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Abstract We used whole brain MRI voxel-based mor-
phometry (VBM) to study the anatomical organization of
the visual system in congenitally blind (CB) adults. Eleven
CB without a history of visual perception were compared
with 21 age- and sex-matched normal-sighted controls
(NS). CB showed signiWcant atrophy of the geniculo-striate
system, encompassing the optic nerves, the optic chiasm,
the optic radiations and the primary visual cortex (BA17).
The volume decrease in BA17 reached 25% in both hemi-
spheres. The pulvinar and its projections to the associative
visual areas were also dramatically altered, BA18/19 and
the middle temporal cortex (MT) showing volume reduc-
tions of up to 20%. Additional signiWcant white matter
alterations were observed in the inferior longitudinal tract
and in the posterior part of the corpus callosum, which links
the visual areas of both hemispheres. Our data indicate that
the aVerent projections to the visual cortex in CB are

largely atrophied. Despite the massive volume reductions in
the occipital lobes, there is compelling evidence from the
literature (reviewed in Noppeney 2007; Ptito and Kupers
2005) that blind subjects activate their visual cortex when
performing tasks that involve somatosensory or auditory
inputs, suggesting a reorganization of the neural pathways
that transmit sensory information to the visual cortex.
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Introduction

Blind people have to rely on other sensory modalities, such
as audition and touch, to be able to function and interact
with the visual world. Although the visual cortex of CB is
completely deprived of visual input since birth, it shows a
supra-normal resting metabolism as measured by PET (De
Volder et al. 1997). In addition, several studies using a vari-
ety of brain investigation tools conducted in proWcient
Braille readers have shown task-induced activation of the
visual cortex by non-visual input (reviewed in Sadato 2005;
Sathian 2005; Ptito and Kupers 2005).

Animal studies have shown that early brain lesions can
lead to altered-connectivity patterns in the adult brain (for
recent reviews see Ptito and Desgent 2006; Ptito and
Kupers 2005). For example, the destruction of the superior
colliculus and ascending auditory pathways leads to the for-
mation of permanent and novel retinal projections to non-
visual thalamic nuclei, such as the medial geniculate
nucleus, that normally mediates audition (Sur et al. 1988;
Frost et al. 2000). These abnormal retinal projections are
retinotopically organized and form functional synapses
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(Frost and Métin 1985; Campbell and Frost 1988). Neurons
in the auditory cortex of these rewired animals possess
visual receptive Weld properties similar to those of neurons
in primary visual cortex (Ptito et al. 2001). In addition, the
newly formed pathway from the retina to the auditory cor-
tex can mediate visually guided behaviors in the absence of
the normal retino-geniculate pathway (Frost et al. 2000;
Von Melchner et al. 2000) suggesting the presence of a
cross-modal plastic process.

The anatomical correlates of cross-modal plasticity in
humans remain largely unexplored. Breitenseher et al.
(1998), using subjective analysis of MRI’s, found atrophy
of the optical pathways, but not of the occipital cortex, in a
group of 12 congenitally blind patients. Using VBM, Nop-
peney et al. (2005) showed reductions of the optic chiasm,
the optic radiations and the extrastriate cortex (BA18) in a
mixed group of early and late blind subjects. The authors
also reported increased grey matter and white matter tracts
in primary sensory and motor cortices. A diVusion tensor
imaging (DTI) and tractography (DTT) study in a small
group of Wve congenitally blind subjects, of whom, two
had light sensitivity, reported atrophy of the optic nerve,
the optic chiasm and the optic tracts (Shimony et al. 2005).
However, no grey matter decreases were found in the stri-
ate cortex; neither did the authors mention grey or white
matter increases in the primary somatosensory or motor
cortex. In a more recent DTI investigation, an increase in
cortico-spinal tracts in early blind men, but not in early
blind women has been found (Yu et al. 2007). A VBM
study in a group of 14, mostly late-blind subjects, of
whom, only two were born blind, reported reduced vol-
umes of the optic tract and the optic radiations, and grey
matter losses in BA17/18 but not in higher extrastriate
areas (Pan et al. 2007). Finally, Liu et al. (2007) used rest-
ing state fMRI and described altered functional connectivi-
ties within the visual cortices and between the visual
cortex and other cortical structures, such as the parietal,
frontal and temporal lobes, in the blind.

It is clear from the above that there is a large variability
in reported results. This may result from the fact that the
studies used diVerent methodologies (VBM, DTI, DTT,
resting state fMRI), small study samples and diVerent study
populations (congenital vs late blind). Many uncertainties
remain, especially, concerning the extent of the atrophy in
the various occipital cortical areas and the integrity of their
aVerent and eVerent projections. The aim of this study was
therefore to use VBM to further investigate the organiza-
tion of the white and grey matter in a large sample of con-
genitally blind subjects, who never had any visual
experiences. We hypothesized that all components of the
two visual systems would be altered, in particular the
retino-geniculo-calcarine and the retino-colliculo-pulvinar
pathways.

Materials and methods

Subjects

We studied 11 CB (6M, 5F) and 21 NS (11M, 10F). All
blind subjects were born blind and had no history of light
perception. Average ages of CB and NS were 35.6 (range
20–54) and 33.0 (range 22–68) years, respectively
(P > 0.05). Demographic data and the causes of blindness
are summarized in Table 1. All subjects gave informed con-
sent and the study protocol was approved by the local
research ethics committee.

MRI acquisition

Subjects were recruited from the “Institut Nazareth et Louis
Braille” in Montreal (Canada). Fast spoiled grass gradient
echo 3D T1 images were acquired on a 1.5T Siemens Vision
scanner using a standard head coil. Sequence parameters (TI/
TR/TE) were 450/106/42 ms, single acquisition, a Xip angle
of 20° and a spatial resolution of 0.94 £ 0.94 £ 1 mm3.
Images were acquired in the axial plane.

VBM

Spatial pre-processing of the brain volumes was performed
according to the optimized VBM protocol (Good et al.
2001) using SPM2 (Wellcome Department of imaging
Neuroscience, London, UK) and in-house software written
in Matlab (MathWorks, Natick, MA, USA). First, a cus-
tomized anatomical template was created based on the
brain of all 32 participants. This involved spatially normal-
izing each of the anatomical images to the MNI/ICBM-152
standard template (Montreal Neurological Institute/Interna-
tional Consortium for Brain Mapping Template), which
approximates Talairach space (Talairach and Tournoux
1988). This Wrst normalization step was achieved using a

Table 1 Blind subjects characteristics

Sex Age Cause of blindness

EB1 M 36 Retinopathy of prematurity

EB2 F 49 Retinopathy of prematurity

EB3 M 41 Retinitis pigmentosa

EB4 F 24 Detached retina

EB5 M 38 Retinopathy of prematurity

EB6 F 31 Glaucoma, aniridia

EB7 M 20 Leber’s congenital amaurosis

EB8 M 34 Glaucoma

EB9 M 23 Congenital cataract

EB10 F 29 Retinoblastoma

EB11 F 54 Retinopathy of prematurity
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12-parameter aYne transformation. The normalized images
were segmented into grey matter (GM), white matter (WM)
and CSF using a mixture of Gaussian models (Ashburner
and Friston 1997). An average image of all normalized T1-
weighted anatomical and tissue volumes was then created
and smoothed with a Gaussian kernel of 8 mm full-width
half maximum. In the second normalization step, a 12-
parameter aYne transformation was used to match the grey
(or white) matter images of each individual to the grey (or
white) matter template and reWned by using 16 non-linear
iterations, medium regularization, and a 25-mm cut-oV. A
Jacobian modulation was applied to the data to preserve the
absolute regional amount of grey (or white) matter from
distortions introduced in the normalisation (Ashburner and
Friston 2000). Each normalised, segmented and modulated,
image was Wnally smoothed with an 8-mm FWHM kernel.
The number of voxels in each tissue image (GM and WM)
provided the total volume of the tissue. Moreover, the aver-
aged value of GM volumes was extracted using pre-deWned
probabilistic regions of interest: BA 17 and 18 (Amunts
et al. 2000) and V5/MT+ (Malikovic et al. 2007) using the
Anatomy Toolbox (v 1.5; EickhoV et al. 2007). Voxels with
a probability of <10%, belong to each speciWc ROI, were
excluded from the calculations.

Statistics

Statistical analyses were performed using the general linear
formulation of SPM2. Global grey (or white) matter was
included in the model as an extra regressor. Two types of
models were constructed. The Wrst one includes age as a
confounding variable and the second one includes age and
sex as confounds. We investigated diVerences in grey mat-
ter and white matter volumes between CB and NS using
analysis of covariance (ANCOVA). The tissue images of
CB and NS subjects were proportionally scaled to total grey
(or white) matter volume with the global mean of 100,
adjusting for either age or age and sex. Therefore, each
region of group diVerence represented the diVerence in the
percentage of total grey/white matter volume between the
groups. A proportional scaling masking procedure was
applied with a threshold of 0.2 such that the voxels with a
probability of <20% belonging to a tissue type were
excluded from the analysis. Statistical parametric maps
(SPMs) were thresholded at P < 0.05 corrected for multiple
comparisons with the false discovery rate (FDR) algorithm
implemented in SPM2 (Genovese et al. 2002).

Image display and Wgure captions of the Wnal results
were achieved using MRIcro software (Rorden and Brett
2000). The anatomy toolbox was used for localization of
cortical areas and Wber tracts (Burgel et al. 2006). The
resulting structure identiWcation was checked using the
Talairach atlas (Talairach and Tournoux 1988), especially

when the cluster of diVerences was not identiWed by the
anatomy toolbox.

Results

Compared to normal-sighted subjects, congenitally blind
subjects showed a signiWcant reduction of total brain vol-
ume, and grey and white matter volumes (P < 0.05)
(Fig. 1).

Grey matter

A voxel-by-voxel group comparison with age as confound
of no interest revealed signiWcant bilateral decreases in grey
matter volume of all structures belonging to the visual path-
ways in CB (Fig. 2a, red). At the thalamic level, signiWcant
reductions were found in the dLGN bilaterally and in the
right posterior pulvinar nucleus. At the cortical level, sig-
niWcant volume decreases were observed in both occipital
lobes, particularly in the region of the striate (BA17) and
extrastriate cortex (BA18 and 19). The middle temporal
gyrus (area MT?) also showed reduced GM volume bilater-
ally. MNI coordinates, cluster volumes and z-scores are
presented in Table 2. The results of the VBM analysis
including both age and sex as confounds of no interest gave
the same results with this diVerence that the GM reduction
in the pulvinar became sub-signiWcant.

Using the anatomy toolbox, we compared the volume
reductions in visual cortical regions between CB and NS.
CB subjects showed on the average a 25% decrease in vol-
ume in area 17 (left 26%, right 25%), a 20% decrease in
area 18 (left 20%, right 19%) and a 20% reduction in puta-

Fig. 1 Total brain grey and white matter volume reductions in the
congenitally blind (CB) compared to normal seeing controls (NS). Val-
ues are expressed in mm3 and diVerences between groups were signiW-
cant at P < 0.05 (two-tailed unpaired Student’s t-test)
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Fig. 2 a Regional grey and 
white matter diVerences between 
CB and NS. The volume diVer-
ences are presented on horizon-
tal sections for grey (red) and 
white (blue) matter. Left side of 
the Wgure refers to the left side of 
the brain. CB < NS: volume de-
creases for blind relative to 
sighted subjects. Note that all 
components of the visual system 
are reduced in volume. b Histo-
grams illustrating volume reduc-
tions in the visual cortical areas 
in the cuneus (BA 17), extrastri-
ate (BA18) and middle temporal 
lobe (putative MT). 
***P < 0.005
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tive area MT (left 25%, right 16%). These results are illus-
trated in Fig. 2b.

White matter

Blind subjects showed signiWcant volume reductions of the
optic nerves, the optic radiations and the optic tracts
(Fig. 2a, blue). Visual inspection of the MRIs revealed that
the optic chiasm was atrophied in Wve CB and reduced in
volume in Wve others (Fig. 3). Additional white matter
decreases were found in the left inferior longitudinal fasci-
culi (ILF) and the splenium of the corpus callosum. MNI
coordinates, cluster volumes and z-scores are presented in
Table 2. We also noted in CB a signiWcant enlargement of
the occipito-frontal fasciculus (FOF: 17 26 ¡10 extending
to 22 12 32), the superior longitudinal fasciculus (SLF:
¡32 ¡36 21) and the genu of the corpus callosum (8 29 1
extending to 0 4 24). 

Alterations in non-visual structures

SigniWcant volume reductions were also observed in parts
of the extrapyramidal motor system, such as the caudate
and lenticular nuclei, the posterior hippocampi, the fornix,
the right superior frontal gyrus, the right inferior temporal
gyrus, the right lateral orbital cortex (area 12L) and the

right posterior insular cortex. However, no alterations were
found neither in primary sensory and motor cortices nor in
the cortico-spinal tracts.

Discussion

We here report volume reductions over the entire visual sys-
tem in congenitally blind subjects. Blind subjects also showed
a signiWcantly smaller total GM volume compared to NS. It is
known that prematurely born individuals may show a reduced
brain volume (Isaacs et al. 2004). Since four of our CB sub-
jects were preterms, we also calculated GM and WM for pre-
terms and at-term blind subjects separately. The results
showed a trend for larger total GM (618 § 68 vs 665 § 68 for
respective preterms and at-terms) and WM (386 § 45 vs
434 § 66 for respective preterms and at-terms) reductions in
the preterms. However, when comparing the remaining eight
CB with the SC, the signiWcance of the diVerences in the total
tissue content between both groups were not altered
(P > 0.05; two-tailed t-test for WM and GM). Moreover, we
did not observe any eVect of preterm birth on the volumes of
the ROIs in visual-cortex described in Fig. 2b. Furthermore,
the eVect of global grey (or white) matter content was singled
out in the GLM analysis. We are therefore conWdent that the
eVect of preterm birth is negligible in our data.

Table 2 Volume reductions in visual structures in congenitally blind subjects (including age as confound of no interest)

P (fdr) is the probability of diVerences of the peak voxel between EB and controls corrected for false discovery rate

P (cluster) is the corrected probability of diVerences at the cluster-level

BA Side MNI coordinates (mm) Cluster extent 
(voxels/mm3)

Corrected P 
(cluster)

P (fdr) Z-score

x y z

Grey matter

Cuneus 17 Bilat. 0 ¡88 4 40647 <0.001 <0.001 5.24

Cuneus 18 Bilat. 5 ¡75 14 <0.001 <0.001 5.82

Cuneus 19 Bilat. 4 ¡79 24 <0.001 <0.001 5.79

Precuneus 7, 18–19 Left ¡12 ¡61 27 <0.001 <0.001 4.93

7, 18–20 Right 12 ¡70 29 <0.001 <0.001 5.78

Middle temporal 37 Left ¡45 ¡72 4 30187 <0.001 <0.001 5.89

37 Right 46 ¡59 3 3897 0.19 0.01 3.34

LGN – Left ¡28 ¡14 ¡6 30187 <0.001 0.04 2.69

– Right 24 ¡19 ¡9 7023 0.02 0.03 3.07

Pulvinar – Right 12 ¡31 1 27 1.00 0.04 2.59

White matter

Optic tract – Bilat. ¡16 ¡11 ¡5 157645 <0.001 <0.001 5.30

Optic radiations – Left ¡22 ¡71 19 <0.001 <0.001 5.59

– Right 25 ¡65 16 <0.001 <0.001 5.00

Inferior longitudinal 
fasciculus

– Left ¡27 ¡24 ¡6 <0.001 <0.001 5.23

– Right 27 ¡19 ¡9 <0.001 <0.001 5.81

Splenium of the corpus 
callosum

– Bilat. 18 ¡45 18 <0.001 <0.001 4.55
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This is the Wrst study to show that the entire occipital
lobe, including BA17/18 and higher extrastriate areas are
aVected along with their aVerent target thalamic nuclei, the
pulvinar and the dLGN. Volume reductions in the visual
cortex were massive, reaching a 25% reduction in area 17.
Despite this massive reduction in volume, the occipital cor-
tex remains functionally active as shown in many func-
tional brain imaging studies (Noppeney 2007; Ptito and
Kupers 2005). Not unexpectedly, the primary visual cortex
was signiWcantly more aVected than the extrastriate corti-
ces. This is likely due to the fact that the major input to the
striate cortex originates in the dLGN, which no longer
receives visual information from the atrophied optic nerves,
optic chiasm and optic radiations. In contrast, associative
visual areas also receive a larger input from polymodal
association areas. The optic chiasm was absent or severely
atrophied in the majority of our blind subjects. Interest-
ingly, a normal appearing optic chiasm was found in two of
our CB subjects. Atrophy of the optic chiasm was also
reported in the other neuroanatomical studies of the blind’s
brain (see Table 3) and is in line with post-mortem analysis
of the brain of an anophthalmic human subject (Brunquell
et al 1984) showing absence of the optic nerves, the optic
chiasm and the optic tract, and a thinner striate cortex. We
also observed a reduction in the ILF, a Wber bundle, which
connects the occipital cortex with the temporal lobe. The
ILF arises in extrastriate visual association areas and pro-
jects to lateral and medial anterior temporal regions. This
pathway is involved in several visual functions and lesions
of it may induce visual agnosia, prosopagnosia and distur-
bances in visual recent memory (Tusa and Ungerleider

1985; Catani et al. 2003). Our Wnding of a reduced ILF is in
line with a recent study showing a functional disconnection
between the occipital and the temporal multisensory corti-
ces (Liu et al. 2007). In agreement with earlier results (Shi-
mony et al. 2005; Yu et al. 2007), we also noted white
matter decreases in the posterior part of the corpus callo-
sum, which links the two visual cortices and is implicated
in the interhemispheric transfer of visual information (Ptito
2003).

We also observed grey matter reductions in the posterior
hippocampus (bilaterally), the right inferior temporal gyrus
and the right lateral orbital cortex. The volume reduction in
the hippocampus conWrms our earlier Wnding of reduced
posterior hippocampus in a smaller group of early blind
subjects (Chebat et al. 2007). The inferior temporal cortex
is part of the ventral stream, which is involved in visual
object recognition. Studies in the macaque monkey (Carmi-
chael and Price 1995) have shown that the inferior temporal
cortex projects to area 12L in the orbital cortex, which also
shows atrophy in the current study.

Comparison with other studies

In this study, we found more widespread alterations in the
visual system compared to the earlier reports. Table 3 sum-
marizes the key Wndings of GM and WM changes in the
visual system observed in this and the other published stud-
ies. We observed a massive reduction in primary visual cor-
tex, bilaterally. This is in contrast with the results by
Breitenseher et al. (1998) and Shimony et al. (2005), who
did not report any grey matter changes in occipital cortex of

Fig. 3 Examples of T1-weight-
ed MRI coronal sections at the 
optic chiasm level in CB. CB 
normal congenitally blind with a 
normal optic chiasm, CB re-
duced congenitally blind with a 
signiWcantly reduced but clearly 
identiWable optic chiasm, and 
CB atrophied congenitally blind 
with a heavily reduced optic chi-
asm with some residual frag-
ments. The chiasmatic region 
has been enlarged (boxed re-
gion)
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blind subjects. This may be due to the methods used to
detect such changes in these studies (resp. visual inspection
of MRIs and DTI/DTT). In line with our Wndings, a recent
VBM study in a group of 14 perinatally blind subjects also
reported a large reduction in area V1/V2 (Pan et al. 2007).
In contrast with our study, these authors did not report
changes in associative visual areas. Although there is a
large inter-study variability in GM changes, all studies con-
cur on WM atrophy in the aVerent pathways to striate cortex.

How to explain these diVerences? An important diVer-
ence with other studies is that we used a homogeneous and
signiWcantly larger sample of congenitally blind subjects
who never had any visual experience, whatsoever. In Nop-
peney et al.’s study (2005), more than half of the early
blind subjects had visual experiences early in life; whereas
in the study of Shimony et al. (2005), two out of the Wve
CB subjects had remaining light sensitivity. This may have
increased variability in their Wndings, reducing the likeli-
hood to detect alterations reaching statistical signiWcance.
The use of diVerent methodological approaches (VBM,
DTI vs functional connectivity in the resting brain) may
also be responsible for the variability in results.

Functional implications

Despite the large volume reductions observed in the pri-
mary visual cortex of the blind, brain imaging studies have
shown a supra-normal activation of the occipital cortex at
rest (De Volder et al. 1997) and in tasks involving auditory
and somatosensory inputs (reviewed in Merabet et al. 2005;
Sathian 2005; Sadato 2005; Ptito and Kupers 2005). This
suggests that sensory input plays a large role in the organi-
zation of the neocortex, as cortical territories normally
involved in visual processing are invaded by auditory and
somatosensory axons, resulting in “extended” auditory and
somatosensory areas (Hyvärinen et al. 1981; Kupers et al.
2006). Cross-connections between low-level cortical
areas, including V1, A1 and S1, have been described in the
normal brain (Zhou and Fuster 1996; Falchier et al. 2002;

Rockland and Ojima 2003) and neuronal activity was
recorded in the monkey auditory cortex in response to
somatic stimuli in monkeys (Schroeder et al. 2001; Fu et al.
2003). Cross-modal responses were also recorded in the
auditory and visual cortices of human subjects through
brain imaging techniques (reviewed in Foxe and Schroeder
2005) or direct intracranial recordings (Molholm et al.
2006). These cross-modal interactions between primary
cortices and the consequent multisensory interactions might
explain the activation of the occipital lobe in the congeni-
tally blind.

Possible anatomical pathways

Two possible anatomical pathways have been proposed for
processing of non-visual information by the visual cortex of
the blind. One involves the formation of direct thalamocor-
tical connections to the visual cortex and the other, the use
of cortico-cortical connections from the somatosensory to
the visual cortex. Arguments in support of the Wrst pathway
are based on results obtained in “rewired” animals
(reviewed in Ptito and Desgents 2006). It is possible to
induce, by lesioning central retinal targets, the formation of
new and permanent retinofugal projections into non-visual
thalamic sites such as the auditory (Frost 1981; Ptito et al.
2001) or the somatosensory nuclei (Frost 1981). These sur-
gically induced retinal projections are retinotopically orga-
nized and make functional synapses (Metin and Frost
1989). Neurons in the somatosensory cortex of animals
with ectopic retinal projections have visual response prop-
erties similar to those of neurons in the primary visual cor-
tex of normal animals (Frost and Métin 1985; Metin and
Frost 1989). Ferrets that have retinofugal projections to the
auditory thalamus but no visual cortex appear to perceive
light stimuli as visual (Von Melchner et al. 2000). The
question concerning the parallel between a diVerent brain
organization (produced by lesions) and a behavioral recov-
ery is still debated, although recent experiments, both in
rewired ferrets and hamsters, seem to indicate a large

Table 3 Atrophy (#) in white and grey matter of the visual system in the blind as reported in this report and other published reports

CB congenitally blind, LB late blind, DTI diVusion tensor imaging, DTT diVusion tensor tractography, SCC splenium corpus callosum, ILF inferior
longitudinal fasciculus

N Blindness Methodology White matter changes Grey matter changes

Optic 
nerve

Chiasm Optic 
rad.

ILF SCC LGN Pulvinar BA 17 BA 18/19 Area MT

Breitenseher et al. (1998) 12 CB Visual inspection # # # – – – – – – –

Noppeney et al. (2005) 11 CB + LB VBM # # # – – – – # # –

Shimony et al. (2005) 5 CB DTI/DTT # # # – # – – – – –

Pan et al. (2007) 14 CB + LB VBM # # # – – – – # # –

This study 12 CB VBM # # # # # # # # # #
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degree of recovery in visual functions (reviewed in Ptito
et al. 2001). For example, hamsters with robust and perma-
nent projections to the auditory thalamus nucleus (medial
geniculate nucleus, MGB) and no visual system exhibit
visual responses in their auditory cortex. Single neurons
respond to visual stimuli and some of them respond equally
well to auditory and visual stimuli. Moreover, those cells
that responded to visual stimuli had receptive Weld proper-
ties similar to those obtained from cells in the visual cortex
of normal hamsters. At the behavioral level, rewired ham-
sters can learn visual discrimination tasks as well as normal
ones and a lesion of the auditory cortex abolishes this func-
tion (Frost et al. 2000). In fact, rewired hamsters with audi-
tory cortex lesions exhibit cortical blindness similar to non-
rewired hamsters with visual cortex lesions. Although these
animal data provide evidence for the development of aber-
rant new and functional projections, it has yet to be con-
Wrmed in humans. Some indirect evidence in support of this
hypothesis comes from a recent functional connectivity
study in early blind individuals (Liu et al. 2007) that
reported increased functional connectivities between the
thalamus and visual cortical areas.

According to the second hypothesis, non-visual informa-
tion reaches the occipital cortex via existing cortico-cortical
pathways. We previously showed that functional connectiv-
ity between the dorsal intraparietal sulcal area and the
cuneus is signiWcantly increased in blind (but not control)
subjects trained with the tongue display unit (TDU), a sen-
sory substitution device that uses electrotactile stimulation
of the tongue as entry to the brain to resolve visual discrim-
ination tasks (Ptito et al. 2005). Moreover, somatosensory
evoked potentials induced by electrical stimulation of the
tongue after training with the TDU showed, in addition to
the short latency (13–18 ms), N1–P1 complex over the
parietal cortex, a second peak over the occipital cortex.
This peak occurred with a latency of around 48–60 ms, sug-
gesting a mediation by a cortico-cortical pathway (Kupers
et al. 2006). Additional evidence for increased connectivity
between parietal and visual cortex comes from the report
that TMS of the primary somatosensory cortex induces a
signiWcant blood Xow increase in the occipital cortex in
congenitally blind, but not in control subjects (Wittenberg
et al. 2004). Finally, the DTI results by Shimony et al.
(2005) showed atrophy of the geniculocortical tract but
preservation of connections between visual cortex and pre-
frontal and temporal cortices in blind subjects.

Conclusion

The absence of visual input in congenital blindness leads to
atrophy in various components of the aVerent and eVerent
visual pathways as schematized in Fig. 4. Although largely

reduced in volume, the visual cortex shows functional
activity as measured by a variety of brain imaging tech-
niques, suggesting the possible contribution of existing
thalamocortical (Liu et al. 2007) and cortico-cortical (Shi-
mony et al. 2005) connections in cross-modal plasticity in
the congenitally blind.

Acknowledgments This work is supported by grants from the Har-
land Sanders Foundation (MP) and the Lundbeck Foundation (RK).

References

Amunts K, Malikovic A, Mohlberg H, Schormann T, Zilles K (2000)
Brodmann’s areas 17 and 18 brought into stereotaxic space—
where and how variable? Neuroimage 11:66–84

Ashburner J, Friston K (1997) Multimodal image coregistration and
partitioning—a uniWed framework. Neuroimage 6:209–217

Ashburner J, Friston KJ (2000) Voxel-based morphometry—the meth-
ods. Neuroimage 11:805–821

Breitenseher M, Uhl F, Prayer Wimberger D, Deecke L, Trattnig S,
Kramer J (1998) Morphological dissociation between visual path-
ways and cortex: MRI of visually-deprived patients with congen-
ital peripheral blindness. Neuroradiology 40:424–427

Brunquell PJ, Papale JH, Horton JC, Williams RS, Zgrabik MJ, Albert
DM, Hedley-Whyte ET (1984) Sex-linked hereditary bilateral an-
ophthalmos: pathologic and radiologic correlation. Arch Ophthal-
mol 102:108–113

Burgel U, Amunts K, Hoemke L, Mohlberg H, Gilsbach JM, Zilles K
(2006) White matter Wber tracts of the human brain: three-dimen-
sional mapping at microscopic resolution, topography and inter-
subject variability. Neuroimage 29:1092–1105

Campbell G, Frost DO (1988) Synaptic organization of anomalous ret-
inal projections to the somatosensory and auditory thalamus: tar-
get-controlled morphogenesis of axon terminals and synaptic
glomeruli. J Comp Neurol 272:383–408

Carmichael ST, Price JL (1995) Sensory and premotor connections of
the orbital and medial prefrontal cortex of macaque monkeys. J
Comp Neurol 363:642–664

Catani M, Jones DK, Donato R, Ffytche DH (2003) Occipito-temporal
connections in the human brain. Brain 126:2093–2107

Fig. 4 Schematic representation summarizing the atrophied compo-
nents (grey and white matter) of the visual system in congenitally blind
subjects
123



Exp Brain Res (2008) 187:41–49 49
Chebat DR, Chen JK, Schneider F, Ptito A, Kupers R, Ptito M (2007)
Alterations in right posterior hippocampus in early blind individ-
uals. Neuroreport 18:329–333

De Volder AG, Bol A, Blin J, Grandin G, Michel C, Veraart C (1997)
Brain energy metabolism in early blind subjects: neural activity in
the visual cortex. Brain Res 750:235–244

EickhoV SB, Paus T, Caspers S, Grosbras MH, Evans A, Zilles K, Am-
unts K (2007) Assignment of functional activations to probabilis-
tic cytoarchitectonic areas revisited. Neuroimage 36:511–521

Falchier A, Clavagnier S, Barone P, Kennedy H (2002) Anatomical
evidence of multimodal integration in primate striate cortex. J
Neurosci 22:5749–5759

Frost DO (1981) Orderly anomalous retinal projections to the medial
geniculate, ventrobasal, and lateral posterior nuclei of the ham-
ster. J Comp Neurol 203:227–256

Frost DO, Métin C (1985) Induction of functional retinal projections to
the somatosensory system. Nature 317:162–164

Frost DO, Boire D, Gingras G, Ptito M (2000) Surgically created neu-
ral pathways mediate visual pattern discrimination. Proc Natl
Acad Sci USA 97:11068–11073

Fu KMG, Johnston TA, Shah AS, Arnold L, Smiley J, Hackett TA,
Garraghty PE, Schroeder CE (2003) Auditory cortical neurons re-
spond to somatosensory stimulation. J Neurosci 23:7510–7515

Foxe JJ, Schroeder E (2005) The case for feedforward multisensory
convergence during early cortical processing. Neuroreport
16:419–423

Genovese CR, Lazar NA, Nichols T (2002) Thresholding of statistical
maps in functional neuroimaging using the false discovery rate.
Neuroimage 15:870–878

Good CD, Johnsrude IS, Asburner J, Henson RN, Friston KJ, Frackow-
iack RS (2001) A voxel-based morphometry study of ageing in
465 normal adult human brains. Neuroimage 14:31–36

Hyvärinen J, Carlson S, Hyvärinen L (1981) Early visual deprivation
alters modality of neuronal responses in area 19 of monkey cor-
tex. Neurosci Lett 26:239–243

Isaacs EB, Edmonds CJ, Chong WK, Lucas A, Morley R, Gadian DG
(2004) Brain morphometry and IQ measurements in preterm chil-
dren. Brain 127:2595–2607

Kupers R, Fumal A, de Noordhout AM, Gjedde A, Schoenen J, Ptito
M (2006) Transcranial magnetic stimulation of the visual cortex
induces somatotopically organized qualia in blind subjects. Proc
Natl Acad Sci USA 103:13256–13260

Liu Y, Yu C, Liang M, Li J, Tian L, Zhou Y, Qin W, Li K, Jiang T
(2007) Whole brain functional connectivity in the early blind.
Brain (Epub ahead of print)

Malikovic A, Amunts K, Schleicher A, Mohlberg H, EickhoV SB, Wil-
ms M, Palomero-Gallagher N, Armstrong E, Zilles K (2007) Cyt-
oarchitectonic analysis of the human extrastriate cortex in the
region of V5/MT+: a probabilistic, stereotaxic map of area hOc5.
Cereb Cortex 17:562–574

Metin C, Frost DO (1989) Visual responses of neurons in somatosensory
cortex of hamsters with experimentally induced retinal projections
to somatosensory thalamus. Proc Natl Acad Sci USA 86:357–361

Merabet LB, Rizzo JF, Amedi A, Somers DC, Pascual-Leone A (2005)
What blindness can tell us about seeing again: merging neuroplas-
ticity and neuroprostheses. Nat Rev Neurosci 6:71–77

Molholm S, Sehatpour P, Mehta AD, Shpaner M, Gomez-Ramirez M,
Ortigue S, Dyke JP, Schwartz TH, Foxe JJ (2006) Audio-visual
multisensory integration in superior parietal lobule revealed by
human intracranial recordings. J Neurophysiol 96:721–729

Noppeney U (2007) The eVects of visual deprivation on functional and
structural organization of the human brain. Neurosci Biobehav
Rev [Epub ahead of print]

Noppeney U, Friston KJ, Ashburner J, Frackowiak R, Price CJ (2005)
Early visual deprivation induces structural plasticity in grey and
white matter. Curr Biol 15:488–490

Pan WJ, Wu G, Li CX, Lin F, Sun J, Lei H (2007) Progressive atrophy
in the optic pathway and visual cortex of early blind Chinese
adults: a voxel-based morphometry magnetic resonance imaging
study. Neuroimage 37:212–220

Ptito M (2003) Functions of the corpus callosum as derived from split-
brain studies in cats. In: Zaidel E, Iacoboni M (Eds) The parallel
brain: the cognitive neuroscience of the corpus callosum. MIT
Press, Massachusetts, pp. 139–153

Ptito M, Desgent S (2006) Sensory input-based adaptation and brain
architecture. In: Baltes P, Reuter-Lorenz P, Rösler F (eds) Life-
span development and the brain: the perspective of biocultural
co-constructivism. Cambridge University Press, Cambridge, pp
111–133

Ptito M, Kupers R (2005) Cross-modal plasticity in early blindness. J
Integr Neurosci 4:479–488

Ptito M, Giguère JF, Boire D, Frost DO, Casanova C (2001) When the
auditory cortex turns visual. Prog Brain Res 134:447–458

Ptito M, Moesgaard SM, Gjedde A, Kupers R (2005) Cross-modal
plasticity revealed by electrotactile stimulation of the tongue in
the congenitally blind. Brain 128:606–614

Rockland KS, Ojima H (2003) V1 as a multimodal convergence area.
Int J Psychophysiol 50:19–26

Rorden C, Brett M (2000) Stereotaxic display of brain lesions. Behav
Neurol 12:191–200

Sadato N (2005) How the blind “see” Braille: lessons from functional
magnetic resonance imaging. Neuroscientist 11:577–582

Sathian K (2005) Visual cortical activity during tactile perception in
the sighted and visually deprived. Dev Psychobiol 46:279–228

Schroeder CE, Lindsey RW, Specht C, Marcovici A, Smiley JF, Javitt
DC (2001) Somatosensory input to auditory association cortex in
the macaque monkey. J Neurophysiol 85:1322–1327

Shimony JS, Burton H, Epstein AA, McLaren DG, Sun SW, Snyder
AZ (2005) DiVusion tensor imaging reveals white matter reorga-
nization in early blind humans. Cereb Cortex 16:1653–1661

Sur M, Garraghty PE, Roe AW (1988) Experimentally induced visual
projections into auditory thalamus and cortex. Science
242:1437–1441

Talairach J, Tournoux P (1988) Co-planar stereotaxic atlas of the hu-
man brain. Thieme, Stuttgart

Tusa RJ, Ungerleider LG (1985) The inferior longitudinal fascicu-
lus: a reexamination in humans and monkeys. Ann Neurol
18:583–591

Von Melchner L, Pallas SL, Sur M (2000) Visual behaviour mediated
by retinal projections directed to the auditory pathway. Nature
404:871–876

Wittenberg GF, Werhahn KJ, Wasserman EM, Herscovitch P, Cohen
LG (2004) Functional connectivity between somatosensory and
visual cortex in early blind humans. Eur J Neurosci 20:1923–1927

Yu C, Shu N, Li J, Qin W, Jiang T, Li K (2007) Plasticity of the corti-
cospinal tract in early blindness revealed by quantitative analysis
of fractional anisotropy based on diVusion tensor tractography.
Neuroimage 36:411–417

Zhou YD, Fuster JM (1996) Mnemonic neuronal activity in somato-
sensory cortex. Proc Natl Acad Sci USA 93:10533–10537
123


	Alterations of the visual pathways in congenital blindness
	Abstract
	Introduction
	Materials and methods
	Subjects
	MRI acquisition
	VBM
	Statistics

	Results
	Grey matter
	White matter
	Alterations in non-visual structures

	Discussion
	Comparison with other studies
	Functional implications
	Possible anatomical pathways

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


