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Right Hemispheric Dominance of Visual
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Abstract: Electrical brain stimulation can provide important information about the functional organiza-
tion of the human visual cortex. Here, we report the visual phenomena evoked by a large number
(562) of intracerebral electrical stimulations performed at low-intensity with depth electrodes
implanted in the occipito-parieto-temporal cortex of 22 epileptic patients. Focal electrical stimulation
evoked primarily visual hallucinations with various complexities: simple (spot or blob), intermediary
(geometric forms), or complex meaningful shapes (faces); visual illusions and impairments of visual
recognition were more rarely observed. With the exception of the most posterior cortical sites, the
probability of evoking a visual phenomenon was significantly higher in the right than the left hemi-
sphere. Intermediary and complex hallucinations, illusions, and visual recognition impairments were
almost exclusively evoked by stimulation in the right hemisphere. The probability of evoking a visual
phenomenon decreased substantially from the occipital pole to the most anterior sites of the temporal
lobe, and this decrease was more pronounced in the left hemisphere. The greater sensitivity of
the right occipito-parieto-temporal regions to intracerebral electrical stimulation to evoke visual
phenomena supports a predominant role of right hemispheric visual areas from perception to recogni-
tion of visual forms, regardless of visuospatial and attentional factors. Hum Brain Mapp 35:3360-3371,
2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The portion of the human visual cortex dedicated to visual
form perception and recognition extends from the posterior
medial occipital cortex to the anterior temporal cortex [Grill-
Spector and Malach, 2004]. Electrical cortical stimulation
studies in epileptic patients have provided important infor-
mation about the spatial and functional organization of the
human visual cortex [e.g., Lee et al., 2000, Murphey et al.,
2009, Penfield and Rasmussen, 1957]. Stimulation of the occi-
pital cortex mainly induces elementary hallucinations such
as phosphenes (spot of light) or more complex forms (e.g.,
stars, balls), which are sometimes colored or in motion [Bak
et al.,, 1990, Brindley and Lewin, 1968, Lee et al., 2000, Mur-
phey et al., 2009, Penfield and Jasper, 1954, Penfield and Ras-
mussen, 1957]. However, stimulations of more anterior sites
in the visual cortex are rare, and the few studies published to
date have reported discrepant observations. Stimulations of
the temporal lobe evoked either complex hallucinations [Ish-
ibashi et al., 1964, Lee et al., 2000, Puce et al., 1999], visual
illusions [Lee et al., 2000], or no detectable percept or elemen-
tary hallucinations [Murphey et al., 2009]. Likewise, stimula-
tion studies have yielded contradictory results regarding a
postero-anterior hierarchical organization of the visual cortex
[DeYoe and Van Essen, 1988; Hubel and Wiesel, 1962, Lee
et al., 2000, Murphey et al., 2009]. For instance, Lee et al.
(2000) showed an increasing complexity of electrically
induced visual phenomena along a postero-anterior axis. In
contrast, Murphey et al. (2009) reported only elementary hal-
lucinations evoked by stimulating equally low-level and
high-level visual areas defined by fMRI.

Another important issue regarding functional organiza-
tion of the visual system is its functional hemispheric asym-
metry. Studies of split-brain patients have supported a right
hemispheric dominance for visuospatial processing [Corbal-
lis, 2003]. Scalp ERP studies have suggested that this asym-
metry could be related to the processing of specific material
such as abstract pictures or faces [see Maillard et al., 2011;
Rossion et al., 2003 respectively]. However, cortical stimula-
tion studies have not addressed this issue of hemispheric
lateralization so far [Lee et al., 2000; Murphey et al., 2009].

Here, we report the visual phenomena evoked by a
large set of electrical stimulations (562) of the visual cor-
tex, carried out over the past five years in 22 epileptic

Abbreviations

CT computed tomography

ERP event-related potential
FFA fusiform face area
fMRI  functional magnetic resonance imaging

LO lateral occipital

MRI magnetic resonance imaging
MT middle temporal

OFA  occipital face area

PPA parahippocampal place area
SEEG  stereo-electroencephalography

patients implanted for presurgical delineation of epilepto-
genic zones and functional mapping of the occipito-temporal
and parietal regions. Importantly, while previous electrical
stimulation studies of the visual cortex relied on subdural
electrodes on the cortical surface [Lee et al., 2000; Murphey
et al., 2009], our approach relies on intracerebral recordings
with depth electrodes [Talairach and Bancaud, 1973]. The
subdural electrode approach has the advantage of offering
an extensive superficial spatial coverage, but has several lim-
itations compared to intracerebral recordings with depth
electrodes as used here: (i) electrical fields evoked by sub-
dural electrical stimulations are less focal because of higher
intensities of stimulations (usually more than 5 mA), larger
electrodes and inter-electrodes distances, and the spreading
of current through cerebrospinal fluid [Nathan et al., 1993];
(ii) subdural electrodes do not allow direct stimulation of
deep sulcal cortex; (iii) the sampling of medial structures is
difficult and less systematic with subdural electrodes.

In contrast, our investigations were conducted using
intracerebral electrodes that provided coverage of all the
structures encountered in their trajectories, from their site
of penetration to their final impact point [e.g., Jonas et al.,
2012; Kahane et al., 2003]. Therefore, electrical stimulations
were performed not only within the cortical surface, but
also in sulci and medial cortical structures that are essential
to visual perception (i.e., calcarine sulcus, precuneus, lin-
gual gyrus). In addition, our procedure was based on intra-
cortical stimulations delivered in bipolar mode through
close adjacent contacts (1.5 mm) with low intensities (0.5-2
mA), and so is very effective in producing localized current
flows. The effectiveness of this focal low intensity stimula-
tion results partly from the fact that the stimulated contacts
are not located on the pia-arachnoid, but inside the cortex,
avoiding shunting of the current through cerebrospinal
fluid [Nathan et al., 1993]. In addition, intracerebral stimu-
lations has been shown to produce visual percepts at much
lower intensities than subdural grid stimulation [Bak et al.,
1990], thus preventing afterdischarges, epileptic discharges,
and remote effects.

The main purpose of this study was to explore the func-
tional organization of the visual system by using intracerebral
electrical stimulations, with a specific emphasis on hemi-
spheric lateralization and postero-anterior functional gradient.
We analyzed the visual phenomena provoked by intracortical
electrical stimulations of the human temporo-parieto-occipital
cortex. The originality of this study relies on both the use of
intracerebral depth electrodes implanted for stereo-electroen-
cephalography (SEEG) and the similar distribution of electri-
cal stimulations between the left and right hemispheres,
allowing comparison of their sensitivity and properties.

MATERIALS AND METHODS
Patients

The study included 22 patients (11 men and 11 women)
undergoing intracerebral evaluation (SEEG) for refractory
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partial epilepsy between 2007 and 2011, in the Epilepsy
Unit of the Department of Neurology (University Hospital
of Nancy). Inclusion criterion was the presence of intrace-
rebral electrodes implanted in occipital, temporal, or parie-
tal lobes. All 22 patients gave written consent to
participate to the study. All patients were right-handed
attested by the Edinburgh Handedness Inventory [Old-
field, 1971]. Mean age at the time of SEEG was 36 years
(+/-9). Three out of 22 patients reported visual phenom-
ena during epileptic seizures: two patients presented vis-
ual illusions characterized by blurring, with additional
change of color in one; one patient reported complex vis-
ual hallucinations (e.g., landscape, animals). Eleven out of
the 22 patients presented a brain lesion identified by struc-
tural MRI. Brain lesions were right hippocampal sclerosis
(1 patient), left hippocampal sclerosis (5 patients), left ante-
rior temporal focal dysplasia (1 patient), right temporal
lobe schizencephaly (1 patient), left temporal lobe schizen-
cephaly (1 patient), left temporo-occipital schizencephaly
(1 patient), and right occipital focal dysplasia (1 patient).
None of the patients, including the two with occipital
lesions (i.e., right occipital dysplasia and left temporo-
occipital schizencephaly), had visual field defects.

Stereotactic Placement of Intracerebral
Electrodes and SEEG Recording

Intracerebral electrodes (0.8 mm diameter, Dixi Medical,
Besangon, France) were stereotactically implanted in the
occipito-temporo-parietal regions to delineate the epilepto-
genic zone and to determine the postsurgical neuropsycho-
logical outcome [Talairach and Bancaud, 1973]. The
electrode implantation sites were chosen according to nonin-
vasive data collected during an earlier phase of the investiga-
tion. Stereotactic placement of the intracerebral electrodes,
consisting of 5-18 contiguous contacts of 2 mm in length,
separated by 1.5 mm, was performed as follows: after induc-
tion of general anesthesia, the Leksell G-frame was posi-
tioned on the patient’s head and stereotactic MRI was
carried out [Maillard et al., 2009]. MRI data was imported
into a computer-assisted stereotactic module and electrode
trajectories were calculated according to pre-operative plan-
ning with careful avoidance of vascular structures. The sig-
nal was recorded at a 512 kHz sampling rate on a 128
channel amplifier (2 SD LTM 64 Headbox; Micromed, Italy).
The reference electrode was a prefrontal medial surface elec-
trode (FPz). Overall 222 intracerebral electrodes (total num-
ber of contacts: 2,553) were implanted in the 22 patients,
corresponding to 80-140 contacts per patient. Figure 1 illus-
trates the typical trajectories of electrodes implanted in occi-
pital, temporal and parietal lobes.

Intracerebral Stimulations

The clinical goal of intracerebral stimulations was to
reproduce usual epileptic seizures to map functionally elo-

v
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Figure I.
Schematic representation of usual trajectories of depth electrodes
implanted in occipital, temporal, and parietal lobes. (IOG: inferior
occipital gyrus; MOG: middle occipital gyrus; CU: cuneus; PCU:
precuneus; FG: fusiform gyrus; LG: lingual gyrus; ITG: inferior tem-
poral gyrus; MTG: middle temporal gyrus; STG: superior temporal
gyrus; PHG: parahippocampal gyrus; CF: calcarine sulcus).

quent areas that should be spared during surgery. Bipolar
electrical intracerebral stimulations were applied between
two contiguous contacts and performed at 50 Hz during 5
s, at intensities ranging from 0.5 to 2 mA. The intensities
were set to elicit visual phenomena and other clinical
symptoms without afterdischarges (usually between 1 and
1.5 mA). Impulsion was diphasic with 500 ps width on
each phase. Patients were sitting in their bed, facing the
video camera, with eyes opened.

Depending on the expected clinical response, they were
asked either to look at a white wall in front of them, or to
perform language and visual recognition tests. These tests
comprised naming famous faces, famous scenes, usual
objects, and reading words. Patients were not aware of the
stimulation onset and termination, the stimulation site, or
the potential perceptual changes elicited by stimulation.
They were asked to report any symptoms as soon as they
experienced them and were immediately questioned on
these symptoms. When visual hallucinations were evoked,
they were asked to report their color, their form, their
motion, and their location in the visual field. When com-
plex visual phenomena were evoked, patients were asked
if the visual phenomena comprised a familiar scene or cor-
responded to a personal memory. Stimulations that pro-
duced remote afterdischarges or epileptic discharges were
not considered in the analysis. Stimulations that were
accompanied by an afterdischarge limited to the immedi-
ate vicinity of the stimulated site (i.e., in the same anatom-
ical structure) were included in the analysis.

Overall, the lingual gyrus, cuneus, inferior, middle and
superior occipital gyri, fusiform gyrus, parahippocampal
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TABLE I. Number of stimulated sites, number of positive sites (site where a visual phenomenon was evoked), and
probability to evoke a visual phenomenon (%) in each anatomical structure

Left Hemisphere

Right Hemisphere

Number of

Anatomical structure stimulated sites

Number of
positive sites

Number of
positive sites

Number of

Y% stimulated sites %

Calcarine sulcus 0

Lateral occipital cortex 2

Precuneus 0

Cuneus/Parieto-occipital sulcus 13
Lingual gyrus 12
Fusiform gyrus 45
ITG 37
CoS 8

OTS 14
MTG 27
STG 38
PHG 12
Rhinal cortex 36
Hippocampus 55
Total 299

WO OO OO0 W®WNNO oo

N
%3]

/ 6 4 67
0 14 10 71
/ 4 3 75
54 14 10 71
58 12 12 100
18 40 20 50
0 13 0 0
0 10 3 30
0 10 0 0
0 17 1 6
0 56 1 2
0 16 4 25
0 22 2 9
6 29 0 0
8 263 70 27

CoS: collateral sulcus; ITG: inferior temporal gyrus; MTG: middle temporal gyrus; OTS: occipito-temporal sulcus; PHG: parahippocam-

pal gyrus; STG: superior temporal gyrus.

gyrus, inferior, middle, and superior temporal gyri, rhinal
cortex, and hippocampus were stimulated bilaterally
(Table I). The calcarine sulcus and the precuneus were
explored and stimulated only in the right hemisphere
because none of the enrolled patients had a presumed sei-
zure onset or early propagation zone in these regions
within the left hemisphere.

Probability of Evoking a Visual Phenomenon

To compare data among patients and to calculate the
probability of evoking a visual phenomenon, the coordi-
nates of all stimulated contacts in all patients were normal-
ized and represented within the standard Talairach space
[Talairach and Tournoux, 1988]. We calculated the percent-
age of contacts producing visual phenomena in right and
left hemispheres, every 10 mm along the x (medial-lateral)
and y (antero-posterior) axis, and for each anatomical struc-
ture (calcarine sulcus, lingual gyrus, cuneus, lateral occipi-
tal cortex precuneus, fusiform gyrus, parahippocampal
gyrus, inferior, middle, and superior temporal gyri, rhinal
cortex, and hippocampus). For each region, we computed
the percentage of “positive sites,” that is, the number of
contacts producing visual phenomena divided by the total
number of stimulated contacts, multiplied by 100.

Visual Phenomena Quality

Visual phenomena were defined as visual hallucinations,
visual illusions or visual perceptive impairments (e.g., pro-
sopagnosia). Hallucinations were classified as follows [Lee
et al., 2000]: (i) elementary hallucinations were defined as

a spot or a blob; (ii) intermediary hallucinations were
defined as geometric forms (e.g., kaleidoscope, square, tri-
angle, star, diamond); (iii) complex hallucinations were
defined as meaningful visual hallucinations (e.g., face,
landscape, animal, body parts). For all hallucinations, the
color, the form, the character of movement and the loca-
tion in the visual field of the hallucinations were reported.
Visual perceptive impairments were defined by a transient
inability to name a picture (face, object, or scene) that was
not due to a language problem (e.g., prosopagnosia for
faces). Dreamy states (i.e., “déja vécu” and reminiscence)
were excluded from our analysis because they may have
resulted from disturbance of the autobiographic memory
system involving medial temporal structures outside of
the visual stream [Vignal et al., 2007]. The precise anatomi-
cal locations of the stimulated contacts were provided by
coregistration of the postoperative stereotactic CT-scan
and the preoperative MRI for each patient.

Statistical Analyses

To compare stimulation results between the right and
left hemispheres, we performed chi-square analyses or
Fisher’s exact test for small samples. A P value of <0.05
was considered statistically significant.

RESULTS
Global Results

From a total of 562 stimulated sites in the occipito-
parieto-temporal cortex (678 stimulations in total), 95 sites
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Figure 2.
Spatial distribution of positive stimulation sites (i.e., sites where stimulation evoked a visual phe-
nomenon) and negative stimulation sites (i.e., sites where stimulation did not elicit a visual phe-
nomenon) on a schematic brain representation (Talairach and Tournoux coordinates). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

evoked a visual phenomenon (125 visual phenomena in
total; Fig. 2). Some sites were stimulated several times to
ensure that the evoked phenomena were reproduced, but
a site was counted only once for analysis in this case. Vis-
ual phenomena, which were all reproduced when stimu-
lating several times, were comprised of 104 visual
hallucinations (82 sites), 8 visual illusions (8 sites), and 13
visual perceptive impairments (5 sites; Table II, Fig. 5).
Visual hallucinations were classified by quality, resulting
in the count of 61 elementary hallucinations (54 sites), 29
intermediary hallucinations (21 sites), and 14 complex hal-
lucinations (7 sites).

Mean intensity of stimulation did not differ between stim-
ulations that produced visual phenomena and those that did
not (1.30 mA +/—0.34 vs. 1.26 mA +/—0.35, Student t test,
ns.). Additionally, mean intensity of stimulation producing a
visual phenomenon did not differ between types of visual
phenomena (hallucinations: 1.25 mA +/—0.34; illusions:
1.51 mA +/—0.23; visual perceptive impairments: 1.3 mA
+/—0.4; Student t test, ns.). All 22 patients presented either
transient anomia/alexia from stimulating the left temporo-
basal cortex or no anomia/alexia from stimulating the right
temporo-basal cortex, thus reflecting their left hemispheric
dominance for language.

Probability of Evoking a Visual Phenomenon

Overall, the probability of evoking a visual phenomenon
was significantly higher in the right (70/263, 26.6%) than
in the left hemisphere (25/299, 8.4%), irrespective of the
distance to the occipital pole, along a postero-anterior axis
(x* test, P < 0.0001) and in each stimulated anatomical
structure (Table I, Figs. 2-5). Mean intensity of stimulation
producing a visual phenomenon did not differ between
the right and left hemispheres (1.29 mA +/—-0.27 vs. 1.27
mA +/—0.36, respectively; Student t test, ns.). There was
a striking relationship between the position of the contacts
along the postero-anterior axis (y-axis) and medio-lateral
axis (x-axis) and the probability to evoke a visual phenom-
enon: the probability to evoke visual phenomena dramati-
cally decreased with increasing distance from the occipital
pole along the postero-anterior axis (y-axis; Fig. 3). This
decrease was more pronounced in the left hemisphere
than in the right hemisphere. Along the medio-lateral axis
(x-axis), the probability to evoke visual phenomena was
maximal in the medial part of both hemispheres and
decreased laterally (Fig. 4). Again, this decrease was more
pronounced in the left than in the right hemisphere.

To ensure that this right predominance was not related
to a lack of sampling in critical visual regions in the left
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TABLE Il. Distribution of evoked visual phenomena in function of the stimulated structures and the type of
hallucinations

Positive sites for
intermediary
hallucinations

Positive sites
for elementary
hallucinations

Positive sites
for complex
hallucinations

Visual perceptive

Illusions impairments

Anatomical structure Right Left Right Left

Right Left Right Left Right Left

Calcarine sulcus

Lateral occipital cortex

Precuneus

Cuneus/Parieto-occipital
sulcus

Lingual gyrus

Fusiform gyrus

ITG

CoS

OTs

MTG

STG

PHG

Rhinal cortex

Hippocampus
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CoS: collateral sulcus; ITG: inferior temporal gyrus; MTG: middle temporal gyrus; OTS: occipito-temporal sulcus; PHG: parahippocam-

pal gyrus; STG: superior temporal gyrus.

hemisphere, we defined three volumes of interest in the
right hemisphere that were highly sensitive to stimulations
and we considered the corresponding volumes in the left
hemisphere. Based on the visual analysis of Figure 2, we
defined the Talairach coordinates of three volumes in the
right hemisphere: one in the medial occipital cortex, one in
the ventral occipito-temporal cortex and one in the ante-
rior temporal cortex. We then defined the corresponding
volumes in the left hemisphere that were symmetric
according to the y-axis. Results are shown in Table III.
There was an undersampling of the left medial occipital
cortex compared to the right (13 vs. 38), so no conclusion
about lateralization effects could be drawn for this region
(Fisher’s exact test: P = 0.3). However, there was an equiv-
alent sampling of more anterior critical regions (ventral
occipito-temporal cortex: 35 vs. 36; anterior temporal cor-
tex: 77 vs. 78), and for both regions the proportion of
evoked visual phenomena was significantly larger in the
right than in the left hemisphere (ventral occipito-temporal
cortex, x> = 7.3, P = 0.007; anterior temporal cortex, Fish-
er’s exact test: P = 0.003). Therefore, with the exception of
the medial occipital cortex, the right hemisphere predomi-
nance cannot be accounted for by a lack of sampling of
left hemisphere critical regions.

Visual Phenomena Quality

Visual hallucinations

The spatial distribution of the types of hallucinations
evoked by stimulation is shown in Figure 5 and Table IL
Eighty-five percent of elementary hallucinations were
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Figure 3.
Probability to produce a visual phenomenon along the posterior-
anterior (y) axis. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 4.
Probability to produce a visual phenomenon along the medial-lateral (x) axis. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

induced by stimulating the calcarine sulcus, the lingual
gyrus, the lateral occipital cortex, the fusiform gyrus and
the cuneus/parieto-occipital sulcus (46/54 sites). All inter-
mediary hallucinations were induced by stimulating the
same structures as those eliciting elementary hallucina-
tions (21/21 sites). However, compared to elementary hal-
lucinations, intermediary hallucinations were evoked at
more anterior sites in infra-calcarine occipital structures
and in the ventral temporal region (Fig. 5). Complex hallu-
cinations were hallucinations of faces induced by stimulat-
ing the cuneus/parieto-occipital sulcus (5/7 sites), the
precuneus (1/7 sites) and the fusiform gyrus (1/7 sites).
Most elementary and intermediary hallucinations were
colored and moving. There were only few sites on which

motionless (4/75, 5%) or colorless (15/75, 20%) elementary
and intermediary hallucinations were evoked. Elementary
and intermediary hallucinations were all located in the
contralateral visual hemifield of the stimulation side,
except those elicited by stimulations of the calcarine sul-
cus, which were located in the center of the visual field.

Visual illusions

Eight visual illusions were produced at eight different
sites, all characterized by a change of color or by a spatial
modification of the visual background. Illusions were all
elicited by stimulating the right hemisphere, in the rhinal
cortex, parahippocampal gyrus, collateral sulcus, and fusi-
form gyrus (see Fig. 5).
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Figure 5.
Spatial distribution of types of visual phenomena evoked by stimulation, represented on a sche-
matic brain representation (Talairach and Tournoux coordinates). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Visual perceptive impairments

We evoked transient impairment in two patients exclu-
sively by stimulating the right hemisphere. In both
patients, the impairments consisted of transient prosopag-
nosia [i.e., specific impairment of face recognition; Bod-
amer, 1947; Busigny et al., 2010] during stimulation. This
was found by asking these two patients to name photo-
graphs of famous faces, famous scenes, and usual objects,
before, during, and after stimulations [the full procedure

is described in Jonas et al., 2012]. Prosopagnosia was
evoked by the stimulation of the right inferior occipital
gyrus in the first patient (reproduced six times at two sites
of stimulation) and by the stimulation of the right middle
fusiform gyrus in the second patient (reproduced seven
times at three sites of stimulation). The patients were
unable to name famous faces, whereas they were able to
recognize objects and famous scenes during stimulation of
these sites. Prosopagnosia completely recovered immedi-
ately upon termination of the stimulation. The first patient

TABLE Ill. Number of stimulated sites, number of positive sites (site where a visual phenomenon was evoked), and
probability to evoke a visual phenomenon (%) in each defined volume: in the medial occipital cortex (x: 0/=30; y:
—90/—60; z: —10/30), in the ventral occipito-temporal cortex (x: =10/=40; y: —60/—35; z: —20/0), and in the anterior
temporal cortex (x: =20/*=50; y: —35/—10; z: —30/0)

Left Hemisphere

Right Hemisphere

Number of Number of Number of Number of
stimulated sites positive sites % stimulated sites positive sites %
Anterior temporal cortex 77 0 0% 78 9 11%
Ventral occipito-temporal cortex 35 6 17% 36 17 47%
Medial occipital cortex 13 13 100% 45 38 84%
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(K.V.) is fully described in Jonas et al. (2012). The stimu-
lated site was located in a high-level visual area involved
in face perception in the right inferior occipital gyrus
(right “occipital face area,” right OFA) as defined by fMRI
and intracerebral ERPs. For the second patient, face sensi-
tive ERPs were recorded on the stimulated sites (manu-
script in preparation, data not shown here).

Spatial Organization of Visual Phenomena Types

Visual analysis of the spatial organization of visual phe-
nomena evoked from the infra-calcarine occipital struc-
tures to the ventral temporal region (z < 0 mm) showed a
trend toward a postero-anterior gradient (Fig. 5) with a
predominance of elementary hallucinations at the most
posterior sites, a mix of elementary and intermediary hal-
lucinations more anteriorly and illusions at the most ante-
rior sites in the temporo-basal cortex. However, the
location of the stimulated sites along the antero-posterior
axis (x-axis) did not differ between the three different
qualities of evoked visual phenomena (one-way ANOVA,
Fras = 1.29; P = 0.28). No spatial organization was found
for visual phenomena evoked from the supra-calcarine
occipital structures to the parietal region (z > 0 mm).
However, there were few depth electrodes implanted in
these structures.

The right hemispheric predominance was more pro-
nounced for complex visual phenomena (Fig. 6). Elemen-
tary hallucinations were evoked with a slight right
predominance but with no statistical significance (32 posi-
tive sites in the right hemisphere vs. 22 in the left hemi-
sphere, x2 = 3.7, P = 0.053). Intermediary hallucinations
showed a significant right predominance (18 positive sites
in the right hemisphere vs. 3 in the left hemisphere, Fish-
er’s exact test: P < 0.001). Complex hallucinations, illu-
sions, and visual perceptive impairments were exclusively
evoked by stimulating the right hemisphere (20 positive
sites in the right hemisphere vs. 0 in the left hemisphere,
Fisher’s exact test: P < 0.0001).

DISCUSSION

Taken altogether, our data showed a general organiza-
tion of evoked visual phenomena consisting of: (i) a
decreasing probability to evoke visual phenomena along
the posterior-anterior axis; (ii) a trend towards posterior-
anterior gradient in terms of complexity of visual phenom-
ena; and (iii) a clear functional hemispheric asymmetry
with right hemisphere predominance. The right visual cor-
tex showed a greater sensitivity to electrical stimulation
for each stimulated structure and each type of evoked vis-
ual phenomenon, except for occipital medial structures
and elementary visual phenomena. Moreover, this hemi-
spheric asymmetry increased along the postero-anterior
axis: the decreasing probability to evoke a visual phenom-
enon along the postero-anterior axis was less pronounced

LH RH

More complex visual phenomena

Intermediary hallucinations

Elementary hallucinations

Figure 6.
Schematic representation of the number of visual phenomena
evoked in the left and right hemispheres along a gradient of
complexity (LH: left hemisphere, RH: right hemisphere, V: visual
perceptive impairments, C: complex hallucinations, I: illusions).
The number of visual phenomena is represented by the height
of the bars.

in the right hemisphere, and the right hemispheric pre-
dominance was significant for complex and intermediary
but not for elementary visual phenomena.

Hierarchical Organization of the Visual System

Our observations suggest that there is a posterior-
anterior gradient regarding visual phenomena quality in
the ventral visual pathway (i.e., infracalcarine occipital
structures to the ventral temporal region). Intermediary
hallucinations were roughly localized anteriorly to elemen-
tary hallucinations, and illusions were all localized anteri-
orly to intermediary hallucinations. Although it was not
statistically significant because of low statistical power,
these observations are consistent with a previous stimula-
tion study that showed a postero-anterior distribution of
simple, intermediate, and complex forms, respectively [Lee
et al., 2000]. Overall, these observations are consistent with
a hierarchical organization of visual areas along the
occipito-temporal pathway in which visual information is
first represented in a localized and simple form, and is then
transformed into more complex representations through a
sequence of processes [DeYoe and Van Essen, 1988; Grill-
Spector and Malach, 2004; Hubel and Wiesel, 1962].

Our results showed a decreasing probability of eliciting
visual phenomena from posterior to anterior sites. This
decrease may arise from a postero-anterior gradient in the
functional connectivity of visual areas. The greater

¢ 3368 ¢



+ Right Hemispheric Dominance of Visual Phenomena ¢

sensitivity to electrical stimulation of posterior and low-
level visual areas might be related to their greater extrinsic
connectivity compared to anterior, higher level visual
areas [Murphey et al., 2009; Tolias et al., 2005]. However,
compared to a previous stimulation study [Murphey et al.,
2009], our study showed qualitative differences between
visual percepts evoked by the stimulation of posterior, as
opposed to anterior, sites: the increasing complexity of
evoked visual phenomena along the posterior-anterior axis
paralleled the decreasing probability to evoke visual phe-
nomena. Altogether, these results support the view of a
hierarchical posterior-anterior —organization of visual
system.

Right Hemispheric Predominance

The most original and important observation of the
present study is the greater sensitivity to electrical stimula-
tion found in the right hemisphere, compared to the left
hemisphere, from the ventral occipito-temporal cortex to
more anterior temporal regions (Figs. 2 and 5). The proba-
bility of evoking a visual phenomenon was significantly
higher in the right than the left hemisphere, except for the
medial occipital cortex. Intermediary hallucinations were
predominantly elicited by right hemisphere stimulation,
whereas complex hallucinations, illusions, and visual per-
ceptive impairments were elicited exclusively by right
hemisphere stimulation (Figs. 5 and 6).

This right hemispheric predominance of electrically
evoked visual phenomena has scarcely been reported in
previous studies, and then only for visual illusions [Mul-
lan and Penfield, 1959]. Interestingly, epileptic complex
visual hallucinations (e.g., faces, objects, bodies) or illu-
sions were also reported to be associated with a right epi-
leptic focus in a retrospective study of medically
intractable occipital epilepsy [Salanova et al., 1992]. In
most previous visual cortex stimulation studies, this func-
tional hemispheric asymmetry has not been specifically
addressed [Lee et al., 2000; Lesser et al., 1998, Murphey
et al.,, 2009]. Our original observations can be tentatively
related to the use of depth electrodes, as opposed to sub-
dural electrodes used in previous studies. Depth electrodes
indeed allow eliciting phenomena with low stimulation
intensities (mean intensity of 1.29 mA, as compared to 4.75
mA in Lee et al., (2000), for instance). Thus, the depth elec-
trode approach is very effective in producing localized
low intensity current flows, preventing afterdischarges and
spread to homologous contralateral sites through corpus
callosum connections.

The increased sensitivity of the right hemisphere to pro-
duce electrically induced visual phenomena is consistent
with the long-standing view of right hemisphere speciali-
zation in processing visual or nonverbal stimuli [Jackson,
1874]. This view has been supported by studies of patients
with temporal lobe damage or surgical resection [Kimura,
1963, 1966; Milner, 1958], occipito-temporo-parietal dam-
age [Humphreys and Riddoch, 1984; Warrington and Tay-

lor, 1978, Warrington, 1982] and studies of split-brain
patients [Bogen and Gazzaniga, 1965, Gazzaniga et al,,
1965]. More specifically, the right hemisphere would be
superior to the left in visual tasks requiring spatial judg-
ment [Corballis et al., 2002; Funnel et al., 1999] or spatial
attention [for a review see Karim and Kojima, 2010]. How-
ever, this right hemispheric general superiority in
visuospatial processing or in spatial attention cannot easily
account for its greater sensitivity to evoke visual phenom-
ena, because: (i) during electrical stimulation, patients
were not engaged in spatial or attentional tasks; (ii)
evoked visual phenomena were described by the patients
as vivid and clear after stimulation of both hemispheres,
making it very unlikely that the right predominance
resulted from an attentional bias; and (iii) the greater sen-
sitivity of the right hemisphere to evoke visual phenomena
was reported for several anatomical structures and for
very different types of visual phenomena, suggesting that
this greater sensitivity of the right hemisphere reflects the
general function of the visual system, rather than a specific
involvement of visuospatial processes.

Hemispheric asymmetry also increased along the
posterior-anterior axis. The decreasing probability of evok-
ing a visual phenomenon along the posterior-anterior axis
was indeed less pronounced in the right hemisphere and
paralleled the right hemispheric predominance for more
complex visual phenomena. These results suggest a pro-
gressive and increasing postero-anterior specialization of
the right hemisphere in visual processing from the
occipito-temporal ventral cortex to the more anterior tem-
poral areas.

These results are consistent with the view that asymme-
tries in visual processing are likely to arise relatively late
in the visual system, and in areas with bilateral receptive
fields. “Low-level” or “‘early” visual areas are constituted
of neurons with small receptive fields, responding to spa-
tially limited visual stimuli localized in the contralateral
visual hemifield. These receptive fields get progressively
larger and more bilateral in “higher-level” and more ante-
rior visual areas. At early levels of processing, in each
hemisphere, the representation of the contralateral visual
field is unique; therefore, asymmetries in early visual proc-
essing are unlikely to arise. At higher level of processing,
the representation of the visual field is redundant in both
hemispheres. At these higher stages, visual representations
might therefore be favored in one hemisphere (for instance
in the right) over the other. This right hemispheric domi-
nance at higher levels of processing is also reflected by the
larger amplitude of visual evoked potential over the right
ventral occipito-temporal region between 150 and 200 ms
during face or abstract pictures processing [Maillard et al.,
2011; Rossion et al., 2003].

Face-Selective Regions

We evoked specific visual perceptive impairments (i.e.,
prosopagnosia, impairment in face recognition) during
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stimulation of face-sensitive areas in two patients. The first
patient (K.V.) is fully described in Jonas et al. (2012). In
that article, we showed that transient prosopagnosia was
induced by stimulating a high-order visual area involved
in face perception in the right inferior occipital gyrus
(right OFA). This observation indicated that a specific pro-
cess (here, face recognition) could be selectively disrupted
by stimulating a high-order and functionally specific vis-
ual area. In a second patient, we also induced transient
prosopagnosia by stimulating a face sensitive site localized
in the right middle fusiform gyrus. Previous electrical
stimulation studies that did not use specific visual stimuli
during stimulations have not found visual perceptive
impairments during stimulations of anterior sites in the
temporal lobe or functionally defined high-level areas [Lee
et al.,, 2000; Lesser et al., 1998; Murphey et al., 2009]. In
particular, Murphey et al. (2009) reported only elementary
visual hallucinations, even after stimulation of fMRI-
defined high-level areas (V8, MT, PPA, FFA, LO). Our
study shows that presenting real face stimuli during elec-
trical cortical stimulations allows the establishment of a
causal relationship between face-selective regions and face
perception.

CONCLUSIONS

Overall, our depth electrode stimulation study contrib-
utes to the understanding of the functional organization of
the human visual cortex, as reflected by its heterogeneous
but organized sensitivity to electrical stimulation. Specifi-
cally, we found a clear right hemispheric functional pre-
dominance that cannot easily be accounted for by a task-
related or a material-specific bias. Rather, this right hemi-
spheric dominance seems to reflect the general function of
the visual system.
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