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HIGHLIGHTS

• The redundant bilateral visual presentation of verbal stimuli decreases asymmetry and
increases the cooperation between the two hemispheres.

• The increased cooperation between the hemispheres is related to semantic information
during lexical processing.

• The inter-hemispheric interaction is represented by both inhibition and cooperation.

This study explores inter-hemispheric interaction (IHI) during a lexical decision task by
using a behavioral approach, the bilateral presentation of stimuli within a divided visual
field experiment. Previous studies have shown that compared to unilateral presentation,
the bilateral redundant (BR) presentation decreases the inter-hemispheric asymmetry and
facilitates the cooperation between hemispheres. However, it is still poorly understood
which type of information facilitates this cooperation. In the present study, verbal stimuli
were presented unilaterally (left or right visual hemi-field successively) and bilaterally (left
and right visual hemi-field simultaneously). Moreover, during the bilateral presentation of
stimuli, we manipulated the relationship between target and distractors in order to specify
the type of information which modulates the IHI. Thus, three types of information were
manipulated: perceptual, semantic, and decisional, respectively named pre-lexical, lexical
and post-lexical processing. Our results revealed left hemisphere (LH) lateralization during
the lexical decision task. In terms of inter-hemisphere interaction, the perceptual and
decision-making information increased the inter-hemispheric asymmetry, suggesting the
inhibition of one hemisphere upon the other. In contrast, semantic information decreased
the inter-hemispheric asymmetry, suggesting cooperation between the hemispheres.
We discussed our results according to current models of IHI and concluded that
cerebral hemispheres interact and communicate according to various excitatory and
inhibitory mechanisms, all which depend on specific processes and various levels of word
processing.
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INTRODUCTION
The majority of individuals show a left hemisphere (LH) pre-
dominance for language processing (Josse and Tzourio-Mazoyer,
2004). Nevertheless, both hemispheres are more or less involved
during language processing and they are in constant interaction.
The mechanisms underlying the inter-hemispheric interaction
(IHI) is still a topic of debate (for a review, see van der Knaap
and van der Ham, 2011). In the present study, and through the
manipulation of the information conveyed between hemispheres
by means of divided visual fields (DVF) presentation of verbal
material, we evaluated both the hemispheric specialization and
the inter-hemisphere interaction.

DVF is based on the anatomo-functional properties of par-
tially crossed visual pathways (Chiarello et al., 2004; Bourne,

2006). Consequently, a briefly presented stimulus (flashed) in
one’s visual hemi-field is processed first by the opposite hemi-
sphere (LH for the right visual hemi-field presentation; right
hemisphere-RH for left visual hemi-field presentation). The logic
behind this procedure is that visual verbal stimuli are processed
faster and more efficiently if they are presented first to the spe-
cialized hemisphere to process language, generally the left one
(Bourne, 2006). Studies performed with DVF procedure pro-
vide convergent evidence with those using brain lesion-deficit
approach and neuroimaging studies. Indeed, DVF studies suggest
that (1) LH is predominant for processing language and (2) RH
has several language abilities. The degree of hemispheric special-
ization (LH > RH) varies according to the language task and
the psycholinguistic features of the stimuli (Chiarello et al., 2005;
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Cousin et al., 2006; Perrone et al., 2009). These studies are sug-
gesting a continuum of hemispheres involvement, rather than
absolute unilateral hemispheric specialization (Pulvermüller,
1996; Jung-Beeman, 2005). Both hemispheres communicate con-
tinuously during language processing and show dynamic interac-
tion (Banich, 1998). This IHI may be explored by using a specific
procedure derived from DVF, the bilateral and simultaneous pre-
sentation of stimuli in both left (LVF) and right (RVF) visual
hemi-fields (see Bourne, 2006 for a review). Compared to uni-
lateral, the bilateral presentation shows higher performances for
language processing. This is particularly true if bilateral presented
stimuli are redundant (identical) rather than different (Banich
and Karol, 1992; Hellige, 1993; Mohr et al., 2000, 2002). The
gain of performance (bilateral > unilateral) is called “bilateral
gain” (BG) and represents behavioral evidence for the inter-
hemispheric cooperation (Zaidel and Rayman, 1994; Mohr et al.,
1996; Hasbrooke and Chiarello, 1998; Weissman and Banich,
2000). Cooperation between hemispheres is based on anatomical
structures connecting both hemispheres such as with the cor-
pus callosum (Weems and Reggia, 2004; Stephan et al., 2005).
Indeed, the BG is not obtained in split-brain patients (Mohr et al.,
1994). To be measured, the BG requires that “hemispheres are not
independent processors” (Weems and Reggia, 2004).

Nevertheless, in healthy subjects, BG was only observed under
certain conditions such as the performance of complex tasks and
familiar stimuli (Banich and Belger, 1990; Mohr et al., 1996).
The facilitation for familiar stimuli is currently explained by
the neurocognitive model based on Hebbian learning mech-
anisms (Pulvermüller and Mohr, 1996). This model suggests
that previously learned items are stocked under memory repre-
sentations of words (see Pulvermüller, 1996; Pulvermüller and
Mohr, 1996; Mohr et al., 2007). These representations corre-
spond to large networks composed of inter-connected neurons
and constitute functional units distributed across hemispheres. A
Functional Unit emerges from the frequent co-activation of an
inter-hemispheric ensemble of neurons by the repeated presenta-
tion of stimuli. Thus, a unilateral visual hemi-field presentation
may activate the corresponding functional unit distributed across
hemispheres. If the same item is presented simultaneously in
both visual hemi-fields, the activation of cortical representation
across hemispheres could double its strength with the additive
mechanisms present. In terms of performance the additive mech-
anisms may be reflected by the BG effect and the decrease of
inter-hemispheric asymmetry (Mohr et al., 1996). In other words,
the bilateral redundant (BR) presentation of stimuli increases the
cooperation between hemispheres.

Even with the BG reports following the BR presentation,
it remains unclear what specific type of information facilitates
the inter-hemispheric cooperation during the word processing.
The BR presentation involves identical perceptual, semantic and
decisional processing (response making, i.e., for the two stimuli
presented the same response as expected). Each type of processing
may facilitate the cooperation: perceptual (see Banich and Karol,
1992) such as physical resemblance of stimuli (Fernandino et al.,
2007; Baird and Burton, 2008), semantic relationship (Koivisto,
2000; Baird and Burton, 2008) and decision-making for pro-
viding responses (Banich and Karol, 1992; Iacoboni and Zaidel,

1996; Fernandino et al., 2007). In line with this proposal, Baird
and Burton (2008) evaluated the nature of the inter-hemispheric
cooperation during a non-verbal task. Specifically, they evaluated
the effect of low sensory and high abstract level of the information
transferred between hemispheres. They presented faces (familiar
vs. unfamiliar) under unilateral and bilateral visual field presenta-
tion. The bilateral presentation was composed of two conditions,
redundant (i.e., same face image projected simultaneously to
both hemispheres) and non-redundant (NR) (i.e., different face
images, each one presented to one hemisphere). In the NR con-
dition, the two faces represented the same person (semantic
similarity) taken in different positions (perceptual difference).
Results revealed BG for familiar faces during both bilateral condi-
tions presentation, redundant and NR. The authors suggest that
the BG is not restricted to identical stimuli (perceptual infor-
mation) but also concerns stimuli designating the same concept
or same identity (semantic information). Nevertheless, although
reduced, the perceptual information was still persistent during the
bilateral NR presentation (i.e., same face). Consequently, the BG
observed in this condition may be related to both, semantic and
perceptual information shared between hemispheres.

Furthermore, Fernandino et al. (2007) investigated the
IHI during a lexical decision task using a DVF experiment.
Participants were asked to judge whether a target string-of-letters
was a word (manual response “yes”) or a pseudo-word (man-
ual response “no”). Target items (word or pseudo-word) were
always underlined in order to be easily differentiated from the
distractors. Authors used two types of bilateral presentation to
evaluate the effect of “lexical redundancy” during the IHI. In one
of them, the distractor had the same lexical nature as the target
item (i.e., both items were lexically related; if the target was a
word, the distractor is a word too, i.e., congruent distractor condi-
tion). In the other one, the distractor was lexically different from
the target item (i.e., if the target was a word, the distractor was
a pseudo-word, i.e., incongruent distractor condition). Thus in
the bilateral congruent distractor condition, both target and dis-
tractor induced the same response decision in each hemisphere.
Conversely, in the bilateral incongruent distractor condition, the
target and the distractor induced a different response decision
in each hemisphere. Based on this experimental configuration,
the authors investigated how the lexical nature of the distractor
modulates target processing by each hemisphere (visual hemi-
field of presentation) at different levels (before or after response
decision). Their results suggest that IHI takes place before the
programming of the motor response. Specifically, they found that
incongruent distractors delayed the lexical decision compared to
perceptual distractors (i.e., string of XXXX in the opposite visual
field).

Here we used an original paradigm based on previous studies
(Banich and Karol, 1992; Fernandino et al., 2007), which manipu-
lates the type of shared information between hemispheres during
a lexical decision task (i.e., decide whether the stimulus pre-
sented is a real word or not; Chiarello, 1988). By manipulating the
relationship between target and distractor, our paradigm allows
us to specifically focus on perceptual characteristics (physical
resemblance) of the information at pre-lexical level, on seman-
tic characteristics (knowledge and meaning) during lexical access,
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and on decisional information (planning response) at the post-
lexical processing. Our major aim was to determine how the type
of information modulates the inter-hemispheric cooperation;
we focused on the degree of hemispheric involvement, namely,
the increase or the decrease of the degree of inter-hemispheric
asymmetry.

MATERIALS AND METHODS
PARTICIPANTS
Forty native French speakers (15 males, Mean = 22.33 year, SD =
4.89 year) participated in the experiment. They had normal or
corrected-to-normal vision and were right-handed (Mean = 98,
SD = 15) as determined by the Edinburgh Handedness Inventory
(Oldfield, 1971). All participants were undergraduate students
and received course credits for their participation. They all gave
informed consent to participate in the experiment.

STIMULI
Stimuli were built to meet the five modes of presentation (see
Figure 1 and Experimental Conditions section). We used 128
French words and 128 pseudo-words during a lexical decision task
(see Table A1). Stimuli were controlled in a number of letters 1

(4–7), French lexical frequency (Lexique.org; New et al., 2004)
and semantic relationship (Alario, 1999) according to each of the
five experimental conditions (see below). The pseudo-words were
built by changing three or four letters in words.

1To ensure that our results are not imputable to the number of letters (NL)
composing the items, a complementary analysis has been done. Specifically,
we performed an ANOVA by item in terms of accuracy (% CR) and latency
(RT ms). ANOVA (Analysis of variance) included the NL (4–7) and the visual
field of presentation (left, right). The results indicated lack of main effect of
the NL (in terms of % CR, F2(3, 60) = 1.82, p = 0.15 and in terms of RT,
F2(3, 60) = 1.64, p = 0.18). Also, the NL does not interact with the visual field
of presentation neither in terms of % CR, F2(3, 60) = 0.88, p = 0.45 nor in
terms of RT, F2(3, 60) = 1.73, p = 0.17).

FIGURE 1 | Experimental conditions (see description in Material and

Methods section).

Further, 32 pairs of words were selected, from the 100 highest
semantically related (SR) word pairs, from the Alario’s database
(Alario, 1999). The semantic association could lead to a tax-
onomic (apple–banana) or a contextual (apple–fruit) category.
Alario’s database is based on free verbal associations between
names of concrete objects, made by 89 French participants. Our
assumption was that the free semantic association of items favors
the ecological approach of neural connectivity (neural func-
tional units), without any prerequisite that could distort the
results.

All target items were presented during the five experimental
conditions. The other word of each pair was considered as dis-
tractor and presented during the bilateral semantically related
(SR) condition. In addition, we selected two other words match-
ing the distractor in terms of frequency of occurrence2, number
of letters, lexical status and gender (see Table A1). One of these
two words was presented during the bilateral semantically unre-
lated (SU) condition, and the other one during the bilateral NR
condition. Pseudo-words were constructed from words and were
presented during each experimental condition according to orig-
inal words (e.g., the pseudo-word “rechai” was built from the real
word “cahier,” thus “reachi” was presented in the same experi-
mental condition presenting “cahier”). To summarize, for each
target-word and according to each condition of presentation we
associated 32 semantically related words (SR condition), 32 SU
words (SU condition) and 32 pseudo-words (NR condition).
Similarly, for each target pseudo-words we associated 64 con-
trol pseudo-words (SR and SU conditions) and 32 words (NR
condition).

E-Prime software (E-Prime Psychology Software Tools Inc.,
Pittsburgh, USA) was used for the experimentation. Stimuli were
written in black “Courier New” font size 24 and displayed on the
white screen of a computer monitor (screen resolution 1024 ×
768 pixels) located at a distance of 57 cm from the participant’s
eyes.

EXPERIMENTAL CONDITIONS
We considered the following five experimental conditions accord-
ing to the relationship between target (presented in one visual
hemi-field) and distractor (presented in the other visual hemi-
field):

1. Unilateral left/right visual hemi-field, UVF (Figure 1a): the tar-
get was a word or a pseudo-word and the distractor was a
string of letters (letter “X” matching the number of letters in
the target). The target and the distractor did not share relevant
information for the task performance.

2. Bilateral redundant, BR (Figure 1b): the target and the distrac-
tor were presented simultaneously and were identical (same
lexical category and same stimulus; i.e., the same word). The
information shared between target and distractor was percep-
tual, semantic and decisional.

3. Bilateral non-redundant semantically related, BNR_SR
(Figure 1c): the target and the distractor were SR words

2We also verified that distractors were not significant different in terms of
lexical frequency F2(2, 62) = 0.11, p = 0.89.
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selected from Alario (1999) database. The information shared
between target and distractor was semantic and decisional.

4. Bilateral non-redundant semantically unrelated, BNR_SU
(Figure 1d): the target and the distractor had the same lexi-
cal status (i.e., if a target is a word, the distractor is a word,
same lexical status but dissimilar stimuli). Word distractors
were matched in terms of lexical frequency and number of
letters with word distractors presented in BNR_SR condition
(New et al., 2004). The information shared between target and
distractor was decisional only, because both items induce the
same manual response (e.g., yes).

5. Bilateral non-redundant, BNR (Figure 1e): the target and the
distractor were lexically dissimilar (i.e., word and pseudo-
word). As in the previous condition, word distractors were
matched in terms of lexical frequency and number of letters
with word distractors shown in BNR_SR condition. The tar-
get and the distractor did not share relevant information to
perform the task.

For (4, 5) conditions, only word trials were considered for analy-
sis, the pseudo-words were used as a control.

PARADIGM
The whole experiment was divided into four blocks, each of
them including the same number of words and pseudo-words
(i.e., 32 items). Furthermore, each block was performed under
two modes of presentation, unilateral (UVF) and bilateral (BR
or BNR_SR or BNR_SU or BNR). Indeed, each block was com-
posed of 32 unilateral and 32 bilateral trials for one on the four
bilateral conditions. Thus, there were four blocks, one for each
bilateral condition. Trials were presented randomly within each
block. This presentation allowed a left and right visual hemi-field
presentation of each target item. The whole experiment included
256 trials.

Each trial (Figure 2) began with a 500 ms fixation cross (in
order to keep the gaze direction at the center of the screen) fol-
lowed by a stimulus displayed for 180 ms, either in UVF (RVF
or LVF) or simultaneously in both visual hemi-fields (RVF and
LVF). The short duration of stimulus presentation insured mono-
hemispheric presentation (Belger and Banich, 1992; Afraz et al.,
2003). Stimulus presentation was followed by a 30 ms visual mask
composed of a sequence of eight stars. The inner and the outer
edges of the lateralized presented stimuli were located at 2 and 6◦
from the eyes fixation, respectively. The trial ended with a 1500 ms
fixation cross. The target stimulus was underlined.

Participants were instructed to perform a lexical decision task
based on deciding whether or not the underlined item (target)
was a real French word. The task was the same for the five
experimental conditions. Participants provided manual responses
with their index and middle finger. The responding hand was
controlled (Eviatar et al., 1997; Provins, 1997); as each partici-
pant responded with the right hand for half of the experimental
blocks and switched to the left hand for each last half. Before the
experiment, participants went through a short training session
which included various items not shown during the experiment.
The participant’s reaction time (RT) and accuracy (% Correct
Responses, CR) were recorded for each participant and condition.

FIGURE 2 | Example of trial during unilateral (1) and (2) bilateral

redundant presentation. A fixation cross was presented for 500 ms,
followed by stimulus presentation for 180 ms, mask during 30 ms and
fixation cross for 1500 ms.

DATA PROCESSING
A two-step ANOVAs (analysis of variance) was performed. First
of all, we evaluated the degree of hemispheric specialization by
considering all target items, independently of their lexical nature
and for all conditions. In order to achieve this, we compared
the performances for stimuli presented in the left vs. the right
visual hemi-fields. Thus, if a right visual hemi-field advantage
was observed which suggests LH predominance, a second level
analysis was subsequently performed, this to evaluate the effect of
considered variables.

Only words were considered for the second analysis.
Specifically, the second level analysis was an ANOVA including all
five experimental conditions according to the visual hemi-field of
presentation. Four statistical contrasts were calculated according
to the hypotheses: (1) BG: UVF vs. BR; (2) Effect of perceptual
information: BR vs. BNR_SR; (3) Effect of semantic informa-
tion: BNR_SR vs. BNR_SU; (4) Effect of decisional information:
BNR_SU vs. BNR.

RESULTS
Accuracy (% CR) and latency (mean RT) values were included
in two ANOVAs, one by participant (F1) and another one by
item (F2).

FIRST STEP ANOVA: HEMISPHERIC SPECIALIZATION
The performances were collapsed for all conditions (unilateral
and bilateral) and for all targets stimuli (words and pseudo-
words). Thus, we considered visual hemi-field of presentation
(RVF-LH; LVF-RH) as a within-subject factor.
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Latency (mean RT)
In terms of RT, results reveal main effect of visual hemi-field
[F1(1, 39) = 65.24; PRE 3 = 0.62; p < 0.05; F2(1, 63) = 20.25;
PRE = 0.24; p < 0.05] with faster responses for RVF-LH (M =
754.81 ms, SD = 20.90 ms) than for LVF-RH (M = 785.36 ms,
SD = 26.12 ms), suggesting LH specialization (Figure 3).

Accuracy (% CR)
In terms of Accuracy, the results revealed the visual hemi-
field’s main effects of [F1(1, 39) = 65.24; PRE = 62; p < 0.05;
F2(1, 63) = 32.96; PRE = 0.34; p < 0.05] with more accurate
responses for RVF-LH (M = 71.05%, SD = 1.35%) than for
LVF-RH (M = 61.85%, SD = 1.11%). This result suggests that
lexical decision was performed more accurately when stimuli were
presented first to the LH (Figure 3).

SECOND STEP ANOVA
We considered the visual hemi-field of presentation (RVF-LH,
LVF-RH) and the experimental condition (UVF, BR, BNR_SR,
BNR_SU, BNR) as within-subject factors for word items. We first
presented the omnibus ANOVA results according to both depen-
dent variables. Then, we presented the statistically planned com-
parison according to each of our hypotheses. Significant results
were only obtained in terms of accuracy. Based on latency, we
did not obtain significant interaction with the omnibus ANOVA.
Moreover, the planned comparisons according to each hypothesis
were not significant.

Latency (mean RT)
In terms of RT, results revealed only a significant main
effect of visual hemi-field [F1(1, 39) = 15.71; PRE = 0.28;
p < 0.05; F2(1, 31) = 25.66; PRE = 0.45; p < 0.05] with faster
responses for RVF (M = 728.29 ms, SD = 19.7 ms) than for

3Instead of presenting Eta squared (used to illustrate the size effect) we present
the percentage of reduction of error (PRE). Indeed, Greek letters (e.g., Eta
squared) correspond to the mathematical formalization for population values
(that we cannot know) and not the values for the sample. For this reason, we
used the PRE that corresponds to the sample value of the partial Eta squared
(Judd and McClelland, 1989, see Muller and Butera, 2007, Note 5).

LVF (M = 777.92 ms, SD = 24.39 ms) suggesting LH specializa-
tion. The main effect of experimental condition was not sig-
nificant [F1(4, 156) = 0.88; PRE = 0.022; p = 0.47; F2(4, 124) =
1.74; PRE = 0.05; p = 0.14]. The interaction between the exper-
imental condition and the visual hemi-field of presentation was
not significant either [F1(4, 156) = 0.49; PRE = 0.01; p = 0.73;
F2(4, 124) = 0.78; PRE = 0.02; p = 0.53].

Accuracy (% CR)
In terms of Accuracy, the results revealed a significant effect of
visual hemi-field’s presentation [F1(1, 39) = 49.05; PRE = 0.55;
p < 0.05; F2(1, 31) = 62.82; PRE = 0.66; p < 0.05] with more
accurate responses for RVF-LH (M = 69.40%, SD = 2.09%)
than for LVF-RH (M = 52.10%, SD = 2.04%). Furthermore,
our results reveal a significant effect of experimental con-
ditions [F1(4, 156) = 10.69; PRE = 0.22; p < 0.05; F2(4, 124) =
15.14; PRE = 0.33; p < 0.05], see Table 1. More interestingly, our
results reveal a significant interaction between the experimental
condition and the visual hemi-field’s presentation [F1(4, 156) =
7.66; PRE = 0.16; p < 0.05; F2(4, 124) = 8.74; PRE = 0.21; p <

0.05], see Figure 4. Consequently, we present below (Table 1) the
results for each statistical contrast, according to our hypotheses.

MODULATION OF THE IHI
By the type of visual presentation (UVF vs. BR)
As shown in Figure 4, we obtained significant interaction
between experimental conditions (UVF, BR) and the visual hemi-
field of presentation (RVF-LH, LVF-RH) [F1(1, 39) = 4.85; p <

0.05; F2(1, 31) = 6.08; p < 0.05] with a higher degree of inter-
hemispheric asymmetry during UVF [F1(1, 39) = 22.55; p <

0.05; F2(1, 31) = 31.99; p < 0.05] than BR [F1(1, 39) = 0.96; p =
0.33; F2(1, 31) = 0.94; p = 0.33]. This result suggests supplemen-
tary recruitment of the RH with BG, reflecting increased hemi-
spheric cooperation during bilateral presentation of linguistic
stimuli.

By the perceptual information (BR vs. BNR_SR)
As illustrated in Figure 4 our results do not reveal a signifi-
cant interaction between experimental conditions (BR, BNR_SR)

FIGURE 3 | Visual hemi-field effect: illustrates graphically results obtained in the first-step ANOVA analysis in terms of Accuracy (% CR) and response

time (RT). Abbreviations: RVF, right visual hemi-field; LVF, left visual hemi-field; LH, left hemisphere; RH, right hemisphere. ∗p < 0.05.
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FIGURE 4 | Visual hemi-field and experimental condition interaction:

illustrates in terms of accuracy the significant interaction between the

visual hemi-field of presentation and the experimental condition for

UVF vs. BR and BNR_SR vs. BNR_SU. Abbreviations: UVF, unilateral visual

hemi-field; BR, bilateral redundant; BNR_SR, bilateral non-redundant
semantic related; BNR_SU, bilateral non-redundant semantic unrelated; BNR,
bilateral non-redundant; RVF, right visual hemi-field; LVF, left visual hemi-field;
LH, left hemisphere; RH, right hemisphere. ∗p < 0.05.

and the visual hemi-field of presentation (RVF-LH, LVF-
RH) [F1(1,39) = 1.69; p = 0.20; F2(1, 31) = 2.64; p = 0.11]. This
result suggests a lack of significant differences between both bilat-
eral presentations. The perceptual information does not modulate
the IHI.

By the semantic information (BNR_SR vs. BNR_SU)
As shown in Figure 4, we obtained a significant interac-
tion between experimental conditions (BNR_SR, BNR_SU)
and the visual hemi-field of presentation (RVF-LH, LVF-RH)
[F1(1,39) = 10.69; p < 0.05; F2(1, 31) = 7.99; p < 0.05] with a
higher degree of inter-hemispheric asymmetry during BNR_SU
[F1(1,39) = 40.09; p < 0.05; F2(1, 31) = 54.96; p < 0.05] than
BNR_SR [F1(1,39) = 7.87; p < 0.05; F2(1, 31) = 9.18; p < 0.05].
This result suggests that the semantic information decreases the
degree of inter-hemispheric asymmetry and modulates the IHI.

By the decisional information (BNR_SU vs. BNR)
As illustrated in Figure 4, our results do not reveal significant
interactions between experimental conditions (BNR_SU, BNR)
and the visual hemi-field of presentation (RVF-LH, LVF-RH)
[F1(1,39) = 0.47; p = 0.49; F2(1, 31) = 0.70; p = 0.41] suggest-
ing that BNR_SU and BNR induce a similar degree of inter-
hemispheric asymmetry. The decisional information does not
modulate the IHI.

DISCUSSION
The aim of the present study was to explore the modulation
of inter-hemispheric cooperation during a lexical decision task
according to the type of visual presentation (unilateral, bilateral)

and three types of information processing (perceptual, semantic
and decisional). A DVF experiment was used to compare perfor-
mances for unilateral vs. bilateral simultaneous presentation of
stimuli.

Our results replicated previous DVF studies reporting shorter
RT and increased accuracy if the target was presented within
RVF-LH than LVF-RH. This is consistent with the LH advan-
tage for language processing (Iacoboni and Zaidel, 1996; Waldie
and Mosley, 2000; Barnea et al., 2005; Vigneau et al., 2011). The
results showed LH predominance for both unilateral and bilateral
presentations and validated the DVF experimental paradigm.

Furthermore, we obtained BG effect for the BR compared
to the unilateral presentation in RVF-LH. The BG suggests
inter-hemispheric asymmetry reduction and increased inter-
hemispheric cooperation by a supplementary involvement of the
right hemisphere (see Lindell, 2006). Indeed, no significant differ-
ence was observed between the visual hemi-fields of presentation
during redundant presentation. This pattern may be explained
in terms of the facilitatory mechanism of information process-
ing during identical simultaneous stimulus presentation (Mohr
et al., 1996). Further, our results suggest that the BR presenta-
tion facilitates the cooperative work of the hemispheres, which
increases behavioral performances. These results are in agreement
with the neurocognitive model proposed by Pulvermüller (1996)
and Pulvermüller and Mohr (1996) suggesting neural additive
mechanisms (Mohr et al., 1994, 1996; Pulvermüller and Mohr,
1996).

We were also interested in identifying which type of informa-
tion and processes modulates the inter-hemispheric cooperation
during the bilateral redundant (BR) presentation. During the
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BR presentation, the information addressed to both hemispheres
was identical (i.e., perceptual, semantic and decisional). Indeed,
several studies suggest that this information is involved at dif-
ferent levels of visual word recognition and involves several
types of IHI (Fernandino et al., 2007; Shipp, 2011; Doron et al.,
2012). Results illustrated in Figure 4 suggest that perceptual and
decision-making processes are not sufficient to explain the BG
observed during BR. Indeed, we did not obtain significant inter-
action between the BR and the bilateral non-redundant semantic
related (BNR_SR) condition, suggesting that the low percep-
tual information at pre-lexical level cannot explain alone the BG
observed during BR presentation. Thus, the information pro-
cessing at pre-lexical stage does not induce inter-hemispheric
cooperation (see Chiarello, 1988).

Similarly, the lack of significant interaction between NR -
semantic unrelated (BNR_SU) and lexical incongruent (BNR)
presentations, suggests that the decision-making requirement
at the post-lexical level cannot alone explain the BG observed
during BR presentation. Accordingly, the information pro-
cessing at the post-lexical level during lexical decision does
not induce inter-hemispheric cooperation (Weems and Zaidel,
2005).

Our results suggest that only semantic information induces
a significant difference of the degree of inter-hemisphere asym-
metry during BR. Indeed, SR words (BNR_SR) induce a lower
degree of inter-hemispheric asymmetry than semantically unre-
lated words (BNR_SU). This effect may be explained by sup-
plementary involvement of the right hemisphere known to be
equipped with semantic abilities (Hutchinson et al., 2003; Graves
et al., 2010; Borovsky et al., 2013). In fact, both hemispheres show
semantic abilities and complementary mechanisms (Beeman
and Chiarello, 1998; Chiarello, 1998; Faust and Lavidor, 2003;
Jung-Beeman, 2005). The time course of semantic processing
varies across hemispheres (Koivisto, 1997): it starts earlier and
gains more speed in the LH than in RH (Koivisto and Laine,
1995). This observation explains not only the supplementary
right hemisphere involvement during semantic processing, but
also why this effect was obtained only in terms of %CR but not
in terms of RT as the LH is always faster in all types of visual
presentation conditions. Nevertheless, it is important to notice
that the comprehension of IHI mechanisms requires that behav-
ioral measures were coupled with electrophysiological recording
(Doron et al., 2012). Indeed, inter-individual variability in terms
of duration of language processing, of inter-hemispheric trans-
fer and of response programming may constitute an important
factor. All its dimensions are difficult to distinguish by using the
behavioral approach solely.

These results, which reflect cooperation between hemi-
spheres for semantic information, may be explained accord-
ing to Pulvermüller and collaborators (Pulvermüller, 1996;
Pulvermüller and Mohr, 1996). The relationship between words
used in our study derived from a database of words SR by the free
semantic association (Alario, 1999). The semantic relationship
between two words may activate a specific cortical representa-
tion (functional unit) since this semantic association is frequently
used (Borovsky et al., 2013). Consequently, strong connections
between cortical representations of word-pairs may be created

Table 1 | Summarizes the mean value and the standard (italic values)

deviation for the dependent variables: percent of correct responses

(% CR) and mean of correct response time (mean RT, ms), according

to the type of presentation and the visual hemi-field/the hemisphere

of presentation.

RVF-LH LVF-RH Total RVF-LH LVF-RH Total

(%) (%) (%) (ms) (ms) (ms)

UVF 66.09 50.93 58.51 714.04 755.77 734.91
2.41 2.18 16.23 20.05 26.35 22.42

BR 73.12 69.06 71.09 726.59 761.69 744.14
2.51 3.52 19.22 24.87 31.23 25.01

BNR_SR 63.30 51.28 57.29 739.99 810.04 775.02
3.31 3.57 22.89 27.72 32.74 27.68

BNR_SU 73.87 44.23 59.05 725.85 784.14 754.99
3.03 4.07 26.89 24.92 30.44 25.84

BNR 70.62 45 57.81 734.99 777.92 756.46
3.05 2.79 22.31 24.88 32.84 26.90

Total 69.40 52.10 728.29 777.91
2.09 2.04 19.70 24.39

Abbreviations: UVF, unilateral visual hemi-field; BR, bilateral redundant; BNR_SR,

bilateral non-redundant semantic related; BNR_SU, bilateral non-redundant

semantic unrelated; BNR, bilateral non-redundant; RVF, right visual hemi-field;

LVF, left visual hemi-field; LH, left hemisphere; RH, right hemisphere.

and reinforced based on a large number of multimodal associa-
tions (Pulvermüller, 2012).

Interestingly, for unrelated semantic words (BNR_SU) and
also for lexical incongruent stimuli (BNR) presentations,
increased RVF-LH performances were observed. Both BNR_SU
and BNR condition revealed greater inter-hemispheric asymme-
try and suggested that the enhancement of the LH predomi-
nance may be detrimental for the right hemisphere performance.
Surprisingly the LVF-RH performance was above the chance level
(<50%) during these conditions (BNR, BNR_SU) compared to
other experimental conditions (Table 1). This pattern of hemi-
spheric involvement may reveal that two different words (lexically
congruent) or two lexically dissimilar items may induce IHI.
However, this interaction is mainly inhibitory (see for a review
Bloom and Hynd, 2005). Indeed, Fernandino et al. (2007) estab-
lished that only lexical congruent and incongruent distractors
would slow down the target processing, but not the percep-
tual distractors. According to hemispheric independence model
(Iacoboni and Zaidel, 1996; Fernandino et al., 2007; see also
Weems and Reggia, 2004), the performance of a lateralized task
induces inhibition of the contralateral non-predominant hemi-
sphere in order to reduce the interference and to increase the
performance. Indeed, it is possible that LH starts to process the
incoming information early, leading to the inhibition of other
incoming information from the RH.

CONCLUSION
This study explored the modulation of IHI during a lexical
decision task by using a DVF procedure with BR presentation of
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stimuli. Our results confirmed two well-documented results: (1)
LH lateralization for a lexical decision and (2) increase of hemi-
sphere cooperation BG during BR presentation(s). Specifically,
we investigated the effects of the type of information (per-
ceptual, semantic and decisional) on the BG. Our results sug-
gested that perceptual and decision-making information were
not sufficient to explain the IH cooperation. These show the
IH cooperation is less likely to emerge during pre-lexical (per-
ceptual) and/or post-lexical (decision-making) processing but

were so, mainly during lexical semantic processing, when the
semantic information was shared between hemispheres. During
the lexical processing, we can explain these results in terms
of facilitatory mechanisms of cooperation and supplementary
right hemisphere recruitment. Overall, our results indicated
that the interaction between hemispheres may follow various
mechanisms, some inhibitory and others facilitatory. Additional
experiments will be needed to increase the robustness of these
results.
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