53.06, p < .001, �2 = .78), showing that happy
yllables were evaluated as happier than sad syllables (happy:

 = 3.94 ± .14; sad: M = 2.26 ± .10).
In the visual session, the ANOVA was carried out using

ace as within-subject factor (happy/happy, sad/sad, happy/sad
nd sad/happy). This main effect was significant (F(3, 45) = 157.49,

 < .001, �2 = .913): post-hoc comparisons showed that the
appy/happy face was evaluated happier than all of the other
timuli and that the sad/sad face was evaluated sadder than
ll of the other stimuli (p < .001 for all comparisons; HA/HA:

 = 4.74 ± .07; SA/SA: M = 1.69 ± .12; HA/SA: M = 2.90 ± .12; SA/HA:
 = 2.72 ± .14).
As regards the two bimodal sessions, the ANOVA was  carried

ut using Target modality (visual and acoustic), face (happy/happy,
ad/sad, happy/sad and sad/happy), emotional tone (happy and
ad) and presentation ear (left and right) as within-subject
actors. The main effect of target modality approached sta-
istical significance (F(1, 15) = 4.27, p = .056), visual stimuli being
valuated slightly more positively (M = 3.16 ± .07) than auditory
timuli (M = 3.03 ± .08). The main effect of face was significant
F(3, 45) = 36.05, p < .001 �2 = .71): post-hoc comparisons showed
hat the happy/happy face was evaluated happier than all of the
ther stimuli and that the sad/sad face was evaluated sadder

han all of the other stimuli (p < .001 for all comparisons; HA/HA:

 = 3.96 ± .1; SA/SA: M = 2.38 ± .1; HA/SA: M = 3.02 ± .09; SA/HA:
 = 3.02 ± .08). The main effect of emotional tone (F(1, 15) = 49.23,

 < .001, �2 = .77) showed that happy syllables were evaluated as
 left); in session 2: chimeric stimuli (top panel, on the right); and in sessions 3 and

happier than sad syllables (HA: M = 3.72 ± .07; SA: M = 2.47 ± .06).
The main effect of presentation ear was not significant (F(1, 15) = .55,
p = .47; left: M = 3.09 ± .07; right: M = 3.11 ± .07).

As regards the significant interaction between target modality
and face (F(3, 45) = 20.23, p < .001, �2 = .57), post-hoc compar-
isons showed that when visual judgments were required, the
happy/happy face received a higher evaluation and the sad/sad face
received a lower evaluation compared to all of the other conditions
(p < .001 for all comparisons), whereas when auditory judgments
were required, the happy/happy face was associated to higher eval-
uations than the sad/sad face (p < .001) and the sad/happy face
(p = .044).

The interaction between target modality and presentation ear
was significant (F(1, 15) = 6.34, p = .024, �2 = .30) and post-hoc com-
parisons showed that visual judgments were higher than auditory
judgments when syllables were presented both to the left ear
(visual modality: M = 3.17 ± .10; acoustic modality: M = 3.00 ± .11;
p = .04), and to the right ear (visual modality: M = 3.15 ± .11; acous-
tic modality: M = 3.06 ± .11; p = .002). Moreover, in the acoustic
modality, syllables presented to the right ear received higher eval-
uations than those presented to the left ear (p = .036), whereas
evaluations did not differ according to auditory presentation side
when the target modality was  visual.

The three-way interaction among face, emotional tone and pre-
sentation ear (F(3, 45) = 3.41, p = .025, �2 = .18) was significant. To
better clarify this interaction, two different ANOVAs were com-
puted, by splitting the data according to presentation ear and using
face and emotional tone as within-subject factors. As regards the
right-ear presentation condition, a significant interaction between
face and emotional tone (F(3, 45) = 4.60, p = .007, �2 = .23) showed
that when the sad syllable was presented, the sad/happy face was
judged as happier than the happy/sad face (p = .047). The interaction

was not significant for the left-ear presentation condition.

In order to evaluate the effects of bimodal presentations, mean
scores obtained in both the visual and the auditory unimodal ses-
sions were compared to mean scores obtained in the bimodal
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ig. 4. 95% Confidence intervals of the control group (lines) and patients means
A.P.: cross; D.D.V.: triangle) in the first session: 4 dichotic stimuli.

essions, using a series of Bonferroni corrected t-tests. In partic-
lar, scores recorded in the bimodal session in which participants
ere asked to judge the emotional valence of the visual stimuli

session 3) were compared with scores recorded in the visual
ession (session 2). The presentation of a happy tone to the
ight ear (WN/HA) led to higher evaluations of the sad/happy
himeric face (t(15) = −3.724, p = .032). In the same way, scores
ecorded in the bimodal session in which participants were asked
o judge the emotional valence of acoustic stimuli (session 4)
ere compared with the scores recorded in the auditory session

session 1). The presentation of the sad/sad face led to a lower
valuation of all acoustic stimuli (HA/WN: t(15) = 5.021, p = .002;
N/HA: t(15) = 3.764, p = .030; SA/WN: t(15) = 3.68, p = .036; WN/SA:

(15) = 5.51, p < .001), whereas the presentation of the happy/happy
ace led to higher evaluations of the sad syllable presented to both
he left (SA/WN: t(15) = −4.69, p = .005) and the right ear (WN/SA:
(15) = −5.397, p = .001).

In order to compare the performance of the patients and the
ontrol group in each session, patients’ means were compared with
he 95% confidence intervals of the control group scores.

In session 1 (dichotic syllables), A.P.’s mean was  above the
ut-off of the 95% confidence intervals in the HA/WN condition,
hereas D.D.V.’s means were above of the 95% confidence intervals

n all conditions (see Fig. 4).
In session 2 (chimeric faces), A.P.’s means were above the cut-

ff of the 95% confidence intervals in HA/HA and HA/SA conditions,
nd they were below in SA/SA and SA/HA conditions. In this session,
.D.V.’s means were above the cut-off of the 95% confidence inter-
als in HA/HA and SA/HA conditions, and they were below in SA/SA
nd HA/SA conditions (see Fig. 5).

In session 3 (bimodal presentation with visual evaluation), A.P.’s
eans were above the cut-off of the 95% confidence intervals in

ll conditions in which HA/HA and SA/SA faces were presented,
egardless of dichotic stimulation, and when HA/SA and SA/HA
aces were presented together with SA/WN and WN/SA dichotic
timuli. In this session, D.D.V.’s means were above the cut-off
f the 95% confidence intervals when the HA/HA face was  pre-
ented together with WN/HA, SA/WN and WN/SA stimuli and when
he SA/HA face was presented together with HA/WN, SA/WN and

N/SA stimuli; they were below the cut-off of the 95% confidence

ntervals when the HA/HA face was presented together with the
A/WN dichotic stimulus and in all the conditions in which SA/SA
nd HA/SA faces were presented, regardless of dichotic stimulation
see Fig. 6).
Fig. 5. 95% Confidence intervals of the control group (lines) and patients means
(A.P.: cross; D.D.V.: triangle) in the second session: 4 chimeric faces.

In session 4 (bimodal presentation with auditory evaluation),
A.P.’s means were above the cut-off of the 95% confidence inter-
vals when the HA/WN dichotic stimulus was  presented together
with SA/SA and HA/SA faces, when the WN/SA dichotic stimulus
was presented together with SA/SA and SA/HA faces, and in all
conditions in which WN/HA and SA/WN stimuli were presented
together with any chimeric face. In this session, D.D.V.’s means
were above the cut-off of the 95% confidence intervals when the
HA/WN stimulus was presented together with the HA/HA face,
when the WN/HA stimulus was presented together with HA/HA
and SA/HA faces, when the SA/WN dichotic stimulus was  presented
together with the SA/HA face, and when the WN/SA stimulus was
presented together with HA/HA, HA/SA and SA/HA faces; they were
below when the HA/WN stimulus was presented together with
both SA/SA and HA/SA faces, when the WN/HA stimulus was pre-
sented together with the HA/SA face, and when the SA/WN stimulus
was presented together with the SA/SA face (see Fig. 7).

4. Discussion

The performances of the two  patients were very different from
one another. In general, the total split-brain patient (D.D.V.) showed
a rightward bias; moreover, his evaluations in bimodal presenta-
tions were mainly based on visual rather than acoustic stimuli, even
when he was  explicitly required to judge the auditory input. On the
other hand, the results of the partially callosotomized patient (A.P.)
largely resembled those of the control group and he did not show
difficulties in paying attention to either visual or acoustic stimuli,
when required. Differently from the control group, however, A.P.
showed a trend for a leftward bias in the emotional evaluation of
both acoustic and visual stimuli presented in isolation. This pat-
tern of results confirms a right-hemispheric superiority in emotion
detection, already known in the visual domain (see [24], for similar
lateralization results in the same patient), and adds new evidence
in the auditory domain.

As regards the results of D.D.V., in the auditory session they seem
to be in line with the valence hypothesis, given that he attributed
a higher score to happy syllables presented to the right than to the
left ear, and at the same time he attributed a lower score to sad
syllables presented to the left than to the right ear [5–7]. However,
this pattern was  not evident in the other conditions. In particu-

lar, with visual presentation, D.D.V. seemed totally incapable at
detecting emotions expressed by the left hemiface: his judgments
were based solely on the expression of the right hemiface. At first
glance, this pattern of results seems to suggest a left hemispheric
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ig. 6. 95% Confidence intervals of the control group (lines) and patients means (A.P
ere  presented together and it was asked to evaluate the visual stimuli: 16 bimoda

ominance, that could be ascribed either to a hemispheric asymme-
ry in emotional face processing or to a left-hemispheric dominance
ue to the use of the right hand for responding. However, another
xplanation could be found in the literature on split-brain patients.
n fact, several studies carried out with split-brain patients showed
 only following total resection – a sort of attentional deficit of the
ight hemisphere [58,59,24]. In the present study, the use of the sole
ight hand in providing responses, makes it difficult to conclude if
.D.V. showed a spatial neglect or less, however, testing the same

ig. 7. 95% Confidence intervals of the control group (lines) and patients means (A.P.: c
timuli were presented together and it was asked to evaluate the auditory stimuli: 16 bim
s; D.D.V.: triangle) in the third session, in which chimeric faces and dichotic stimuli
itions.

split-brain patient (D.D.V.), Hausmann and colleagues [58] found a
rightward bias when D.D.V. carried out a line bisection task using
either the left or the right hand; Corballis and colleagues [59,60]
described the same kind of bias in D.D.V. leading the authors to
conclude that D.D.V. shows a sort of spatial hemineglect. A cru-

cial point is that the results of D.D.V. are in contrast with those of
other patients with partial (either anterior or posterior) calloso-
tomy, who do not show hemineglect. Corballis and colleagues [59]
proposed that the spatial neglect of D.D.V., caused by the complete

ross; D.D.V.: triangle) in the fourth session, in which chimeric faces and dichotic
odal conditions.
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bsence of callosal fibers, is due to a failure to shift attention from
he right hemifield to the left hemifield, and they suggested the
ossibility to test the same patient without the use of the central
xation cross, in order to avoid the need to shift attention from the
enter to the side of the screen. In the present study this problem
as in some way sidestepped, by means of showing chimeric faces

n the center of the screen. Nevertheless, the present results seem
o confirm the presence of hemineglect in patient D.D.V. Moreover,
e added new data, testing the patient with acoustic stimuli: from

he present results we can conclude that the spatial neglect of D.D.V.
s not applicable to the auditory domain, differently from patients

ho suffer from hemineglect after a unilateral cerebral lesion [61],
ut it seems to be confined to the visual domain. In the auditory
omain, a consonant-vowel dichotic paradigm carried out with 4
plit-brain patients [62] showed that the REA was  equivalent for
he right and the left hand responding. Overall, the explanation of
ur results as due to the use of the right hand would not be valid
n the auditory session, in which D.D.V. did not show the rightward
ias, even if he used the right hand only.

During the bimodal presentation, acoustic stimuli were substan-
ially ignored by D.D.V., who based his responses on the right hemi-
ace: given that D.D.V. could successfully carry out the dichotic task,
e disregarded acoustic stimuli only in the case in which they were
resented together with visual stimuli. In other words, the dichotic
resentation alone highlighted the validity of the valence hypothe-
is, with opposite-valence emotions being processed better by the
wo hemispheres, whereas the simultaneous audio–visual presen-
ation showed a supremacy of the visual stimuli overshadowing
he acoustic stimuli (visual capture). This was of course true when
.D.V. was required to evaluate visual stimuli, but, importantly, also
hen required to evaluate acoustic stimuli.

This set of results shows a multifaceted picture. Whereas Cor-
allis and colleagues [59] concluded that the attentional deficit of
.D.V. is attributable to a deficit in shifting attention, an ability

nvolving the ventral attentional system, and that it could dis-
ppear if D.D.V. can base his responses on the dorsal attentional
ystem, our results seem to support another perspective: the main
eficit of the patient does not seem to reside in attentional shif-
ing, but in his attentional bias toward the right visual field. In
act, chimeric faces were presented centrally, thus not requiring
aze orienting or attentional shift, but nonetheless D.D.V. showed

 rightward bias. Moreover, among the perceptual modalities we
ested, the visual modality, but not the auditory modality, revealed

 spatial hemineglect. In conclusion, the results of the total split-
rain patient provided support for the valence hypothesis in the
uditory domain, showed a hemineglect in the visual domain, and
evealed a strong visual capture, thus confirming the hemineglect,
n audio–visual processing.

The results of the anterior split-brain patient, A.P., were differ-
nt from those of D.D.V. in all sessions. In dichotic presentations,
.P.’s evaluations seem to support the right hemisphere hypothe-
is: happy and sad syllables were evaluated as happier and sadder,
espectively, when presented in the left ear (right hemisphere) than
n the right ear (left hemisphere), supporting the right-hemispheric
ominance in emotional processing of both positive and negative
xpressions. The results in the visual modality also provide support
or the right hemisphere hypothesis: the happy/sad chimeric face
as evaluated as happier by A.P. than by the control group, and the

ad/happy chimeric face was evaluated as sadder by A.P. than by
he control group. This pattern shows that in the partial split-brain
atient, the right-hemispheric dominance for both positive and
egative emotions might be even more evident than in the control

roup. In audio–visual presentations, A.P. did not show difficul-
ies in evaluating either visual or acoustic stimuli. However, in the
imodal session in which visual evaluations were required, A.P.’s
esults did not support the right hemisphere hypothesis, but they
esearch 271 (2014) 354–364 361

seemed to be in line with the valence hypothesis: the evaluations of
the chimeric faces were lower when the sad syllable was presented
to the left ear (right hemisphere) and higher when the happy sylla-
ble was presented to the right ear (left hemisphere). In the bimodal
condition in which auditory evaluations were required, the results
of A.P. showed that when the emotional syllables, regardless of
their valence, were presented to the left ear (right hemisphere),
they led to a greater weight of the (hemi)facial expression shown
to the left (thus, to the right hemisphere), with lower scores for the
chimeric sad/happy than happy/sad face; when the emotional syl-
lables were presented to the right ear (left hemisphere), they led to
a greater weight of the (hemi)facial expression shown to the right
(thus, to the left hemisphere), with lower scores for the chimeric
happy/sad than sad/happy face. These results suggest that when
auditory evaluations were required, the hemisphere contralateral
to the ear presented with the syllable was more activated, which
led to a greater salience of the contralateral hemiface. To conclude,
the results of the anterior callosotomized patient provide support
for the right hemisphere hypothesis only with unimodal stimula-
tion. It is important to note that the difference between D.D.V. and
A.P. is the presence of the splenium in A.P., who  however lacks all
the other portions of the CC. By means of diffusion-weighted tensor
magnetic resonance imaging and probabilistic tractography, Beer
et al. [63] have recently shown the presence of direct connections
between visual and auditory cortices within each hemisphere and
that white matter projections from both visual and auditory areas
cross hemispheres in the posterior portion of the CC, with auditory
and visual information passing through the superior and inferior
splenium, respectively. This anatomical evidence lends support to
the result that the performance of A.P. was very similar to that of
the control group, because in both cases audio–visual information
may  be exchanged between hemispheres trough the fibers of the
splenium. However, some difference exists between A.P. and the
control group, suggesting that other callosal regions are implicated
in this task.

The control group did not show hemispheric asymmetries in
unimodal presentations. As reported above, we expected a pat-
tern of lateralization in favor of either the valence or the right
hemisphere hypothesis. The absence of evidence in any direction
in visual and auditory sessions could be attributed to the long
presentation time used. As we  specified above, we chose longer pre-
sentation times compared to the classical range of tachistoscopic
presentation (around 150 ms)  to ensure stimulus processing by the
patients. However, a sign of hemispheric lateralization is evident
in the interaction between target modality and presentation ear: in
fact, when an auditory judgment was required, syllables presented
to the right ear received higher evaluations than syllables presented
to the left ear. This result could be interpreted in the direction of
the valence hypothesis: when the right hemisphere is activated
by the presentation of a syllable, auditory judgments decrease
possibly because of the right-hemispheric sensitivity for nega-
tive emotions. Similarly, when auditory evaluations were required,
the happy/happy face was  judged as happier than the sad/happy
face, but not than the happy/sad face. Again, this result could sug-
gest that the right hemisphere is more sensitive than the left in
detecting the sad hemiface. On the other hand, direct comparisons
between unimodal and bimodal sessions point in the same direc-
tion: the sad/happy chimeric face was judged as happier when it
was presented together with the happy syllable to the right ear
(left hemisphere), whereas no differences were recorded when the
same syllable was  presented to the left ear (right hemisphere): in
accordance with the valence hypothesis, the higher activation of

the left hemisphere, more involved in positive emotion processing,
could have led to judge the face as happier. The absence of other
evidence in support of the valence hypothesis in healthy partici-
pants might have depended, in our vision, upon the long exposure
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f the stimuli. This point could be viewed, however, as a demonstra-
ion of the maintenance of the central fixation by participants: due
o the relatively long presentation time of the stimuli, it could be
xpected that observers could move their gaze showing a pattern
f lateralization due to the preferential saccadic movements direc-
ion. Instead, the absence of a clear ‘lateralized preference’ could be
nterpreted as an indirect evidence of the participants’ adherence
o instructions in maintaining the gaze in the center of the screen.
bviously, the lack of eye-tracking measurements makes this evi-
ence speculative rather than objective, but the results seem to
ccommodate this possibility.

The difference between the healthy participants’ and the
atients’ results could depend on interhemispheric projections:
s regards unimodal sessions, in the connected brain the hemi-
pheric interchange leads to a substantially symmetric analysis
f bilateral stimuli, whereas the absence of callosal fibers could
xplain the patients’ more asymmetric performances. In fact, in
hese conditions A.P. based his ratings on the leftward stimuli.
robably, in the case of unimodal stimulation, after the bilateral
xchange of perceptual analysis, which can occur through the
ntact splenium of the patient, the output of each hemisphere
ould be projected toward the frontal areas (by intrahemispheric
bers), where the absence of anterior interhemispheric connec-
ions prevents the balance between hemispheres, leading to the
ight-hemispheric superiority in emotional processing. This possi-
ility is in accordance with the ‘modified valence hypothesis’ (MVH,
64,65]): the classical hemispheric superiority in a specific valence
motional analysis (valence hypothesis) would depend on the pre-
rontal specialization in positive and negative emotional content
y each hemisphere, while the posterior region would show the
ight-hemispheric superiority in all emotional processing. Despite
he MVH  did not receive great consideration, recent studies sup-
ort its validity. For example, Stefanics et al. [66] have recently
ound support for the MVH, recording ERPs during the processing of
nattended facial emotions, with early components supporting the
ight hemisphere hypothesis, and late lateralized components sup-
orting the valence hypothesis. Considering that A.P.’s frontal lobes
ere disconnected, the MVH  could explain his performance. How-

ver, in the unimodal acoustic condition, the performance of D.D.V.
rovided support for the valence hypothesis. From this pattern of
esults, we can suppose that in the case of total interhemispheric
isconnection, each hemisphere shows its superiority in a specific
motional domain. Also this pattern of result could be viewed in
ccordance with the MVH: the complete callosal section in D.D.V.
oes not allow an exchange between the hemispheres, thus the
elative dominance of each hemisphere could emerge. From this
erspective, the frontal areas of D.D.V. receive a ‘specialized’ out-
ut from the posterior areas in which a valence-specific processing
as carried out. Thereafter, as regards the two main hypotheses on

ateralized emotion processing, we can speculate that they are both
rue, with the right hemisphere hypothesis supported in the case
f partial hemispheric connections (A.P.) and the valence hypoth-
sis supported in the case of hemispheric independence (D.D.V.).
oreover, in bimodal sessions, the increased weight of cognitive

oad – due to the simultaneous stimulations of both hemispheres –
educes the right-hemispheric superiority, supporting in any case
he valence hypothesis, except for the performance of the split-
rain patient, which we attribute to an attentional bias rather to
n asymmetric emotional processing. Finally, there is to consider
hat the mean age of the control group is lower than that of the
atients. However, it is well known that a strong difference exist in
allosal morphometry concerning both sex and age [67]. The effect

f sex was controlled in this study, testing all male participants. As
egards the effect of age, callosal morphometric changes are shown
specially before reaching adulthood [68], when the callosal fibers
re not completely myelinated, but a number of studies lacked in

[

[

esearch 271 (2014) 354–364

finding significant difference in callosal morphometry in the adult-
hood [69,70]. Moreover, the main age related thinning of the CC was
observed in width of anterior half of CC [71], which was  absent in
both patients (thus, a comparison with the control group would be
meaningless). In conclusion, it would seem reductive to attribute
the difference found in the present study to the difference in age
between participants and control group.

To sum up, the present study suggests an articulate balance
between the two  cerebral hemispheres in auditory, visual and
audio–visual processing. The results of A.P. in the two unimodal
sessions seem to support the right hemisphere hypothesis; how-
ever, a more complete examination of the results shows that this
is the sole evidence in line with the right hemisphere hypothe-
sis, whereas the other findings substantially support the valence
hypothesis, especially when the cognitive load becomes heavy. In
fact, opposite hemispheric specializations for positive and nega-
tive emotion processing are found in (i) bimodal presentations
in the control group (connected hemispheres), (ii) bimodal pre-
sentations in A.P. (anteriorly disconnected hemispheres), and (iii)
acoustic presentation in D.D.V. (totally disconnected hemisphere).
As regards bimodal presentations, we found a strong visual capture
in the case of totally disconnected hemispheres. Importantly, when
visual stimuli were presented (alone or together with acoustic
stimuli), only the total split-brain patient showed a predomi-
nant role of the left hemisphere, probably due to an attentional
bias, rather than an asymmetric emotional processing, which was
not present in auditory processing. The debate on the validity of
the right hemisphere/valence hypothesis remains controversial,
but the present study adds evidence in support of both theories
depending on the task, and suggests that the valence hypothesis
is more able to account for results as the cognitive load becomes
heavier.
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