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Abstract: Early visual deprivation may lead to both abnormal and plastic changes in the visual and other

systems of the brain. Such secondary changes in the gray matter of the early blind have been well studied,

but not so well in the cerebral white matter whose subtle changes may be revealed by diffusion tensor imag-

ing. The first purpose of this study is to explore the possible changed white matter regions of the early blind

in whole brain manners, using voxel-based analysis (VBA) and tract-based spatial statistics (TBSS) methods.

The second purpose is to investigate the changes of diffusion eigenvalues in the abnormal white matter fiber

tracts using tractography based group mapping analysis. From VBA of fractional anisotropy (FA) images, the

significant changedwhite matter regions were the geniculocalcarine tract (GCT) and its adjacent regions. This

finding was validated by TBSS method. Then we studied the changes of mean diffusivity (MD), FA, primary

(k1) and transverse diffusivities (k23) in the GCT using tractography based group mapping analysis. We

found the early blind had significantly lower FA (P < 0.0001), higher MD (P 5 0.001) and k23 (P < 0.0001) in

the GCT. This pattern of diffusion changes is similar to findings seen in immaturity or axonal degeneration.

Thus, we suggest that transneuronal degeneration and/or immaturity may account for the abnormal diffu-

sion changes in the GCT of the early blind.Hum Brain Mapp 30:220–227, 2009. VVC 2007Wiley-Liss, Inc.
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INTRODUCTION

Early-onset blindness can lead to structural and func-
tional changes in brain regions, which are related to the
visual system. Many functional imaging studies reported
that the visual cortex of the early blind was activated dur-
ing performing different tasks, such as language process-
ing [Amedi et al., 2003; Burton and McLaren, 2006; Buchel
et al., 1998; Burton et al., 2002], tactile discrimination
[Burton et al., 2006; Sadato et al., 1996, 1998], and auditory
stimuli [Kujala et al., 2005; Poirier et al., 2006]. These stud-
ies suggest that the visual cortex is functionally reorgan-
ized due to early visual deprivation.
The structural changes of the brain induced by early

blindness have not been studied extensively. Postmortem
studies suggested transneuronal degeneration in the

Contract grant sponsor: Natural Science Foundation of China,
Contract grant numbers: 30570509, 30425004, 60121302, 30670601;
Contract grant sponsor: National Key Basic Research and Develop-
ment Program (973); Contract grant number: 2003CB716100; Con-
tract grant sponsor: Beijing Scientific and Technological New Star
Program; Contract grant number: 2005B21.

*Correspondence to: Prof. Tianzi Jiang, National Laboratory of Pat-
tern Recognition, Institute of Automation, Chinese Academy of
Sciences, Beijing 100080, People’s Republic of China. E-mail:
jiangtz@nlpr.ia.ac.cn or Prof. Chunshui Yu, Department of Radio-
logy, Xuanwu Hospital of Capital Medical University, Beijing
100053, People’s Republic of China. E-mail: csyu@nlpr.ia.ac.cn.

Received for publication 9 February 2007; Revised 15 August 2007;
Accepted 11 September 2007

DOI: 10.1002/hbm.20507
Published online 10 December 2007 in Wiley InterScience (www.
interscience.wiley.com).

VVC 2007 Wiley-Liss, Inc.

r Human Brain Mapping 30:220–227 (2009) r



human visual system after sight loss [Beatty et al., 1982].
By the use of voxel-based morphometry (VBM) method,
decreased gray and white matter volumes in the visual
system and increased white matter volumes in the sen-
sory-motor system were reported [Noppeney et al., 2006].
Abnormalities of the geniculocalcarine tract (GCT) have
been revealed by a study based on diffusion tensor trac-
tography in five early blind subjects [Shimoney et al.,
2006]. However, no diffusion tensor imaging (DTI) study
has been performed to investigate the white matter integ-
rity of the early blind in a whole brain manner.
DTI has the potential to noninvasively evaluate the white

matter integrity and fiber connectivity in vivo. Mean diffu-
sivity (MD) and fractional anisotropy (FA) are two diffusion
measures most commonly used in assessing many brain dis-
eases, such as schizophrenia [Kanaan et al., 2005], Alzheimer
disease [Medina et al., 2006], and neuromyelitis optica [Yu
et al., 2006]. The MD reflects the amplitude of water diffu-
sion whilst the FA reflects the directionality of water diffu-
sion. With the use of the DTI technique, the white matter
integrity can be analyzed in a whole brain manner or a local
manner. In the case of an exploratory study, voxel-based
analysis (VBA) [Foong et al., 2002; Medina et al., 2006; Rose
et al., 2006] and tract-based spatial statistics (TBSS) [Smith
et al., 2006] of diffusion data are two main methods used to
localize white matter changes in a whole brain manner.
Once the abnormal white matter is localized or pre-specified,
regions of interest (ROI) or tractography-based analysis
could be performed to investigate the changes of diffusion
indices inside these abnormal brain regions [Alexander
et al., 2007; Lin et al., 2006].
For early blindness, no previous DTI study to date has

explored the white matter changes in a whole brain manner.
Thus we first used VBA and TBSS method to localize white
matter changes in the early blind. After we found the abnor-
mal white matter fiber tract, tractography based group
mapping analysis was employed to compare the diffusion
indices in the abnormal white matter fiber tracts between
groups. Moreover, diffusion tensor eigenvalues were also
included in the analysis since they may provide complemen-
tary information for the underlying pathologic changes
[Hasan, 2006].

MATERIALS AND METHODS

Subjects

Seventeen early blind subjects (10 males, 7 females; mean
age 22 years, range 16–29 years) and 17 normally sighted
controls (10 males, 7 females; mean age 23 years, range 19–
28 years) participated in this study. All blind subjects were
recruited from Special Education College of Beijing Union
University. Blindness onset was within 1 year for all blind
subjects. The demographic data of the early blind are shown
in Table I. All participants were right-handedness according
to the Edinburgh handedness inventory [Oldfield, 1971].
Each participant provided a written informed consent before

MRI examinations and this study was approved by the
Medical Research Ethics Committee of Xuanwu Hospital of
Capital Medical University.

Data Acquisition

DTI was performed with a 3.0 T Siemens Trio MR
system using a standard head coil. Head motion was mini-
mized with restraining foam pads provided by the manu-
facturer. Diffusion weighted images were acquired
employing a single-shot echo planar imaging (EPI)
sequence in alignment with the anterior–posterior commis-
sural plane. Integral parallel acquisition technique (iPAT)
was used with an accelerate factor of 2. Acquisition time
and image distortion from susceptibility artifacts can be
reduced by the iPAT method. The diffusion sensitizing
gradients were applied along 12 nonlinear directions (b 5
1,000 s/mm2), together with an acquisition without diffu-
sion weighting (b 5 0 s/mm2). The imaging parameters
were 45 continuous axial slices with a slice thickness of
3 mm and no gap, field of view 5 256 3 256 mm2, repeti-
tion time/echo time 5 6,000/87 ms, acquisition matrix 5
128 3 128. The reconstruction matrix was 256 3 256,
resulting in an in-plane resolution of 1 3 1 mm2. Finally,
the voxels were interpolated to isotropic size of 1 mm.

Data Preprocessing

Eddy current distortions and motion artifacts in the DTI
dataset were corrected by applying affine alignment of
each diffusion-weighted image to the b 5 0 image, using
FMRIB’s diffusion toolbox (FSL, version 3.3; www.fmrib.
ox.ac.uk/fsl). After this process, the diffusion tensor ele-
ments were estimated by solving the Stejskal and Tanner
equation [Basser et al., 1994], and then the reconstructed
tensor matrix was diagonalized to obtain eigenvalues (k1,
k2, k3) and eigenvectors. The FA, MD, primary diffusivity

TABLE I. Demographic data of the early blind subjects

Case
number Sex

Age,
years

Age onset,
years Causes of blindness

1 Female 22.8 0 Retinitis pigmentosa
2 Male 20.9 0 Retinitis pigmentosa
3 Male 24.6 0 Optic nerve atrophy
4 Male 19.1 0 Retinitis pigmentosa
5 Male 24.6 0 Retinitis pigmentosa
6 Male 22.4 <1 Congenital glaucoma
7 Male 29.3 0 Optic nerve hypoplasia
8 Male 23.4 <1 Congenital glaucoma
9 Female 15.6 0 Optic nerve atrophy
10 Female 18.4 0 Retinitis pigmentosa
11 Female 21.7 0 Congenital glaucoma
12 Male 20.8 <1 Congenital glaucoma
13 Male 18.7 0 Optic nerve hypoplasia
14 Male 19.0 0 Retrolental fibroplasia
15 Female 27.7 0 Optic nerve atrophy
16 Female 22.7 0 Congenital cataract
17 Female 24.9 0 Optic nerve hypoplasia
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(k1) and transverse diffusivity (k23) of each voxel were cal-
culated according to the following formulas:

FA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 � k2ð Þ2 þ k1 � k3ð Þ2 þ k2 � k3ð Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 k21 þ k22 þ k23
� �q ;

MD ¼ k1 þ k2 þ k3
3

; k23 ¼ k2 þ k3
2

Voxel-Based Analysis of FA Images

For each subject, the diffusion unweighted image (b 5 0)
was first normalized to the standard montreal neurological
institute (MNI) space using EPI template with SPM2 (Well-
come Department of Cognitive Neurology, London, UK).
The normalization consists of a 12 degree-of-freedom lin-
ear transformation and a non-linear transformation with
7 3 8 3 7 basis functions. Parameters from this transfor-
mation were then applied to the FA image to normalize
the FA image to the standard EPI template, resampling the
volume into a voxel size of 2 3 2 3 2 mm3. Further, each
FA image was spatially smoothed by an 8-mm full-width
at half maximum Guassian kernel to reduce the effect of
misregistration in spatial normalization [Ashburner and
Friston, 2000; Jones et al., 2005].
A two-sample t-test was used to compare the FA values

between early blind group and normal group in a voxel-
based manner. Significance was determined with a P <
0.05 (false discovery rate corrected) [Genovese et al., 2002]
and cluster size > 30 voxels. To demonstrate the locations
of the clusters showing significantly different FA between
groups, group-average post-aligned FA images for the two
groups were created (see Fig. 1) and the results were
superimposed onto the average image of post-aligned FA
images of all subjects (see Fig. 2).

Tract-Based Spatial Statistics of

Diffusion Measures

First, TBSS of FA images was carried out using TBSS in
the FMRIB software library (FSL 3.3; www.fmrib.ox.ac.uk/

fsl; for detailed description of methods, see Smith et al.,
2006]. Steps of TBSS analysis in our study as follows:

1. Align the FA images of all subjects to a preidentified
target FA image by nonlinear registrations.

2. Transform all the aligned FA images into 1 3 1 3 1
mm3 MNI152 space by affine registrations.

3. Create the mean FA image and its skeleton from con-
trol 1 blind dataset in MNI152 space (see Fig. 3).

4. Project individual subjects’ FA onto the skeleton.
5. Voxelwise statistics across subjects for each point on

the common skeleton.

Figure 1.

Group-average post-aligned FA images for the two groups (left:

normal group; right: blind group).

Figure 2.

Clusters with reduced FA in the early blind superimposed onto

the average image of post-aligned FA images of all subjects.

,[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

Figure 3.

Mean FA tract skeleton (in red) overlaied on the mean FA map

derived from all subjects. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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A control-blind unpaired t-test was applied to carry out
voxelwise statistics. Inference was carried out using clus-
ter-size thresholding, which clusters initially defined by t
> 3. The null distribution of cluster-size statistic was built
up over 5,000 permutations of group membership, with
the maximum size (across space) recorded at each permu-
tation. The significance was determined with a P < 0.05
(corrected for multiple comparisons at the cluster level).
Similarly, TBSS analyses of MD, k1 and k23 images were

performed, respectively.
Reduced FA and increased k23 in the GCT of the early

blind was found (see Fig. 4). No significant changes of MD
and k1 were found. As an important part of the visual
pathway of normally sighted people, the GCT contains
fiber projections from the lateral geniculate nucleus (LGN)
of the thalamus to the primary visual cortex. In the next
step, we would use diffusion tensor tractography to com-
pare the diffusion indices (FA, MD, k1 and k23) in the GCT
between groups.

Tractography Based Group Mapping

Diffusion tensor tractography in this study was imple-
mented with DTIstudio, Version 2.40 software (H. Jiang, S.
Mori; Johns Hopkins University). The GCT was recon-
structed for each normal control by using the ‘‘fiber assign-
ment by continuous tracking’’ method [Mori et al., 1999].
All tracts in the dataset were computed by seeding each
voxel with a FA greater than 0.3. The FA threshold was
selected according to Mori et al. [2002], who recommended
the FA threshold of 0.25–0.35 for fiber tracking. Tractogra-

phy was terminated if it turned an angle greater than 708
or reached a voxel with a FA less than 0.3. On the basis of
anatomical knowledge of fiber projections, two coronal
ROIs determined on the FA-weighted, directionally
encoded color maps were placed to select the fiber bun-
dles of the GCT. The first ROI was placed on the LGN
and the second one was placed around the calcarine sul-
cus in the primary visual cortex (see Fig. 5). The fibers
bundles passing through both ROIs were reserved as the
GCT (see Fig. 6).
For early blind, the GCT was less reliably identified [Shi-

money et al., 2006]. Therefore, the GCT probability map
was created from the tractography results of normal con-
trols, and then this map was applied to early blind sub-
jects to calculate the diffusion indices inside the GCT.

Figure 4.

Clusters with reduced FA (top: in blue) and increased k23
(bottom: in red) in the early blind overlaid on the mean FA skel-

eton map (in green). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

Figure 5.

ROI determined on the FA-weighted, directionally encoded color

maps. The first ROI (ROI-1) was placed on the LGN and the

second one (ROI-2) was placed around the calcarine sulcus in

the primary visual cortex. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

Figure 6.

Representative of reconstructed GCT of a normal subject.

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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The GCT probability map was created as follows: First,
the b 5 0 images were normalized to the standard MNI
space with SPM2. Parameters from this transformation
were then applied to the coordinates of curves forming the
fiber bundles. The resampled voxel size was 1 3 1 3 1
mm3 for normalization. A 3D GCT mask was created by
counting the voxels through which the GCT passed in the
MNI space. Finally, all these masks from normal controls
were averaged to obtain a GCT probability map. The value
of each voxel in the map could be regarded as the proba-
bility that the voxel was part of the GCT.
After the GCT probability map was created (see Fig. 7),

the following procedure was performed to calculate the dif-
fusion indices inside the GCT. First, the b 5 0 image for each
subject was normalized to the MNI space. Second, the trans-
formation parameters were applied to normalize the corre-
sponding diffusion indices images (FA, MD, k1 and k23),
resampling the volume into a voxel size of 1 3 1 3 1 mm3.
Then the weighted mean of the diffusion indices inside the
GCT were calculated by superimposing the probability map
on the normalized diffusion indices images.
The diffusion indices (FA, MD, k1 and k23) inside the

GCT were calculated for each subject. Two-sample t-tests
were performed to compare these indices between groups.
The tests were considered significant when P values were
less than 0.01 (two-tailed).

RESULTS

VBA Analysis

Voxel-based comparison of FA images had revealed sev-
eral white matter regions with significantly lower FA in

early blind than normal controls. Talairach locations of
these regions correspond to bilateral lingual gyri and tem-
poral-occipital regions, including middle occipital gyrus,
cuneus and sub-gyral of temporal lobe. No region with
higher FA in the early blind was found. The Talairach
coordinates of brain regions with significantly different FA
were given in Table II.

TBSS Analysis

An excellent mean FA tract skeleton was first created.
Compared with normally sighted people, early blind had
reduced FA and increased k23 in bilateral GCT. No signifi-
cant differences of the diffusion measures between two
groups were found in other brain regions.

Tractography Based Analysis

A typical GCT could be well reconstructed for each nor-
mal control, but for early blind the tractography results of
the GCT were not consistent. Compared with normal con-
trols, early blind subjects had significantly higher MD (P
5 0.001), k23 (P < 0.0001) and lower FA (P < 0.0001) in the
GCT, and no difference in k1 (P 5 0.26) (Table III).

DISCUSSION

In this study, we first explored the possible changed brain
regions of the early blind in a whole brain manner using
VBA of FA images and found that the significant changed

Figure 7.

The GCT probability map. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]

TABLE II. Talairach locations of white matter regions

with reduced FA in the early blind

Corresponding
anatomical
locations

Cluster
size

Z
score

Centroid
voxel

x y z

Left lingual gyrus 149 5.21 210 270 2
Right lingual gyrus 168 5.18 14 268 3
Left temporal-occipital
regions

322 5.41 226 267 14

Right temporal-occipital
regions

250 5.5 32 260 12

TABLE III. Group comparisons of the diffusion indices

in the GCT

Normal controls Blind subjects P-value

FA 0.43 6 0.02 0.38 6 0.02 <0.0001*
MD (1023 mm2/s) 0.84 6 0.02 0.87 6 0.03 0.001*
k1 (10

23 mm2/s) 1.25 6 0.04 1.24 6 0.03 0.26
k23 (10

23 mm2/s) 0.63 6 0.02 0.68 6 0.03 <0.0001*

*A P-value of less than 0.01 was considered statistically signifi-
cant.
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white matter regions in the early blind were restricted to the
GCT and its adjacent regions. Then we validated the find-
ings by TBSS method. Finally, we studied the changes of dif-
fusion eigenvalues in the GCT using tractography based
group mapping analysis and found that the early blind had
significantly lower FA, higher MD and k23 in the GCT.

Limitations of Analysis Methods for DTI

As a useful exploratory method, VBA is widely
employed in anisotropy analysis to detect the white matter
changes in many brain diseases [Foong et al., 2002; Vang-
berg et al., 2006]. All steps of this method were automati-
cally performed with a higher reproducibility than ROI
and tractography based methods. However, the normaliza-
tion algorithm available in SPM was not designed to work
with the highly heterogeneous FA images derived from
DTI data, with the consequent risk of false-positive results.
Therefore, one should be cautious in interpreting the
results of VBA. In this study, the clusters with Z 5 12
were within the main local tract regions, however, part of
the voxels in the clusters with Z 5 3 were located in the
gray matter, which may be caused by the misregistration
in spatial normalization [Ashburner et al., 2000]. Another
limitation of the VBA method is the arbitrary choice of
smoothing kernels, which has been discussed in detail in
previous studies [Jones et al., 2005]. In this study, the cut-
off for P value and cluster size was strictly chosen, experi-
mentally in the present studies. We also tested the results
with different smoothing filters (4, 8, and 12 mm FWHM),
and the similar group difference was found at all three
smoothing filters, though with different precision about
the exact localization and cluster size of group differences.
However, compared with previous VBM study of the early
blind [Noppeney et al., 2006], we found limited white mat-
ter regions with diffusion changes, and no region with
increased FA was found. This may be caused by the differ-
ent image modalities used in different studies as well as
the limitations of VBA method. Using diffusion tensor
tractography, plasticity of the corticospinal tract in early
blindness has been revealed [Yu et al., 2007]. It suggests
that VBA method with correction for multiple comparisons
is less sensitive in detecting local changes of the white
matter than ROI or tractography based methods.
Compared with VBA method, TBSS is preferred, because

it overcomes the drawbacks in VBA method, such as align-
ment issue and smoothing issue [Smith et al., 2006]. In this
study, the mean FA tract skeleton derived from control and
blind dataset was carefully created. We also checked the
projected FA skeleton of each subject to ensure it matched
well with its aligned FA image. Then TBSS of several diffu-
sion measures were performed to localize the white matter
changes in the early blind. The result revealed the same
region with abnormal diffusion as VBA method, and it gave
more precise location of the abnormality in the GCT.
Besides analysis of DTI data in a whole brain manner,

ROI and tractography based analysis are also popular

methods utilized in DTI studies. The measures could be
calculated from ROIs or tracked fibers defined on the basis
of prior anatomical knowledge. However, the placement of
ROIs on a 2D slice is subjective and the validity is affected
by the experience of the operators. As an alternative to
manual ROI analysis, the use of tractography to depict a
3D ROI could reduce intra-rater and inter-rater variability
and improve reproducibility. There still exists the problem
of defining the corresponding part of the tract for mea-
surement over a population. Here we calculated the diffu-
sion indices for each subject within a common GCT proba-
bility map in the MNI space. This tractography based
group mapping method creates the group map of the
white matter tracts to compensate for inter-subject variabil-
ity, which is important for investigating how white matter
is affected by pathological conditions of the brain. In this
study the common GCT probability map was created from
the normal group and then was applied to the blind group
because the GCT of the early blind could not be well
reconstructed by a rather simplistic fiber tracking algo-
rithm. This approach may cause the tractography-based
analysis to suffer from the same (alignment-related) dan-
ger of a VBA/VBM-style analysis. Therefore, in a future
study, high quality DTI images with more diffusion encod-
ing directions should be acquired and then the probabilis-
tic tractography could be implemented in all individuals
to produce more reliable results.
Although each analysis method for DTI has its advantages

and limitations, the combination of these methods could
give a more complete view of the results. In this study, we
have shown good consistency between VBA and TBSS
method for white matter abnormalities of reduced FA in the
whole brain of the early blind. Then tractography based
group mapping analysis was employed to further investi-
gate how the diffusion indices changed in the abnormal
white matter tracts, which gave more information on the
microstructure changes due to early visual deprivation.

Diffusion Changes in the Visual System

The analysis of the changes of diffusion tensor eigenval-
ues may provide more information about pathology
[Hasan, 2006]. k1, representing the diffusivity parallel to
the principle axis of the fiber, reflects the changes of re-
stricted barriers along the direction of the fiber tract and
the changes of extracellular space. k23, representing the dif-
fusivity perpendicular to the principle axis of the fiber,
reflects the changes of axonal membrane, myelin sheath
and extracellular space [Le Bihan, 2003; Pierpaoli and
Basser, 1996]. In this study, we found that early blind had
significantly higher MD, k23 and lower FA in the GCT. No
group difference was found in k1. The results are consist-
ent with the study of Shimoney et al. [2006], who have
reported the abnormal MD and anisotropy values in the
GCT based on diffusion tensor tractography in five early
blind subjects. Such characteristic changes of diffusion
indices are similar to findings seen in immaturity [Huppi
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et al., 1998a, b; Mukherjee et al., 2002] and axonal degener-
ation [Pierpaoli et al., 2001]. Thus, we speculate that two
possible mechanisms may account for the abnormal
changes in the GCT of the early blind. One is transneuro-
nal degeneration secondary to the lesions in the optic
nerve and retina, the other is immaturity of the visual sys-
tem due to early visual deprivation.
Lesions in the optic nerve and retina are an important

reason for early blindness. These lesions may lead to trans-
neuronal degeneration in the GCT. Supporting evidence
include: (1) Postmortem study has suggested transneuronal
degeneration in the LGN is a common consequence of vis-
ual deprivation in humans [Beatty et al., 1982]. (2) Recent
structural MRI study demonstrated early blind had
decreased gray matter volume in early visual areas accom-
panied by atrophy of the optic chiasm and the optic radia-
tion [Noppeney et al., 2006]. (3) A DTI study found that
patients affected by optic neuritis showed pathologic
abnormalities in the GCT secondary to the optic nerve
damage [Ciccarelli et al., 2005]. Therefore, for early blind
in this study, transneuronal degeneration secondary to the
pathology in the retina or optic nerve may be an important
mechanism for the abnormal diffusion in the GCT.
Considering all the blind people in this study lost their

sight before 1 year of age or congenitally, immaturity of the
visual system due to altered visual experience during criti-
cal periods of neurodevelopment is also a possible reason
for the abnormalities in the GCT. Sensory experience can al-
ter the structural organization in both gray and white matter
during early critical periods of neurodevelopment [Crair
et al., 1998; Sengpiel and Kind, 2002; Sur and Leamey, 2001].
The development of human visual system contains two
stages: experience-independent processes and experience-
dependent processes. It starts from the embryonic period
before eye-opening and lasts for several years after eye-
opening. Although the initial formation of the retina, LGN
and primary visual cortex begins in the experience-inde-
pendent stage, the maturation and refinement of crude ini-
tial connectivity are determined by patterned activity in the
experience-dependent stage [Sengpiel and Kind, 2002]. For
early blind, lack of afferent input from the retina to the LGN
at an early stage may lead to immaturity of the LGN and the
GCT, which are important structures for the transmission of
the visual stimuli and are greatly dependent on the visual
experience during development. Therefore, we suggest that
immaturity of the visual system due to lack of early visual
input is also an important reason for the abnormal diffusion
in the GCT of the early blind. This speculation is also sup-
ported by Schoth et al. [2006], who did not find abnormal
diffusion in the GCT in acquired blindness.

CONCLUSIONS

In this study, we employed three analysis methods to
investigate the white matter integrity of the early blind.
Good consistency for the statistical results of abnormalities

in the GCT was obtained among different methods, which
gave a complete view of the diffusion changes in the early
blind. We also found the characteristic changes of diffu-
sion indices (decreased FA, increased MD and k23) in the
GCT, which resembled the changes in immaturity or axo-
nal degeneration. In conclusion, we suggest that trans-
neuronal degeneration and/or immaturity may account for
the abnormal diffusion changes in the GCT of the early
blind.
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