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Functional Cerebral Reorganization for
Auditory Spatial Processing and
Auditory Substitution of Vision in Early
Blind Subjects

Olivier Collignon1, Maryse Lassonde2, Franco Lepore2,
Danielle Bastien2 and Claude Veraart1

Early blind (EB) individuals can recognize bidimensional shapes
using a prosthesis substituting vision with audition (PSVA) and
activate right dorsal extrastriate visual cortex during the execution
of this task. The present study used repetitive transcranial
magnetic stimulation (rTMS) to further examine the functional
role of this structure in the successful use of the PSVA. Moreover,
we investigated which auditory parameter used in the prosthesis
(pitch, intensity, or spatial location) might contribute to this
occipital activation. Results revealed that rTMS applied to right
dorsal extrastriate cortex in EB subjects interferes with both the
PSVA use and the auditory spatial location task but not with pitch
and intensity discriminations. By contrast, rTMS targeting the same
cortical areas in sighted subjects did not affect performance on any
auditory tasks. Early visual deprivation thus leads to functional
cerebral cross-modal reorganization in the processing of auditory
information and auditory-to-visual sensory substitution. The findings
also point to the specific involvement of the dorsal visual stream for
auditory spatial processing in blind subjects. Moreover, this
suggests that sensory substitution prostheses can be developed
using these additional neural resources to perform tasks that
partially compensate for the loss of vision.

Burton, Snyder, Diamond, and Raichle 2002) processing in EB
subjects. However, these neuroimaging studies only established
an association between task execution and pattern of cortical
activation without actually proving that the OC plays a causal
role in the performance of the task. Chain of cause and necessity
can be achieved only by reversely engineering the brain (Walsh
and Cowey 2000). It has been demonstrated that a focal and
transient disruption of the function of a targeted cortical region
can be induced by transcranial magnetic stimulation (TMS). This
method is therefore useful in determining whether and to what
extent a speciﬁc brain region is necessary for perception (Walsh
and others 1998). By applying TMS to the OC of blind subjects,
previous studies established the relevance of the ‘‘visual’’ cortex
for Braille (Cohen and others 1997, 1999) and language-related
processing (Amedi and others 2004). Support of such causal link
was further illustrated in the case of a proﬁcient Braille reader,
blind since birth, who became unable to read Braille, despite
normal somatosensory perception, after bilateral occipital
damage resulting from an ischemic stroke (Hamilton and others
2000). However, the functional relevance of OC in blind subjects has never been investigated for auditory processing.
At present, a number of laboratories are actively engaged in
developing and testing auditory (Meijer 1992; Capelle and others
1998; Arno and others 1999; De Volder and others 1999; Arno, De
Volder, and others 2001; Arno, Vanlierde, and others 2001; Pollok
and others 2005; Renier and others 2005) and tactile (Bach-y-Rita
and others 1969; Kaczmarek and others 1985; Sampaio and others
2001; Bach-y-Rita 2004; Ptito and others 2005) sensory substitution prostheses to attenuate the effects of visual deprivation
(for review, see Bach-y-Rita and Kercel 2003). All these systems are
designed to make use of the residual, intact senses to provide blind
people with coded information related to lost perception in a
rehabilitation paradigm (Veraart 1989). Our group has developed
one such system, namely, a prosthesis for substitution of vision by
audition (PSVA) (Capelle and others 1998). This system has
proven its efﬁciency in blind individuals (Arno and others 1999;
Arno, Vanlierde, and others 2001) and thus offers a unique tool for
blind people to interact with the environment. Moreover, PSVA
also offers an opportunity to study reorganization of the brain in
general and the involvement of the OC in auditory processing in
particular. The discrimination of visual stimuli using the PSVA was
previously shown, with positron emission tomography (PET), to
induce increased activation of the right dorsal extrastriate cortex
(Brodmann area [BA] 18 or V2) in EB subjects compared with SC
subjects (Arno, De Volder, and others 2001). This region is also
known to be activated in EB during auditory location tasks (Weeks
and others 2000).
The present study aimed at investigating whether this structure is necessary for the successful use of the PSVA by EB or

Introduction
There is increasing evidence that several of the exceptional
abilities of sensory-deprived individuals are linked to the
recruitment of cerebral areas deprived of their normal input.
This is particularly true for people who lost their vision early in
life, that is to say, during the critical time in development when
cerebral plasticity is at its greatest (for reviews, see Bavelier and
Neville 2002; Theoret and others 2004). Indeed, investigating
cerebral reorganization, we showed that early blind (EB)
individuals, compared with sighted control (SC) subjects,
manifested higher metabolic levels in occipital (visual) areas
(Wanet-Defalque and others 1988; Veraart and others 1990).
Moreover, the similar oxygen-to-glucose ratios recorded in the
visual areas of EB and SC subjects are in favor of an aerobic
metabolism of EB’s visual areas and thus related to neural
activity (De Volder and others 1997). Since these preliminary
works, a number of neuroimaging studies using various techniques have demonstrated task-dependent activation of occipital
cortex (OC) during tactile (Sadato and others 1996; Buchel
1998; Burton, Snyder, Conturo, and others 2002; Pietrini and
others 2004), auditory (Kujala and others 1995; Roder and
others 1999; Leclerc and others 2000; Weeks and others 2000),
memory (Roder and others 2001; Amedi and others 2003; Roder
and Rosler 2003), and language-related (Roder and others 2000;
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EB Age
Educational Visual
Sex Handedness Onset of Cause of blindness
(years) level (years) perception
blindness
1
2
3

25
31
36

11
13
16

M
M
M

R
G
D

Birth
1 year
Birth

22
15

None
None
Diffuse
light
None
None

4
5

42
54

M
M

D
R

Birth
Birth

6
7

24
24

16
16

None
None

F
F

A
R

Birth
7 years

Eyeballs did not develop
Glaucoma
Leber’s congenital
amaurososis
Thalidomide victim
Mother accident during
pregnancya
Retinopathy of prematurity
Sturge--Weber syndromeb

Note: M, male; F, female; R, right handed; L, left handed; A, ambidextrous.
a
no additional details available and bwithout neurological abnormalities.

Materials and Methods
Participants
Seven EB and 7 SC subjects participated in this study (see Table 1 for
details regarding the blind subjects). The 2 groups were matched for age
(range 22--54 years, mean ± standard deviation: 39 ± 11 for EB; 25--51
years, 33 ± 11 for SC), gender (5 men and 2 women), handedness (5 right
handed, 1 left handed, and 1 ambidextrous in each group), and years of
formal education (12 ± 4 years for the blind and 11 ± 5 for the sighted
subjects). SC subjects were blindfolded while carrying out the various
tasks. Given the important relationship between the age of onset of
blindness and OC plasticity, we selected blind subjects who lost their
sight early in life. However, one of our blind subjects, though having
impaired vision from birth, became totally blind only at age 7. We
decided to include her because Cohen and others (1999), using TMS,
observed visual cortex involvement in nonvisual processing (Braille
reading) in blind subjects who lost their sight as late as at the age of 14.
When we compared the results of this blind participant with the rest of
the blind group, we did not ﬁnd any statistical differences in any of our
experimental conditions.
The experimental procedures were approved by the Ethics committees of the Université de Montréal, the Notre-Dame Hospital, where the
anatomical magnetic resonance images (MRIs) were obtained, and the
Nazareth and Louis Braille Institute, an association for the blind, which
helped recruit the blind participants. Experiments were undertaken
with the understanding and written consent of each subject. Exclusion criteria included a history of neurological or psychiatric diseases,
a family history of seizures, chronic headaches, pregnancy, implanted
metal in the head, pacemaker, or deﬁbrillator. None of the subjects were
taking psychotropic medication at the time of testing.
The Sensory Substitution Device
The PSVA has been extensively described elsewhere (Capelle and others
1998; Arno and others 1999). Brieﬂy, the use of PSVA requires the
processing of complex sounds to extract auditory coded visual
invariants (i.e., horizontal and vertical bars). A head-worn TV camera is
used for online translation of visual patterns into sounds, which are then
transmitted to the subject through headphones (see Fig. 1A). The image
acquired by the camera is divided into pixels according to a high central
and a low peripheral resolution to simulate an artiﬁcial retina (see
Fig. 1B). Additional information is obtained from binaural intensity
balance and phase differences. Visual frames, captured by the camera
during the head movements of the PSVA use, generate in real time the
corresponding complex sounds that allow recognition and location.
Previous studies have demonstrated that blindfolded sighted and blind
subjects using PSVA are able to recognize bidimensional visual patterns
(see examples in Fig. 1C) (Arno and others 1999; Arno, Vanlierde, and
others 2001).
Transcranial Magnetic Stimulation
We used a Magstim Rapid Stimulator (Magstim Company Ltd, Whitland,
Wales, UK) with a maximum output of 2.0 T connected to a 7-cm ﬁgureof-eight--shaped ﬂat coil to deliver rTMS trains. The rTMS was applied
over the right dorsal extrastriate OC (centered on BA 18). Coil
positioning was obtained by using the Brainsight frameless stereotaxic
system (Rogue Research, Montreal, Canada), which allows precise
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Table 2
Error rate resulting from the subtraction of the performance in sham rTMS from real rTMS
for pattern recognition using the PSVA and in the 3 auditory discrimination tasks
Blind
PSVA
subjects
1
2
3
4
5
6
7

Intensity Pitch

0.1
0.07
0.08 ÿ0.01
0.02
0.03
0.06 ÿ0.03
ÿ0.07 ÿ0.01
0.09
0.01
0.09
0.04

ÿ0.03
0.05
0
0.06
0.03
0.07
0

Location Sighted PSVA
subjects
0
0.06
0.04
0.07
0.01
0.13
0.05

1
2
3
4
5
6
7

Intensity Pitch

ÿ0.09 ÿ0.01
ÿ0.12 ÿ0.03
ÿ0.07
0.04
ÿ0.02
0.02
0
0.08
0
ÿ0.13
0.03
0.05

Location

0.01
0.02
ÿ0.01 ÿ0.03
ÿ0.05
0.01
ÿ0.05 ÿ0.01
ÿ0.03
0.03
ÿ0.07
0.01
0.03 ÿ0.01

placement of the coil over the target brain area (see Fig. 2). We applied
trains of 1200 biphasic sine-wave pulses at a frequency of 1 Hz (20-min
stimulation) at 60% of the instrument output power for each subject.
These parameters followed conventional guidelines for the safe use of
rTMS (Wasserman and others 2000; Belmaker and others 2003).
The effect of 1-Hz rTMS leads to transient alterations of the activity of
the stimulated area, which persist for several minutes after application
of rTMS (Chen and others 1997; Boroojerdi, Prager, and others 2000)
and results in behavioral interference with high-order perceptual
functions (Kosslyn and others 1999; Lewald and others 2004; Merabet
and others 2004). The effect of this rTMS mode is interpreted as being
due to the residual physiological changes caused by the stimulation. The
subsequent progressive disappearance of the disruption follows the
functional recovery of the affected neuronal circuitry (Walsh and
Pascual-Leone 2003). The use of such ‘‘distal (or off-line)’’ paradigm
was particularly adapted to the design of the present experiment for
several reasons. First, given that the use of PSVA requires the subjects to
scan their environment by moving the head-worn TV camera, it was not
possible to deliver the TMS during the task. Moreover, stringent
temporal constraints were avoided because processing time to recognize one pattern with PSVA lasts about 70 s, which does not allow
precise time locking between cognitive processing and magnetic
stimulation like in the classical ‘‘online’’ single or even rTMS paradigms.
Finally, separation between TMS period and behavioral tasks provides an
opportunity to evaluate the contribution of a given cortical area in a
speciﬁc task without the nonspeciﬁc effects (e.g., noise that accompanies the magnetic pulse and differences in auditory bone conduction)
associated with online TMS (Robertson and others 2003). It further
assures that the side effects of the TMS do not directly interfere with
auditory discrimination in the PSVA and the 3 auditory control tasks.
The effect of rTMS was evaluated by comparing the performances of
EB and sighted subjects in real and sham stimulation conditions. In
the real stimulation condition, the magnetic ﬁeld was oriented onto
the target area. In the sham stimulation condition, the coil was
held perpendicular to the scalp with the edge of the plastic block
encasement touching the surface of the target area. We chose this
method over stimulation of a different cortical region outside occipital
areas to avoid difﬁculties arising from the involvement from any
particular region during PSVA use. In previous studies (Arno, De Volder,
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whether they simply constitute an epiphenomenon resulting
from nonrelevant neuronal activations. For this purpose, we
temporarily disrupted neural activity in the right dorsal extrastriate cortex using repetitive transcranial magnetic stimulation
(rTMS), although EB and SC subjects discriminated various
visual patterns by means of the PSVA. Moreover, participants
carried out 3 control tasks, whose auditory properties are at the
basis of the function of the prosthesis, namely, discrimination of
pitch, intensity, and sound location. The effects of rTMS in
auditory control tasks were expected to indicate which auditory processes contribute most signiﬁcantly to occipital involvement in the PSVA use by our EB subjects.

Figure 1. PSVA. ( A) A head-worn video camera (fixed on glasses) allows online
translation of visual patterns into sounds that are transmitted to the subject through
headphones. (B) The artificial retina provided by the PSVA. The acquired image is divided
into pixels according to a 2-resolution artificial retina scheme. The central part of the
processed image or fovea has a 4-time higher resolution than the periphery. The coding
scheme is based on a pixel-frequency association. Pixels in use are encompassed by
a bold contour. Frequency is indicated in hertz in the lower part of the used pixels. A
single sinusoidal tone is assigned to each pixel of the multiresolution image. The
amplitude of each sine wave (the intensity of each sound) is modulated by the gray level
of the corresponding pixel. The pattern moves on the grid according to the head
movements of the subject, and the corresponding sounds of the activated pixels are
transmitted to the subject in real time. (C) Examples of patterns used in the experiment.

Procedure
Before being submitted to the experimental conditions, all volunteers
were trained to use the PSVA during two 2-h sessions. During all training
and experimental sessions involving the use of the prosthesis, SC and EB
subjects were seated in a table in front of a blackboard where patterns
were displayed at a ‘‘viewing’’ distance of approximately 30 cm. SC
subjects worked blindfolded.
The learning procedure, adapted from Arno and others (1999) aimed
at developing a level of expertise with PSVA that would allow the
subjects to recognize 2-dimensional visual patterns composed of
vertical and horizontal bars. At the beginning of the ﬁrst training
session, the functioning of the device was explained to the subjects
followed by the presentation of a single pixel to illustrate the procedure.
The participants were then asked to explore the patterns within
a maximum time of 120 s per pattern. Following this, they had to
reconstruct the pattern using aluminum strips. Subjects were given
tactile feedback regarding the similarity between their response and the
actual pattern presented. They then reexplored the pattern and
received additional verbal explanations about the code if necessary.
Training began with the easiest stimuli (one pixel) and progressed to
more complex ones (patterns composed by several horizontal and
vertical bars). During training sessions, subjects had the opportunity to
explore the patterns and to improve their ability to extract the auditory
invariants related to horizontal and vertical bars within a pattern
from other sounds provided by the device. They had to learn how to
recognize the various components and, using head movement, to
deduce the way they were organized. It was this self-induced movement
that allowed extracting the auditory invariants and to recognize their
organization. With training, the process of information extraction
becomes more automatic. This results in a decrease in the overall
processing time and a reduction of the working-memory load, enabling
the users to recognize more complex patterns.
Subjects were subsequently submitted to 2 experimental sessions
lasting about 2 h each and separated by at least 24 h. The ﬁrst session
was always devoted to the PSVA task, whereas the second dealt with the
auditory discrimination tasks. Both experimental sessions included 20min real and sham rTMS periods. Real and sham conditions were
counterbalanced by beginning with real rTMS in 4 subjects and with
sham rTMS in 3 subjects in both groups. Each rTMS period was
immediately followed by a behavioral task lasting from 10 to 15 min.
After the ﬁrst rTMS period and the subsequent behavioral task, subjects
were allowed a break of 40 min.
First Experimental Session: PSVA Tasks
After a real or a sham rTMS period, subjects put on the PSVA and began
immediately a 2-dimensional pattern recognition task with the prosthesis. They were instructed to identify 8 patterns as fast and as accurately
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and others 2001; Renier and others 2005), when the authors compared
activation foci during PSVA use and a ‘‘rest’’ condition, they observed the
activation of a broad network outside the OC in blind and sighted
subjects (due to working memory, executive, motor, and other
components of the task) but without difference in intensity between
the 2 populations. Moreover, in a pilot study, we also evaluated the
effects of stimulating a ventral occipital area as control site. Unfortunately, we observed that stimulating this region generally induced scalp,
face, and neck twitches, which became rapidly fairly uncomfortable for
the participants and often resulted in headache. Given that these
peripheral effects of TMS lasted for the whole stimulating period
(20 min), we rejected the selection of this possible control site as
ethically unacceptable.
Subjects wore earplugs during the stimulation period, which substantially attenuated the noise that accompanies the magnetic pulses,
thus preventing auditory fatigue phenomena such as a noise-induced
temporary auditory threshold shift (Quaranta and others 1998). Subjects
were instructed to report any subjective sensations (visual, tactile, and/
or auditory) evoked by TMS. The rTMS was well tolerated. Only one
sighted subject reported having experienced phosphenes during the
real stimulation condition. There was no evidence from the subjects’
self-report that tactile or auditory sensations were evoked by magnetic
stimulation in any groups.

as possible. As soon as the subject recognized the displayed pattern, he/
she was instructed to say ‘‘stop,’’ and exploration time was recorded. The
PSVA was then immediately switched off, and the subject was requested
to reconstruct the pattern in a maximum of 30 s using aluminum strips
laid on the table. After the 30 s period, the PSVA was automatically
turned on again, and a new pattern appeared in front of the subject.
Exploration time was limited to a maximum of 120 s per stimulus after
which the PSVA was automatically turned off. The total time required to
complete each condition of 8 patterns ranged from 10 to 15 min. In
addition to exploration time, an accuracy score was computed to
quantify the subject’s performance. The accuracy score consisted of
a weighted assessment rating each of the subject’s responses on a scale
from 0 to 1 according to their similarity with the actual stimulus as
described in Arno and others (1999). None of the patterns presented to
the participants during the experimental session were ever used in the
training phase.
Second Experimental Session: Auditory Discrimination Tasks
Three sound discrimination tasks were administered. The order of these
3 tasks was counterbalanced across subjects in both groups, with 3
subjects starting with the ‘‘intensity discrimination,’’ 2 with the ‘‘location
discrimination,’’ and 2 with the ‘‘pitch discrimination’’ task. During these
tasks, subjects were seated in front of a perimeter of 7 speakers located
at a distance of 1.2 m (see Fig. 4D). Subjects had to perform in succession 3 choice reaction time (RT) tasks involving pitch and intensity
discrimination and a spatial location task. Each task consisted of stimulus
pairs composed of a reference sound (200 ms duration, 440 Hz, 75 dBA,
midsaggital location) followed 500 ms later by a 200-ms discrimination
sound (one of the 6 possible sounds varying in pitch, intensity, or spatial
location, depending on the task). In the pitch discrimination task, the 6
discrimination sounds had a pitch difference of a half tone and were
centered on the reference sound in such a manner that 3 discrimination
sounds were lower (370, 392, and 415 Hz) and 3 were higher (466, 494,
and 523 Hz) than the reference sound. In the intensity discrimination
task, the discrimination sounds had the same pitch and the same
location as the reference sound but varied in intensity in steps of 1.5
dBA: 3 of the sounds were weaker (73.5, 72.0, and 70.5 dBA) and 3 were
louder (76.5, 78.0, and 79.5 dBA) than the reference sound. In the spatial
location task, the discrimination sounds had the same pitch and the
same intensity as the reference sound but varied with regard to their
location, 3 being on the left and 3 on the right side with respect to the
reference with a relative angular difference of 7° from the subject (7°,
14°, 21° to the left and the right of the midsaggital reference).
For each discrimination task, the 6 possible pairs were randomly
presented 15 times for a total of 90 pairs per task. The interstimulus
interval (referring to the time between the end of the discrimination
sound of a pair and the start of the reference sound of the next pair)
varied between 500 and 2000 ms. Subjects were instructed to press
a key positioned under their left index ﬁnger when the discrimination
sound was lower, weaker, or on the left side compared with the reference sound and to press the key situated under their right index ﬁnger
in response to a higher, stronger, and right-sided discrimination sound.
They were asked to respond as quickly and accurately as possible. RTs
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were recorded for each discrimination pair within 100--2000 ms
postpresentation. Only RTs for correct responses were considered for
analysis.

Results
PSVA Task
The effect of rTMS was evaluated by comparing the subjects’
performance in real and sham stimulation conditions. An
analysis of variance (ANOVA) performed on the subject’s
accuracy scores revealed a signiﬁcant interaction between
group and stimulation condition (F1,12 = 8.79, P = 0.012). Post
hoc analyses showed a signiﬁcant decrease in performance in
the real compared with the sham stimulation condition in the
blind group only (P = 0.033) (Fig. 3A). Furthermore, an ANOVA
carried out on the exploration times yielded a signiﬁcant
interaction between group and stimulation condition (F1,12 =
7, P = 0.021). Post hoc analyses showed that the blind group
required signiﬁcantly longer exploration times in the real than
in the sham stimulation condition (P = 0.008), whereas the SC
did not show this response pattern (Fig. 3B). Transient
disruption of the right dorsal extrastriate OC thus produced
a signiﬁcant decrease in performance during PSVA use.
Auditory Control Tasks
We examined which auditory parameters at the basis of the
function of the prosthesis, namely, discrimination of pitch,
intensity, and sound location, signiﬁcantly contribute to this
occipital involvement in the PSVA performance of the EB
subjects. Separate 2 (group: blind, sighted) 3 2 (stimulation
conditions: sham, real) ANOVAs were performed for the 3
auditory discrimination tasks, ﬁrst with the subjects’ mean error
rate and then with median RTs as the dependent variables. The
ANOVA for the intensity discrimination task revealed a signiﬁcant group effect (F1,12 = 7.49, P = 0.018), indicating that EB
subjects made signiﬁcantly fewer errors than the blindfolded SC
subjects. However, no rTMS effects were seen for either group
in this condition (Fig. 4A). In the pitch discrimination task, the
analysis yielded a signiﬁcant group 3 condition (F1,12 = 7.65, P =
0.011) interaction. Post hoc analyses did not, however, reveal
signiﬁcant rTMS effects in either group, therefore indicating
that the interaction resulted from the fact that real rTMS
produced opposite, albeit nonsigniﬁcant, effects in the 2 groups
(Fig. 4B). Analysis of the data obtained in the location task
yielded a signiﬁcant rTMS conditions effect (F1,12 = 7.83, P =
0.016) and a signiﬁcant interaction group 3 rTMS conditions
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Figure 2. Location of the rTMS site on MRI. The stimulated site position (red cross) is shown on a saggital (left) and a transverse (middle) section of the brain. The stimulated site
(red point) can also be seen on a 3-dimensional reconstruction of a subject’s brain (right panel). This area corresponds to the right dorsal extrastriate OC (BA 18).

(F1,12 = 5.85, P = 0.032). The post hoc analysis revealed that the
blind subjects made signiﬁcantly more errors in the real than
in the sham rTMS condition (P = 0.003), whereas the controls
did not show this pattern of results (Fig. 4C). Additional
ANOVAs for the 3 auditory discrimination tasks were performed
with median RT as the dependent variable. None of these
analyses were signiﬁcant. The absence of between-group or
between-task differences on RTs suggests that the increase in
error rate observed in EBs following rTMS in the sound location
task did not result from a speed-accuracy trade-off effect. Table
2 shows the error rate resulting from the substraction of the
performance in sham rTMS from real rTMS for pattern recognition using the PSVA and in the 3 auditory discrimination tasks.
Discussion
The results of the present study indicate that sighted and blind
participants are able to rapidly learn to use the PSVA prosthesis
to explore and discriminate 2-dimensional patterns on the basis
of a real-time image-to-audition coding scheme. Although more
extensive training strategies would be needed to recognize
more complex shapes and objects (Arno and others 1999;
Renier and others 2005), they nonetheless conﬁrm that the
prosthesis represents an interesting tool in a limited ﬁeld
attempting to develop instruments to compensate for sensory
loss. Moreover, because the inhibition produced by applying
1-Hz rTMS over the right dorsal extrastriate cortex shown to be
activated during prosthesis use leads to a decrement in performance in EB subjects but not in sighted ones, the results also
suggest that EB subjects manifest effective functional reorganization of their deafferented visual cortex. We also investigated
which auditory processes associated with the function of the
prosthesis, namely, discrimination of pitch, intensity, and sound
localization, contribute most signiﬁcantly to this occipital in-

volvement in PSVA use in our EB subjects. We observed that the
cortical disruption interfered with the auditory spatial location
task but not with pitch or intensity discrimination. By contrast,
rTMS targeting the same cortical areas in sighted subjects did
not affect performance on any of the auditory tasks. We think
that the failure of real TMS to affect discrimination of pitch and
intensity in blind subjects and the absence of performance
decrement in any of the tasks executed by sighted subjects
prevents the interpretation that the impairment of perception
was due to nonspeciﬁc effect of real compared with sham rTMS.
Several cognitive components are involved when users recognize visual patterns with PSVA (Arno, Vanlierde, and others
2001), and the present study only investigated a subset of the
auditory features that are at the basis of the prosthesis. In fact,
integration over time of different features is critical in form
perception using PSVA. Extensive description of the code of the
prosthesis and the mechanisms at play when subjects learn
to use the system has been provided elsewhere (Capelle and
others 1998; Arno and others 1999). However, because the
rTMS disruption in auditory control tasks was selective only for
spatial location in EB subjects, the results suggest the performance decrements observed in EB subjects are probably related
to perturbations in the analysis of spatial components in auditory localization as well as in the PSVA task. This is attributable
to the fact that perception with PSVA is mainly analytic and
sequential and, given the small size of the perceptual ﬁeld, requires a spatial arrangement of segments for recognition. Moreover, the intrinsic spatial component is also implemented in the
PSVA code via an auditory binaural intensity balance allowing
localization of ‘‘visual’’ patterns on the azimuth (Arno and others
1999; Arno, De Volder, and others 2001; Arno, Vanlierde, and
others 2001). These results also allow us to draw two additional
conclusions. First, because it is highly unlikely that practice
with PSVA for only 4 h would have created new connections in
Cerebral Cortex February 2007, V 17 N 2 461
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Figure 3. Performance of the 2 groups in the pattern recognition task using PSVA. Histograms represent ( A) the average percentage of correct pattern recognition and (B) the
mean exploration time taken to recognize the patterns. Error bars denote standard errors. The data indicate a significant decrease of recognition score and a significant increase of
exploration time after real compared with sham rTMS in the blind group only. (C) Illustration of the experimental setup with a blindfolded SC using the PSVA (*P < 0.05).

the brain of blind subjects, the occipital involvement, suggested
by our results, is probably best explained in terms of a functional
reorganization that is already operational for speciﬁc nonvisual
processing such as sound localization. Second, the results suggest that the right dorsal extrastriate cortex is part of the functional network involved in spatial processing in EB individuals.
Numerous studies carried out in sighted people indicate that
the dorsolateral extrastriate visual system is specialized for
visuospatial processing (the ‘‘where’’ pathway) (Ungerleider
and others 1984; Haxby and others 1991). Others have shown
that the right hemisphere, more than the left, contributes to this
type of visual processing (Heilman and others 1986). Our
ﬁndings thus suggest that there exists an anatomofunctional
correspondence between visual processing in sighted subjects
and nonvisual processing in EB subjects in the analysis of space.
Indeed, they indicate that the right dorsal ‘‘where’’ stream is also
important for auditory spatial processing in EB subjects. This is
in agreement with neuroimaging studies, which have underlined the role of occipitoparietal areas in nonvisual spatial
processing in EB subjects, and particularly in the right hemisphere (De Volder and others 1999; Leclerc and others 2000;
Weeks and others 2000; Arno, De Volder, and others 2001;
Vanlierde and others 2003).
It might be argued, given the fact that rTMS was applied only
to right extrastriate cortex, that its application to other visual
areas might have produced similar effects. Despite ethical
considerations, which limit application of the present TMS
paradigm on ventral areas (see Materials and Methods), we think
that this possibility is not probable. First, it must be remembered
that the targeted cortex was the principal region activated in
the PET scans when blind subjects, compared with sighted
subjects, used PSVA (Arno, De Volder, and others 2001) and
carried out auditory location tasks (Weeks and others 2000).
Therefore, all visual cortex subregions are not equivalent in
carrying out this type of auditory processing. Indirect support
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also comes from studies demonstrating task-speciﬁc activation
of the ventral stream during object-related nonvisual processing
in EBs (Sadato and others 1996; Buchel and others 1998; De
Volder and others 2001; Pietrini and others 2004; Burton and
others 2005). Pitch and intensity discrimination rely on the
analysis of stimulus qualities and seem to involve more ventral
parts of the brain (Kujala and others 1995; Liotti and others
1998); rTMS on ventral areas would thus have disrupted blind
subjects performance in these tasks.
Moreover, we do not presume that the right dorsal extrastriate cortex is the only site where blind subjects functionally
process all visual-auditory sensory information related to substitution devices. In our case, this region was targeted because
of its higher activation when blind subjects used PSVA compared with sighted one’s (Arno, De Volder, and others 2001) and
because the latter’s operational mode mainly targets auditory
spatial processing. Sensory substitution devices might activate
different occipital cortical areas depending on the speciﬁc task
performed (Poirier and others 2005; Ptito and others 2005;
Renier and others 2005). Recent data obtained from a proﬁcient
blind user of another visual-to-auditory sensory substitution
device suggest that the ventral visual stream was recruited to
process shape information, whereas the dorsal visual stream
contributes to location processing (Amedi and others 2005).
Further research, using functional neuroimaging and/or rTMS,
should attempt to dissociate occipital involvement in nonvisual
processing between dorsal stream specialization for spatial
processing and ventral stream involvement in shape processing.
In order to maximize TMS accuracy, we used a neuronavigational system in combination with a ﬁgure-of-eight coil so as to
allow precise stimulation of the target area. However, even if
effective stimulation is presumed to occur in a restricted area of
cortex close to the center of the coil (Epstein and others 1990),
spatial resolution of the TMS is limited and may have inﬂuenced
adjacent cortical areas like V1, a region also found to be
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Figure 4. Performance of the 2 groups in the 3 auditory discrimination tasks. Auditory tasks involved discrimination of intensity ( A), pitch (B), and spatial location (C). Histograms
represent the average error rate after sham and real rTMS targeting the dorsal occipital stream. Error bars denote standard errors. The data show a significant increase of the error
rate after real rTMS only in the blind group and selectively for the sound location task. (D) Experimental setup for the 3 auditory discrimination tasks (*P < 0.05).

monaural listening (Lessard and others 1998) or sound processing in peripheral ﬁeld (Roder and others 1999). In another study
(Arno, Vanlierde, and others 2001), superior performance in EBs
compared with SCs in a pattern recognition task using PSVA was
observed after twelve 1-h training sessions. Thus, the shorter
PSVA training period (4 h) and the simpler tasks used in our
experiment probably account for the lack of superior performance in EB subjects in the present study.
When multifunctional visual rehabilitation is desired, invasive
and noninvasive solutions can be investigated. Invasive neuroprostheses rely on integrity of visual cortex function for the
generation of visual phosphenes through electrical stimulation
(for review, see Zrenner 2002; Veraart and others 2004). In
contrast, in sensory substitution, information acquired with one
sensory modality is used to accomplish a task, which is normally
subserved primarily by another sensory modality. In doing so, it
could take advantage of the cross-modal plasticity observed in
early blindness whereby deafferented occipital areas provide
the neural basis for behavioral compensation reported in nonvisual abilities in the blind (Amedi and others 2003; Gougoux
and others 2005). We therefore think that sensory substitution
devices in general and PSVA in particular are worthy of attention
because this technique is noninvasive, and its principles follow
the natural tendency of the brain to reorganize itself through
the other modalities in order to compensate for the loss of
a sensory system.
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