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The occipital cortex is the visual processing center in the mammalian brain. An unanswered scientific question pertains to the impact of
congenital visual deprivation on the development of various profiles within the occipital network. To address this issue, we recruited 30
congenitally blind participants (8 children and 22 adults) as well as 31 sighted participants (10 children and 21 adults). Our investigation
focused on identifying the gray matter regions and white matter connections within the occipital cortex, alongside behavioral measures,
that demonstrated different developmental patterns between blind and sighted individuals. We discovered significant developmental
changes in the gray matter regions and white matter connections of the occipital cortex among blind individuals from childhood to
adulthood, in comparison with sighted individuals. Moreover, some of these structures exhibited cognitive functional reorganization.
Specifically, in blind adults, the posterior occipital regions (left calcarine fissure and right middle occipital gyrus) showed reorganization
of tactile perception, and the forceps major tracts were reorganized for braille reading. These plastic changes in blind individuals may
be attributed to experience-dependent neuronal apoptosis, pruning, and myelination. These findings provide valuable insights into the

longitudinal neuroanatomical and cognitive functional plasticity of the occipital network following long-term visual deprivation.
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Introduction

Brain plasticity refers to the remarkable ability of the brain to
adapt to environmental constraints by reorganizing its gray and
white matter tissues (Rakic 2002; Araneda et al. 2016). Acquired
experiences play a powerful and sometimes invisible role in brain
development (Greenough et al. 1987; Kolb 1998), driving plastic
changes in both gray matter (Gaser and Schlaug 2003; Mechelli
et al. 2004; Draganski et al. 2006) and white matter (Scholz et al.
2009; Wong et al. 2011; Sampaio-Baptista et al. 2013; McKenzie
et al. 2014).

The occipital cortex, the location of the visual processing center
in the brain, undergoes significant plastic reorganization in blind
individuals following visual deprivation. These reorganizations
involve changes in gray matter including reduced gray matter
volume (GMV) in the bilateral primary visual cortex (Ptito et al.
2008; Bridge et al. 2009; Jiang et al. 2015), increased GMV in the
lingual gyrus (LING) (Voss et al. 2014) and the left association
visual cortex (Yang et al. 2014), and increased visual cortical
thickness (Bridge et al. 2009; Jiang et al. 2009; Park et al. 2009;
Voss and Zatorre 2012; Li et al. 2017). The reorganizations also
extend to white matter, including reduced white matter volume
(WMV) in the optic nerve, optic chiasm, optic radiation, geniculate
cortex tract, inferior longitudinal fasciculus (ILF), and splenium
of the corpus callosum (CC) (Noppeney et al. 2005; Shimony et al.
2006; Ptito et al. 2008; Park et al. 2009; Levin et al. 2010; Bock et al.
2013; Aguirre et al. 2016; Maller et al. 2016), increased WMV in the
superior longitudinal fasciculus (SLF) (Ptito et al. 2008), decreased
fractional anisotropy (FA) in the optic radiation, primary and
ventral visual areas, ILF, SLF, inferior fronto-occipital fasciculus

(IFOF) and splenium of the CC (Shimony et al. 2006; Yu et al. 2007;
Bridge et al. 2009; Shu et al. 2009; Levin et al. 2010; Reislev et al.
2016) and increased diffusivity [e.g. mean diffusivity (MD) and
radial diffusivity (RD)] in the splenium of the CC (Shu et al. 2009;
Levin et al. 2010). Furthermore, functional reorganization occurs
with the occipital cortex in blind individuals involving auditory
and tactile perception (Burton et al. 2004; Hotting and Roder 2009;
Gagnon et al. 2010; Kupers et al. 2010; Collignon et al. 2011; Dormal
et al. 2016), language processing (Amedi et al. 2004; Bedny et al.
2011; Striem-Amit et al. 2012; Watkins et al. 2012), braille reading
(Sadato et al. 1996; Hamilton et al. 2000; Burton et al. 2002, 2012),
and mathematics (Kanjlia et al. 2016).

Age has also been found to influence the alterations observed
in the brains of blind individuals. The duration of blindness nega-
tively correlates with WMV in the left pericalcarine and positively
correlates with cortical thickness in the primary somatosensory
cortex (Maller et al. 2016). The GMV in the primary sensory cortex
and WMV in bilateral optic radiations in early blind individuals
are associated with the age of blindness onset (Noppeney et al.
2005; Pan et al. 2007; Jiang et al. 2015). Cortical thickness is
greater in individuals with early blindness than in those with late
blindness and normal vision, while these latter two groups show
no differences (Jiang et al. 2009).

Although previous studies have elegantly elucidated the piv-
otal plastic mechanisms of the occipital network in blind indi-
viduals, the longitudinal development of different profiles within
the occipital network under congenital visual deprivation remains
unknown. This knowledge gap arises from the use of a mixed
subject sample of blindness in previous studies or the failure
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to comprehensively examine network development, investigate
both gray matter and white matter changes, or evaluate cognitive
behaviors in the same study. To overcome these limitations, our
study recruited 30 congenitally blind children and adults, along
with 31 sighted controls. We examined gray matter regions and
white matter connections within the occipital cortex as well
as behaviors, revealing developmental differences between blind
and sighted individuals (Fig. 1).

Materials and methods
Participants

Sixty-one Chinese participants were recruited for this study,
and detailed demographic information is presented in Table 1.
The participants consisted of 8 blind children, 22 blind adults,
10 sighted children, and 21 sighted adults. The blind and
sighted control groups were carefully matched based on age
[children: 10.63+2.45 yr old vs. 10.80+1.69 yr old, respectively;
t1e)=0.18, P=0.86; adults: 24.1445.31 yr old vs. 22.81+£2.58 yr
old; tuy=1.03, P=0.31], sex [children: males/females=6/2
vs. 7/3; x%1=0.06, P=0.81; adults: males/females=7/15 vs.
10/11; X2(1)=1~12, P=0.29], and handedness (Oldfield 1971)
[children: right/left handed=7/1 vs. 10/0; x*@1=1.32, P=0.25;
adults: left/right handed=21/1 vs. 21/0; x?n1=0.98, P=0.32].
There were no significant group differences in the years of
education obtained by the two groups of children [5.38+2.39
vs. 5.50+1.90; t16=0.12, P=0.90]. However, blind adults had a
significantly lower number of years of education than sighted
adults [14.00£2.27 vs. 16.38+1.86; t41=3.76, P<0.001]. This
group difference in educational level may be attributed to the
scarcity of special education schools in China, which resulted in
fewer years of learning for blind adults.

All recruited blind individuals were congenitally blind and had
acquired proficiency in using braille (blind children: 4.94 +2.27 yr
of experience; blind adults: 13.95+2.24 yr of experience). They
self-reported never being able to distinguish colors, shapes, or
motion. Among the 29 blind participants, 17 (blind children/blind
adults: 4/13) self-reported that they had minimal light percep-
tion. The sighted participants had normal or corrected-to-normal
vision. All participants were native Chinese speakers and reported
no known neurological disorders, head injuries, or brain damage.
They received compensation for their participation; adult par-
ticipants and the parents or guardians of the child participants
provided informed written consent. This study received full ethi-
cal approval from the Institutional Review Board of the National
Key Laboratory of Cognitive Neuroscience and Learning, Beijing
Normal University.

Behavioral data collection

Each participant underwent assessments of primary sensory per-
ception and high-level cognitive processing abilities. Primary sen-
sory perception was evaluated using a task specifically designed
for this purpose, while high-level cognitive processing abilities
were assessed using a word reading task. The word reading task
was chosen for several reasons. First, word reading is a cognitive
ability unique to humans and has been found to be associated
with changes in the occipital cortex in blind individuals (Sadato
et al. 1996; Bedny et al. 2011; Lin et al. 2022). Second, compared
with other cognitive abilities (e.g. memory, attention) that develop
from birth, word reading primarily develops from school age
(Olulade et al. 2013). Therefore, word reading performance can
be sensitive to developmental differences between children and
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adults in the present study. Third, word reading can be per-
formed using different input modalities for the two visual abilities
represented in the participant cohort: sighted individuals read
visual written scripts, while blind individuals read tactile braille.
Finally, word reading tasks can be flexibly designed to explore
various processing cognitive components and neural pathways.
In this study, we designed real word reading and nonword reading
tasks that differed in several aspects, such as the involvement
of semantic and phonological information (Vigneau et al. 2005;
Bedny et al. 2011) and reliance on the ventral and dorsal pathways
(Baron and Strawson 1976; Mandonnet and Duffau 2016).

The participants completed the tasks outside the scanner, with
each conducted in a separate session using the DisplayMaster
DirectX (DMDX) program (Forster and Forster 2003) on a PC for
the sighted groups. For the blind groups, stimuli were presented
on a braille display device (THDZ-40, http://www.qghgmx.com.cn/
index.html). The order of stimulus presentation was pseudoran-
domized but consistent across all participants. Each participant
performed the tasks in a quiet room and could request rest breaks
as needed.

Real word reading

This task consisted of 40 items for the child groups and 88 items
for the adult groups. Each item was either a single Chinese char-
acter (e.g. Bk meaning jump, /tiao4/ with the pinyin indicating the
tone of the preceding syllable) or a two-character Chinese word
(e.g. %% 4 meaning camel, /luo4tuo0/). The words were presented
visually on a screen or tactually on a braille display device.
Participants were instructed to verbally report the word that they
saw or touched as quickly as possible, and only the first complete
response was scored for each item.

Nonword reading

Each nonword consisted of two Chinese characters (e.g. $(#,
/zhi4xaing1/) that together do not exist in the Chinese language
corpus and have no meaning. There were 20 items for the child
groups and 40 items for the adult groups. Participants were
required to read the nonword stimuli aloud as quickly as possible,
and only the first complete response was scored for each item.

Primary sensory perception

To assess primary perceptual processing, a perceptual task
involving minimal semantic processing was used. For the
sighted groups, the perceptual size-matching subtest from the
Birmingham Object Recognition Battery (n=30; Riddoch and
Humphreys 1993) was employed. In each item, participants were
asked to determine whether the size of two dots was the same
and responded by pressing a button. This task was not suitable
for the blind subjects because they needed to touch the objects
successively rather than simultaneously, making it challenging
to complete the task under this constraint and resulting in an
inconsistent match in overall task difficulty between the two
groups. Therefore, a different task was used for the blind group
(i.e. meaningless symbol discrimination, n=18) with a difficulty
level comparable with that of the task for the sighted individuals.
In each item, two meaningless symbols (e.g. “\” and “#”) appeared
in a row on the braille display device. Participants touched the
symbols from left to right, determine if the two stimuli had the
same shape, and responded by pressing a button.

Note that the word reading tasks for the child groups had
fewer items than those for the adult groups. This was done to
prevent children from becoming tired, bored, or uncooperative
during testing. The number of items for the child groups were

$20z Arenuer 0 uo Jasn sseooe alls dNO Aq £010ZE2/9ZS | L/¥Z/SE/21911./100180/W02 dNO"dIWapede//:sd)y WOl PapEOjUMO(]


http://www.qhqmx.com.cn/index.html
http://www.qhqmx.com.cn/index.html
http://www.qhqmx.com.cn/index.html
http://www.qhqmx.com.cn/index.html
http://www.qhqmx.com.cn/index.html
http://www.qhqmx.com.cn/index.html
http://www.qhqmx.com.cn/index.html

11528 | Cerebral Cortex, 2023, Vol. 33, No. 24

Table 1. Demographic information of participants.

Subject group Subject Sex Handedness Yearsof age  Years of Cause of Light Years of
education blindness perception braille usage
Blind children
1 F R 9 4 OND Minimal 2.5
2 F R 11 6 ONH Minimal 6
3 M L 13 7 ONH None 7
4 M R 8 3 ROP None 4
5 M R 8 3 ROP None 3
6 M R 10 4 Microph- None 3
thalmia
7 M R 11 6 VH Minimal 6
8 M R 15 10 ED Minimal 9
Blind adults
1 F R 19 13 RP Minimal 13
2 F R 19 13 Unknown Minimal 13
3 F L 19 12 Unknown Minimal 12
4 F R 19 13 ONA Minimal 13
5 F R 19 9 Unknown Minimal 9
6 F R 20 14 ED None 14
7 F R 21 9 MD Minimal 9
8 F R 22 15 ONA None 15
9 F R 22 15 Unknown Minimal 15
10 F R 23 16 ROP None 16
11 F R 25 12 Cataracts None 12
12 F R 26 17 Unknown None 17
13 F R 27 15 ONA None 15
14 F R 29 12 ONA Minimal 12
15 F R 35 15 Unknown None 15
16 M R 20 14 ROP; ONA None 14
17 M R 20 14 Unknown Minimal 14
18 M R 25 16 Unknown Minimal 16
19 M R 26 15 FD Minimal 15
20 M R 26 18 Unknown Minimal 18
21 M R 32 15 Cataracts None 15
22 M R 37 16 Unknown None 15
Sighted children
1 F R 9 4 / / /
2 F R 10 4 / / /
3 F R 11 6 / / /
4 M R 9 4 / / /
5 M R 9 3 / / /
6 M R 11 5 / / /
7 M R 11 6 / / /
8 M R 11 6 / / /
9 M R 13 8 / / /
10 M R 14 9 / / /
Sighted adults
1 F R 18 12 / / /
2 F R 20 14 / / /
3 F R 20 14 / / /
4 F R 20 14 / / /
5 F R 21 15 / / /
6 F R 21 15 / / /
7 F R 21 17 / / /
8 F R 24 17 / / /
9 F R 24 17 / / /
10 F R 26 18 / / /
11 F R 27 19 / / /
12 M R 22 16 / / /
13 M R 22 16 / / /
14 M R 23 16 / / /
15 M R 23 17 / / /
16 M R 23 17 / / /
17 M R 23 17 / / /
18 M R 23 17 / / /
19 M R 23 18 / / /
20 M R 27 19 / / /
21 M R 28 19 / / /

Note. ED = eyeball dysplasia; F = female; FD = fundus dysplasia; L =left-handed; M = male; MD = macular dysplasia; ONA = optic nerve atrophy; OND = optic
nerve dysplasia; ONH = optic nerve hypoplasia; R =right-handed; ROP = retinopathy of prematurity; RP =retinitis pigmentosa; VH = vitreous hyperplasia.
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Fig. 1. Schematic flowchart for data analysis. (1) Generation of normalized, modulated, and smoothed GMV images (B) from native T1-weighted images
(A) by VBM analysis. (2) Two-way ANCOVA for the GMV in the occipital cortex (AAL template: #43-#54) was conducted to identify ROIs (C) with a
significant interactive effect. (3) A binary ROI mask was built in the MNI space for each ROI; the ROI mask of rCAL (D) is shown as an example. (4)
Linear registration was performed to transform T1-weighted images (A) to native FA images (F), resulting in a linear transformation matrix (T) from
the native T1 space to the native diffusion space. (5) Nonlinear registration from native T1-weighted images (A) to the T1 template of ICBM152 in MNI
space was performed (E), resulting in a nonlinear transformation matrix (n-T) from native T1 space to MNI space. (6) Transformation of the ROI mask
of rCAL in MNI space (D) to the native diffusion space was performed by applying the two inverse transformation matrices (T’, and n-T’) obtained from
the previous two steps, resulting in a subject-specific ROI mask in the native diffusion space (G). (7) Reconstruction of all the WM fibers (H) in the
whole brain from the native FA image (F) was performed by using DTI deterministic tractography. (8) Determination and normalization of the WM tract
(I) passing through the ROI for each subject to the MNI space was conducted. (9) A separate two-way ANCOVA was performed for each measure (i.e. FA,
AD, MD, and RD) of the WM tract and used to identify the WM clusters with significant interactive effects; the WM cluster in the IFM from the difference
analysis of AD is shown as an example (J) demonstrating a significant interactive effect. (10) Extraction of the residual values of brain indicators (i.e. the
mean residual GMV value in each ROI and the sum of the residual WM measures’ value in each significant WM cluster) was conducted for each subject
in each group after controlling for sex and TIV, taking the residual AD of the IFM in blind adults as an example. (11) Pearson correlation analysis was
conducted between the residual values of brain indicators and the performance of each behavior task (primary sensory perception task: -IE value; real
word reading task & nonword reading task: Residual -IE value, controlling for the -IE of the primary sensory perception task), taking the residual AD of
the IFM and nonword reading task in blind adults as an example. AAL = Automated Anatomical Labeling; AD = axial diffusivity; ANCOVA = analysis of
covariance; FA = fractional anisotropy; GM = gray matter; GMV = gray matter volume; IFM = left forceps major; MNI = Montreal Neurological Institute;
MD =mean diffusivity; rCAL =right calcarine fissure; RD = radial diffusivity; ROI =region of interest; TIV = total intracranial volume; VBM = voxel-based
morphometry; WM = white matter; -IE =negated inverse efficiency.

determined according to previous studies investigating children’s
reading abilities (e.g. Hu and Catts 1998; Greenberg et al. 2002;
Griffiths and Snowling 2002; Goswami et al. 2003; Dillon and
Pisoni 2004). Importantly, the items for the child groups were
randomly selected from the pool of items used for adults.

MRI data acquisition

All MRI scans were conducted on the same 3 T Siemens Prisma
scanner at the Imaging Center for Brain Research, Peking Univer-
sity. Two types of images were collected, as described below.
T1-weighted images

Sagittal acquisition was performed using a magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence with the

following imaging parameters: 192 sagittal slices covering the
entire brain; echo time (TE), 2.98 ms; repetition time (TR),
2530 ms; inversion time (TI), 1100 ms; 1-mm slice thickness; voxel
size, 0.5x 0.5 x 1.0 mm?; flip angle, 7°; and field of view (FOV),
256 x 256 mm?.

Diffusion-weighted imaging

Axial acquisition was performed using a single-shot echo-
planar imaging (EPI) sequence. The integral parallel acquisition
technique (iPAT) with an acceleration factor of 2 was used;
this allowed reduction of the acquisition time and image
distortion from susceptibility artifacts. The parameters were as
follows: 70 axial slices covering the whole brain; TE, 73 ms; TR,
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5100 ms; diffusion directions, 30; b-value 1, 0 s/mm?; b-value 2,
1000 s/mm?; b-value 3, 2000 s/mm?; 2-mm slice thickness; voxel
size, 2.0 x 2.0 x 2.0 mm?; flip angle, 60°; and FOV, 224 x 224 mm?.

Behavioral data preprocessing

The accuracy and reaction time (RT) of each item were recorded
for analysis. To mitigate the influence of extreme subject
responses, we excluded any item with a difference between its
RT and the average RT of all items that was greater than twice
the standard deviation of the RTs for each participant in each
task. In addition, we employed the negated inverse efficiency
(-IE) measure to account for potential trade-off effects between
speed and accuracy. The inverse efficiency was computed as the
ratio of the average RT of correct items to the overall accuracy
of all items ((Townsend and Ashby 1983). The sign of the inverse
efficiency was reversed to ensure that a higher -IE value for a
subject in a particular task corresponded to better performance
in that task.

MRI data preprocessing

T1-weighted images

These images were analyzed using Statistical Parametric Mapping
version 12 (SPM12) (http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/) with default parameters incorporating the Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra
(DARTEL) algorithm (Ashburner 2007). The image processing
procedure comprised (i) tissue segmentation using the DARTEL
algorithm and (ii) spatial normalization to Montreal Neurological
Institute (MNI) standard space; (iif) modulation by the Jacobian
determinants generated during spatial normalization (Goldszal
et al. 1998; Ashburner and Friston 2000), with a voxel size of
1.5x 1.5 x 1.5 mm? after image normalization and modulation;
and (iv) image smoothing with a Gaussian kernel of 4 mm full-
width at half maximum (Fig. 1). Considering that the shape
and size of children’s brains are different from those of adults,
we used the age-specific Chinese pediatric atlas (CHN-PD)
(Zhao et al. 2019) (https://www.nitrc.org/projects/chn-pd) for
normalization in the voxel-based morphometry (VBM) analysis
for child participants to improve the normalization accuracy. To
compare the brain structural differences between children and
adults in the following analyses, we transformed the children’s
images into the same MNI space as the adults’ images (Zhao et al.
2019; Lin et al. 2022; Xia et al. 2022). Then, two-way analysis
of covariance (ANCOVA) of the GMV in the occipital cortex
was conducted among the four groups, and the reported gray
matter clusters with significant interactive effects were defined
as regions of interest (ROIs) for the subsequent analyses. The
procedures are described in detail as follows.

Diffusion-weighted images
These images were preprocessed using a pipeline tool for analyz-
ing brain diffusion images, PANDA (Cui et al. 2013) (http://www.
nitrc.org/projects/panda/). The procedure included the following
steps: (i) converting the raw diffusion files into a single 4D image;
(i) extracting brain tissue from the diffusion-weighted image,
skull removal, and cropping gap; (iii) producing the images from
which diffusion metrics [i.e. FA, axial diffusivity (AD), MD, and RD)]
could be extracted; (iv) normalizing the diffusion metric images of
native space to MNI space with a voxel size of 2.0 x 2.0 x 2.0 mm?;
and (v) smoothing the images with a 6 mm Gaussian kernel.

To determine the white matter tracts that passed through the
ROIs defined in the gray matter analyses, we performed determin-
istic fiber tracking with Diffusion Toolkit (http://trackvis.org/dtk/)

(Wang et al. 2007) in the individual native diffusion space. For each
ROl in each individual, the ROI mask in MNI space obtained from
the previous gray matter statistical analysis was initially trans-
formed into the native diffusion space. The detailed procedure
included the following steps (Fig. 1). (i) Briefly, the individual T1-
weighted image was coregistered to the individual FA image in the
native diffusion space via linear transformation. (ii) A nonlinear
registration from the native T1-weighted image to the T1 template
of ICBM152 in MNI space was conducted. (iii) The ROI mask in MNI
space was transformed to the native diffusion space by applying
the two resulting inverse transformations obtained above, which
resulted in a subject-specific ROI mask in the native diffusion
space. (iv) Then, deterministic fiber tracking was conducted to
reconstruct all the white matter fibers in the whole brain by utiliz-
ing the fiber assignment by continuous tracking (FACT) algorithm
(Mori et al. 1999; Mori and van Zijl 2002). Tracking was terminated
if/when the crossing angle of two consecutive orientations was
>45° or the FA value was <0.2. (v) We then extracted the white
matter fibers passing through or terminating in the ROIL Finally,
the tract images were transformed into MNI space for subsequent
statistical analysis.

Statistical analyses
Behavioral performance

Two-way analysis of variance (ANOVA) with two levels for vision
(blind vs. sighted) * two levels for age (children vs. adults) was
performed with the -IE measures from each task. The two-tailed
independent two-sample t test was used for post hoc analysis.
All comparisons were corrected by false discovery rate (FDR)
(9 <0.05).

Blindness-relevant gray matter regions in the occipital
cortex

To identify the blindness-relevant gray matter regions in the
occipital cortex, we conducted two-way ANCOVA with two levels
for vision (blind vs. sighted) * two levels for age (children vs.
adults) on the basis of VBM for the GMV values in the occipital
cortex. In this analysis, the two covariates of no interest were
sex and total intracranial volume (TIV) (Pell et al. 2008; Barnes
et al. 2010; Peelle et al. 2012). TIV was calculated as the sum
of the normalized, modulated, smoothed tissue segments (gray
matter + white matter + cerebrospinal fluid). We treated the
occipital regions (#43-#54) in the Automated Anatomical Labeling
(AAL) template (Tzourio-Mazoyer et al. 2002) as the gray matter
mask. The clusters with significant interactions (FDR corrected,
q <0.001; cluster size > 150 voxels) were defined as ROIs for the
subsequent analyses (Fig. 1). To further reveal the pattern of the
interaction in each ROI, post hoc two-tailed two-sample t tests
were performed to compare the mean GMV values among the four
subject groups (FDR corrected, q < 0.05).

Blindness-relevant white matter tracts connecting with the
occipital regions

To identify white matter tracts that were influenced by blind-
ness and connected with the aforementioned occipital ROIs, we
conducted two-way ANCOVA. This analysis involved two levels
for vision (blind vs. sighted) * two levels for age (children vs.
adults), with sex and TIV considered as additional covariates for
each white matter measure (including FA, AD, MD, and RD) of
the white matter tract connecting each ROI. Gaussian random
field (GRF) correction (voxel-level P <0.005, cluster-level P < 0.05;
cluster size > 15 voxels) was utilized with a white matter mask for
the white matter tract connecting each RO]I, created by the sum

$20z Arenuer 0 uo Jasn sseooe alls dNO Aq £010ZE2/9ZS | L/¥Z/SE/21911./100180/W02 dNO"dIWapede//:sd)y WOl PapEOjUMO(]


http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.nitrc.org/projects/chn-pd
https://www.nitrc.org/projects/chn-pd
https://www.nitrc.org/projects/chn-pd
https://www.nitrc.org/projects/chn-pd
https://www.nitrc.org/projects/chn-pd
https://www.nitrc.org/projects/chn-pd
https://www.nitrc.org/projects/chn-pd
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://www.nitrc.org/projects/panda/
http://trackvis.org/dtk/
http://trackvis.org/dtk/
http://trackvis.org/dtk/
http://trackvis.org/dtk/

Table 2. Mean (standard deviation) values for the three behavioral tasks for each subject group.
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Blind adults

Sighted children

Sighted adults

Task Blind children

ACC Real word reading 0.87 (0.17)
Nonword reading 0.80 (0.18)
Primary sensory perception 0.89 (0.09)

RT (ms) Real word reading 2367.21 (706.28)
Nonword reading 2552.33 (1088.42)
Primary sensory perception 3848.58 (1590.17)

-IE Real word reading —2962.39 (1653.78)
Nonword reading —3910.54 (3623.78)
Primary sensory perception —4483.34 (2316.21)

0.93 (0.05) 0.97 (0.03) 0.99 (0.01)
0.98 (0.03) 0.93 (0.05) 0.97 (0.03)
0.94 (0.08) 0.83 (0.07) 0.87 (0.06)
2014.92 (462.11) 729.09 (115.07) 823.24 (175.61)
2513.48 (667.08) 1006.43 (220.11) 938.71 (221.14)
2583.25 (674.34) 964.06 (288.64) 833.74 (213.60)

—2077.05 (476.55)
—2724.06 (776.02)
—2752.19 (695.53)

—755.43 (121.82)
—1080.09 (233.65)
—1174.99 (390.92)

—835.34 (184.60)
—965.91 (233.52)
—949.92 (211.16)

Note. ACC =accuracy; RT =reaction time; -IE = negated inverse efficiency.

of voxels containing white matter fibers for each group (Fig. 1).
Within each group, the voxels were considered to contain fibers
if no <20% of subjects had fibers in them. Then, we adopted the
John Hopkins University (JHU) International Consortium for Brain
Mapping atlas (Hua et al. 2008), a widely used human brain white
matter tractography template, to identify the white matter tracts
with significant differences between groups. Post hoc two-tailed
two-sample t tests were performed (FDR corrected, q < 0.05).

Behaviors associated with the blindness-relevant occipital
structural network

To elucidate the changes in cognitive function accompanied
by structural alterations in blind individuals, we examined
the relationship between brain structure (gray matter cortex,
white matter connectivity) alterations and cognitive behavioral
performance. Specifically, we performed Pearson correlation
analysis between (i) the mean residual GMV values of the ROIs and
(ii) the sum of the residual FA, AD, MD, RD values for significant
white matter tracts (after controlling for sex and TIV) and the
performance of three behavior tasks [primary sensory perception
task: -IE value; real word reading task and nonword reading task:
residual -IE value (controlling for the -IE value of the primary
sensory perception task, to control the influence of different
input modalities in two reading tasks between the blind and
the sighted)] across subjects within each group (FDR corrected,
q <0.05) (Fig. 1).

Note that all blind subjects were congenital blind, who expe-
rienced vision loss from birth. The age of blindness onset was
uniformly zero years, resulting in no variance within this cohort.
Therefore, we did not consider it in the statistical analyses.

Results
Behavioral performance

Table 2 shows the mean accuracy, RTs, and -IE values for each
task in each subject group. For the -IE in each task, we separately
conducted two-way ANOVA with two levels for vision (blind vs.
sighted) * two levels for age (children vs. adults). There were
significant interactions of age and vision for -IE in the real word
reading [F(;,s57=6.75, P=0.01] and primary sensory perception
[F1,57=8.13, P=0.006] tasks, while the interaction term was not
significant in the nonword reading task [F s7=0.10, P=0.17].
Between the two blind groups, the adults performed better than
the children in both real word reading [t;g =2.32, FDR corrected
P=0.04] and primary sensory perception [t(g =3.21, FDR corrected
P=0.004]. In contrast, for the two sighted groups, the adults
performed comparably with the children in both tasks [real word

reading: tpg) =1.24, FDR corrected P=0.22; primary sensory per-
ception: tpg) =2.10, FDR corrected P=0.05].

Blindness-relevant gray matter regions in the
occipital cortex

Using two-way ANCOVA (covarying for sex and TIV) for the vox-
elwise GMV values in the occipital mask, we obtained five ROIs
with significant interaction (FDR corrected, q < 0.001; cluster size
> 150 voxels) (Fig. 2). The ROIs included the left calcarine fissure
[ICAL; peak coordinates: x=—9,y=—-100.5, z=—13.5; F(1 57 =40.72;
181 voxels], left superior occipital gyrus [ISOG; peak coordinates:
x=-16.5 y=-97.5, z=12; Fj157=85.18; 1688 voxels], right CAL
[rCAL; peak coordinates: x=18, y=—75, z=13.5; F157=153.24;
614 voxels], right LING [rLING; peak coordinates: x=27, y=-91.5,
z=-13.5; F157=87.75; 1031 voxels], and right middle occipital
gyrus [rMOG; peak coordinates: x=42,y=—-90,z="1.5; F1 57 =67.73;
595 voxels].

The interaction of the GMV values of the five ROIs demon-
strated two different patterns (Fig.2). The first pattern was
present in the three anterior ROIs (i.e. 1SOG, rCAL, and rLING).
Regarding the two groups of children, the GMV values in the blind
group were significantly lower than those in the sighted group
[ISOG: t(16)=8.75; ICAL: t(1) = 8.89; TLING: t(16)=7.37; FDR corrected
Ps < 0.001]. Regarding the two groups of adults, compared with
the sighted group, the blind group had significantly higher GMV
values [ISOG: t41)=5.47, FDR corrected P=0.02; TCAL: ty1)=2.49,
FDR corrected P < 0.001; rLING: 41y =5.79, FDR corrected P < 0.001].
Regarding the two sighted groups, the GMV values of the
children were significantly higher than those of the adults [ISOG:
tog) =12.48; 1CAL: tp9)=15.83; rLING: tp9)=11.50; FDR corrected
Ps < 0.001]. Regarding the two blind groups, compared with the
adults, the children had significantly lower GMV values in the
TLING [tqpg)=2.33, FDR corrected P=0.03]. Compared with those of
sighted individuals, the GMV values of these three anterior ROIs
in blind individuals were decreased in childhood but increased in
adulthood. From childhood to adulthood, the GMV values of these
three anterior ROIs decreased in sighted individuals but increased
or were stable in the blind individuals.

The second pattern was evident in the two posterior ROIs (ICAL
and rMOG). Regarding the two groups of children, the GMV values
in the blind group were significantly higher than those in the
sighted group [ICAL: t(16=4.55, FDR corrected P <0.001; rMOG:
tue)=3.07, FDR corrected P=0.01]. Regarding the two groups of
adults, compared with the sighted group, the blind group had
significantly lower GMV values [ICAL: t(41) =4.95; IMOG: ty41y=7.37;
FDR corrected Ps<0.001]. Regarding the two sighted groups,
the GMV values in adults were significantly higher than those
in children [ICAL: tpg)=9.18; rMOG: tp =10.95; FDR corrected
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Fig. 2. Occipital gray matter regions with significant interactions (vision * age) for the GMV values and their associated behaviors. The five regions
with significant interactions and their results are shown in different colors. Error bars indicate the standard error of the mean. FDR corrected (q < 0.05):
#P <0.15; *P < 0.05; **P < 0.01; ***P < 0.001. CAL = calcarine fissure; GMV = gray matter volume; 1/L =left hemisphere; LING =lingual gyrus; MOG = middle
occipital gyrus; r/R =right hemisphere; SOG = superior occipital gyrus; -IE =negated inverse efficiency.

Ps <0.001]. However, the values were not significantly different
between the two blind groups in the two ROIs [ICAL: t(5) =0.76;
rMOG: t(pg) =0.58; FDR corrected Ps > 0.46]. The GMV values of the
two posterior ROIs in blind individuals increased in childhood
but decreased in adulthood compared with those in sighted
individuals. From childhood to adulthood, the GMV values of the
two posterior ROIs increased in sighted individuals but remained
unchanged in blind individuals.

Behaviors associated with blindness-relevant
occipital regions

We assessed the correlations of the mean residual GMV value of
each of the five ROIs with performance of three behavioral tasks
across subjects in each group. Significant or marginally significant
correlations were observed only in the blind adult group (Table 3
and Fig. 2). The following correlations with mean residual GMV
were negative: the ICAL-primary sensory perception correlation
(r=—0.58, FDR corrected P=0.02) and the rMOG-primary sensory
perception correlation (r=-0.46, P=0.03, FDR corrected P=0.08).
These results suggest that long-term congenital blindness is
correlated with plastic reorganization of the posterior occipital
cortices, enabling their involvement in processing tactile percep-
tion in adulthood.

Blindness-relevant white matter tracts
connecting with the occipital regions

For each of the five identified ROIs, we first obtained a mask
including all the white matter fibers connected with that ROL
In the mask, we performed two-way ANCOVA (partialling out sex
and TIV) for each white matter measure (FA, AD, MD, and RD) and
masked the clusters with significant interaction effects (GRF cor-
rected, voxel-level P < 0.005, cluster-level P < 0.05; cluster size > 15
voxels). We found that the only significant interaction appeared
in the white matter mask connecting with the rCAL. Moreover,
the effects were similar across the four measures, including the
peak locations and the cluster sizes. The significant clusters were
distributed among three tracts on the JHU template: right IFOF
(rIFOF), left forceps major (IFM), and right FM (rFM) (Table 4 and
Fig. 3).

The patterns of interaction effects were similar across the
tracts (Fig. 3). Regarding the two groups of children, the white
matter measure values in the blind group were significantly
lower than those in the sighted group [rIFOF: te) >2.74, GRF
corrected Ps < 0.02; IFM: t(16) > 10.25, GRF corrected Ps < 0.001; rFM:
tue) > 3.90, GRF corrected Ps < 0.001]. Regarding the two groups of
adults, compared with those of the sighted group, the white mat-
ter measures values of the blind group were significantly reduced
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Fig. 3. Occipital white matter tracts with significant interactions (vision * age). The white matter fibers passing through the rCAL are shown in green.
Three clusters with significant interactions and their results are shown in different warm colors. Error bars indicate the standard error of the mean.
FDR corrected (q <0.05): *P <0.05; **P < 0.01; ***P <0.001. AD=axial diffusivity; CAL = calcarine fissure; FA=fractional anisotropy; FM =forceps major;
IFOF =inferior fronto-occipital fasciculus; I/L =left hemisphere; MD =mean diffusivity; r/R =right hemisphere; RD =radial diffusivity.
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Table 3. Correlation coefficients between the residuals of the GMV (controlling for sex and TIV) and the performance of three tasks (-IE
of primary sensory perception task; and residual -IE of two reading tasks, after controlling for the -IE of primary sensory perception

task) in each ROI for each subject group.

Subject group Task ROI
ICAL 1SOG rCAL rLING MOG
Blind children
Real word reading 0.10 —0.57 —0.18 0.16 —0.09
Nonword reading —-0.20 —0.56 0.05 0.43 0.06
Primary sensory perception 0.47 0.60 0.21 0.21 0.56
Blind adults
Real word reading -0.24 —0.26 —0.24 -0.01 0.08
Nonword reading —-0.40 —0.24 -0.19 0.04 -0.18
Primary sensory perception —0.58* —0.25 0.18 —0.28 —0.46*
Sighted children
Real word reading 0.47 0.05 —0.55 0.22 0.54
Nonword reading 0.42 0.05 —0.63 0.11 0.48
Primary sensory perception 0.40 0.22 -0.17 0.25 0.63
Sighted adults
Real word reading -0.11 —0.09 0.16 0.06 -0.02
Nonword reading —-0.28 -0.23 0.15 0.02 —-0.02
Primary sensory perception -0.21 —0.16 0.24 -0.16 -0.33

Note. FDR corrected (q < 0.05): #P < 0.15; *P < 0.05. CAL = calcarine fissure; GMV = gray matter volume; 1 = left hemisphere; LING =lingual gyrus; MOG =middle
occipital gyrus; r =right hemisphere; ROl =region of interest; SOG = superior occipital gyrus; TIV = total intracranial volume; -IE =negated inverse efficiency.

Table 4. White matter tracts with significant interactions in ANCOVA for each white matter measure.

White matter tract White matter measures X y z Cluster size F value
rIFOF FA 30 —72 0 16 16.81
AD 30 —72 0 16 20.39
MD 30 —72 0 16 21.92
RD 30 —72 0 16 23.45
IFM AD 0 —38 8 27 35.58
MD 0 —38 8 28 37.54
RD 2 —38 8 27 39.46
rFM AD 20 —46 12 67 155.61
MD 20 —46 12 60 119.11
RD 28 —60 16 17 18.43

Note. AD = axial diffusivity; ANCOVA = analysis of covariance; FA = fractional anisotropy; MD = mean diffusivity; RD =radial diffusivity.

or unchanged in the bilateral FM [IFM: ty) =3.18, GRF corrected
P=0.004; rFM: ti41) > 2.56, GRF corrected Ps < 0.02] and showed a
more complex reorganization pattern in the rIFOF [ty > 2.33, GRF
corrected Ps < 0.03]. Regarding the two sighted groups, the white
matter measures values were significantly lower in the adults
than in the children [rIFOF: t(q) > 5.35, GRF corrected Ps <0.001;
IFM: t(p9) > 19.68, GRF corrected Ps <0.001; rFM: tpo) >3.90, GRF
corrected Ps <0.002]. Regarding the two blind groups, the differ-
ences in the measures did not reach the significance level (GRF
corrected, Ps > 0.05). These results indicate that the white matter
values of these tracts were lower in blind individuals than in
sighted individuals in both childhood and adulthood, but the
differences in adulthood were reduced to no difference from those
in childhood. From childhood to adulthood, the white matter
values of these tracts decreased in sighted individuals but were
unchanged in blind individuals.

Behaviors associated with blindness-relevant
occipital tracts

We assessed the correlations of the mean residual of each white
matter measure in each of the three white matter clusters (rIFOF,
IFM, and rFM) with the performance of three behavioral tasks
across subjects in each group. Significant correlations with -IE

only appeared in the IFM and rFM in blind adults (Table 5 and
Fig. 4). Significant positive correlations in the IFM appeared for
each pair between one of the three white matter measures (AD,
MD, and RD) and one of the two reading tasks (rs>0.49, FDR
corrected Ps < 0.03). Each of the three white matter measures (AD,
MD, and RD) of the rFM was significantly or marginally signifi-
cantly positively correlated with the nonword reading task (AD:
r=0.47,P=0.03, FDR corrected P=0.12; MD: r=0.57, FDR corrected
P=0.05; RD: r=0.43, P=0.05, FDR corrected P=0.14). These results
show that long-term congenital blindness leads to a correlation
between the bilateral FM tracts and braille reading in adulthood.

Discussion

By recruiting congenitally blind participants across different age
groups (children and adults) as well as sighted controls, we inves-
tigated the developmental reorganization of gray and white mat-
ter in the occipital cortex, as well as behavioral changes resulting
from visual experience deprivation. Our findings revealed distinct
developmental patterns in the anterior and posterior occipital
regions (1SOG, rCAL, rLING, ICAL, and tMOG) when comparing the
GMV values of blind individuals with those of sighted individuals.
Specifically, the GMV values of blind individuals decreased in
childhood and increased in adulthood in the anterior occipital
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Fig. 4. Significant brain-behavior correlations in the occipital white matter tracts with significant interactions (vision * age). The white matter fibers
passing through the rCAL are shown in green. The two white matter clusters with significant correlations and their results are shown in different warm
colors. FDR corrected (q < 0.05): #P <0.15; *P < 0.05; **P <0.01. AD = axial diffusivity; CAL =calcarine fissure; FM = forceps major; 1/L =left hemisphere;
MD =mean diffusivity; r/R =right hemisphere; RD =radial diffusivity; -IE = negated inverse efficiency.
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Table 5. Correlation coefficients between the residuals of the white matter measures (controlling for sex and TIV) and the performance
of three tasks (-IE of primary sensory perception task; and residual -IE of two reading tasks, after controlling for the -IE of primary

sensory perception task) in each tract within each group.

Subject group Task rIFOF IFM FM
FA AD MD RD AD MD RD AD MD RD
Blind children
Real word reading —0.56 —0.07 0.36 0.64 0.52 0.40 0.04 0.70 0.35 0.12
Nonword reading —0.41 0.00 0.35 0.56 0.15 0.16 0.07 0.43 0.17 0.02
Primary sensory perception  —0.30 —0.48 —0.30 0.04 —0.28 —0.59 —0.55 0.01 —-0.41 —0.46
Blind adults
Real word reading 0.01 0.29 0.21 0.14 0.50* 0.56* 0.51* 0.24 0.36 0.25
Nonword reading —0.13 0.40 0.38 0.30 0.65** 0.64** 0.49* 0.47* 0.57* 0.43*
Primary sensory perception —0.10 0.25 0.28 0.25 0.17 0.23 0.26 0.11 0.19 0.13
Sighted children
Real word reading 0.35 —0.01 -0.24 —-0.35 —0.24 —0.30 —0.24 0.33 -0.13 -0.27
Nonword reading 0.45 —0.10 —0.37 —0.48 —0.19 —0.30 -0.29 0.23 —0.22 —0.32
Primary sensory perception 0.59 0.58 0.17 —-0.14 —-0.14 —0.05 —-0.19 0.09 —-0.14 -0.17
Sighted adults
Real word reading —0.36 —0.01 0.25 0.37 -0.32 -0.23 0.06 0.16 0.26 0.20
Nonword reading —0.44 —0.05 0.25 0.41 —0.15 —0.04 0.18 0.23 0.41 0.35
Primary sensory perception  —0.12 —-0.41 —0.33 —0.16 —0.15 -0.12 0.02 -0.35 -0.18 0.00

Note. FDR corrected (q < 0.05): #P < 0.15; *P < 0.05; **P < 0.01. AD = axial diffusivity; FA = fractional anisotropy; FM = forceps major; IFOF = inferior fronto-occipital
fasciculus; 1=1eft hemisphere; MD =mean diffusivity; r=right hemisphere; RD =radial diffusivity; TIV =total intracranial volume; -IE = negated inverse

efficiency.

regions (ISOG, rCAL, and rLING), while the opposite developmental
pattern was observed in the posterior occipital regions (ICAL and
rMOG). With increasing age, we observed that the GMV values
of sighted individuals decreased in anterior occipital regions and
increased in posterior occipital regions. In contrast, the GMV
values in the blind individuals remained unchanged or exhibited
the inverse developmental trajectory. This suggests that long-
term congenital blindness leads to plastic reorganization in the
occipital cortex, enabling the posterior regions to respond to
tactile stimuli and contribute to adult blind individuals.

Furthermore, we examined white matter measures in three
specific white matter tracts (rIFOF, IFM, and rFM) connected to
the rCAL in blind individuals. Compared with sighted individuals,
blind individuals demonstrated a decrease in these measures
during childhood, with the differences diminishing or even disap-
pearingin adulthood. In addition, with age, these values decreased
in sighted individuals but were unchanged in blind individuals.
Interestingly, long-term visual loss resulted in the bilateral FM
tracts participating in braille reading during blind adulthood.

Overall, our study provides valuable insights into the develop-
mental plasticity of different occipital cortex profiles following
congenital visual loss.

Morphological alterations in the occipital cortex

In sighted individuals, the occipital lobe serves as the primary
visual processing center in the brain and encompasses various
anatomical regions of the visual cortex. Previous research has
established that gray matter morphology in the occipital cortex
can undergo plastic changes in response to visual loss (Ptito et al.
2008; Bridge et al. 2009; Jiang et al. 2009, 2015; Park et al. 2009; Voss
and Zatorre 2012; Yang et al. 2014; Li et al. 2017). However, these
studies primarily focused on examining the effects of visual depri-
vation at a specific developmental stage, either during childhood
or adulthood. Consequently, it has been challenging to determine
the longitudinal developmental trajectories of gray matter alter-
ations resulting from long-term visual deficits. To address this
gap, the present study recruited two samples of congenitally blind
individuals spanning different age groups (children and adults)

as well as two control groups of sighted individuals. Our findings
revealed distinctive developmental trajectories in gray matter
morphology within five occipital regions.

Regarding the three anterior occipital regions (ISOG, rCAL, and
rLING), the reduced GMV observed in congenitally blind individ-
uals during childhood may be attributed to structural atrophy
associated with the loss of visual function (Ptito et al. 2008; Bridge
et al. 2009; Jiang et al. 2015). The axons and synapses pruned
during development are typically experience-dependent phenom-
ena in normally sighted individuals (Kolb and Whishaw 1998). In
adulthood, the increased GMV in blind adults might indicate that
these three regions were not recruited by cognitive functions and
lacked experience-dependent cortical pruning. From childhood to
adulthood, the reduction in GMV in the sighted individuals might
also be due to cognitive functional specialization, which results
in experience-dependent cortical pruning of neurons unrelated
to current cognitive function. However, for congenitally blind
individuals, the unchanged GMV values in these regions might be
because the regions are “idle” after visual loss and not recruited
by new cognitive demands, suggesting that the neurons in these
regions were not pruned. This is consistent with our results
indicating that these three regions were not correlated with the
performance of tactile perception and braille reading tasks in
either blind group (Fig. 2).

Regarding the two posterior occipital regions (ICAL and rMOG),
our findings indicated an increase in the GMV in childhood fol-
lowed by a reduction in adulthood among blind individuals. In
adulthood, the reduction in the GMV in blind individuals may be
attributed to cognitive functional specialization, a phenomenon
typically observed in normally sighted individuals. This special-
ization leads to experience-dependent cortical pruning of neurons
unrelated to the current cognitive function (Bridge et al. 2009;
Jiang et al. 2009; Raznahan et al. 2011; Anurova et al. 2015). The
cognitive functionality of these regions in blind individuals is
influenced by cross-modal plasticity, enabling them to assume
new tactile cognitive functions. With increasing age, the GMV
values in sighted individuals increased, which may be interpreted
as evidence of neuronal development after birth (Giedd et al. 1999;
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Gogtay et al. 2004; Lenroot et al. 2007; Groeschel et al. 2010;
Raznahan et al. 2011; Mills et al. 2016). However, the GMV values
in congenially blind individuals were unchanged with age. This
may be because the cognitive functionality of these regions in
blind individuals was affected by cross-modal plasticity, taking
on new tactile cognitive functions. Indeed, our results showed
the structural values of these regions were correlated with the
performance of the primary tactile perception.

Reorganization of white matter connections from
the occipital cortex

Brain plasticity involves structural reorganization, which may be
attributed to increased myelination of intracortical neurons or
enhanced fiber connectivity (Voss et al. 2014; Sampaio-Baptista
and Johansen-Berg 2017). Myelination is the process by which
myelin sheaths develop around nerve fibers, facilitating faster
and more directed nerve conduction (Hartline and Colman 2007;
Freeman et al. 2016). White matter measures, such as FA, AD,
MD, and RD, are sensitive to the degree of myelination. Greater
myelination, increased fiber density, and coherence of axon ori-
entations contribute to decreased MD and RD and increased FA
(Aboitiz et al. 1992; Song et al. 2002; Moura et al. 2016; Pohl
et al. 2016). However, the tortuosity or straightening of axons
influences the AD value (Joosten and Bar 1999; Takahashi et al.
2000; Giorgio et al. 2010; Brouwer et al. 2012). Previous studies
on various diseases (Metwalli et al. 2010; Rosas et al. 2010; Salat
et al. 2010; Della Nave et al. 2011; Zhang et al. 2016) have provided
pathological evidence of these relationships, with higher diffu-
sion measures corresponding to more severe atrophy in diseases.
Abnormal increases in white matter diffusion are associated with
abnormal myelination or demyelination (Song et al. 2005). Thus,
in our study, the reduced white matter measures (i.e. AD, MD, and
RD) observed in blind children relative to sighted controls reflect
myelination changes in the rIFOF and FM during childhood. How-
ever, in adulthood, there were minimal or no differences between
the two adult groups, suggesting cognitive functional reorganiza-
tion of these tracts in adulthood. From childhood to adulthood,
the reduction in white matter measures in sighted individuals
reflected both the maturation of white matter clusters in the
rIFOF and FM accompanied by the myelination of intracortical
neurons during development. However, there were no differences
in any of the measures between the two blind groups, and the
values were very small, suggesting that the myelination of the
rIFOF and FM had occurred in childhood and that these tracts
were able to be cognitively functionally reorganized.

Our findings align with previous studies conducted on animals
and humans, which also demonstrated plastic structural changes
in the IFOF and FM (as the posterior segment of the CC) in blind
adults (Yu et al. 2007; Bock et al. 2013; Tomaiuolo et al. 2014).
Moreover, our study contributes by elucidating the developmental
trajectory of the IFOF and FM from childhood to adulthood and
highlights the crucial role of myelination in this process.

Cross-modal cognitive functional plasticity of the
occipital structural network

We observed that long-term blindness resulted in a correlation
between the structural values of the occipital cortex regions and
the performance of tactile perception task. These findings are
consistent with previous studies that have revealed the partici-
pation of the occipital cortices in blind individuals’ auditory and
tactile perception (Burton et al. 2004; Hotting and Roder 2009;
Gagnon et al. 2010; Kupers et al. 2010; Collignon et al. 2011; Dormal
etal. 2016), braille reading (Sadato et al. 1996; Hamilton et al. 2000;
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Burton et al. 2002, 2012), language processing (Amedi et al. 2004;
Bedny et al. 2011, 2015; Striem-Amit et al. 2012; Watkins et al.
2012), and mathematics (Kanjlia et al. 2016).

In addition, our study suggested that long-term blindness led
to a correlation between IFM and rFM tracts and braille reading
abilities. The FM tract is a white matter pathway that connects the
occipital lobes and crosses the midline through the splenium of
the CC. Previous research has identified associations between the
FM tracts and various cognitive functions in sighted individuals,
including topographical orientation (Tamura et al. 2007), delayed
memory (Liu et al. 2021), and face recognition (Thomas et al. 2009).
Moreover, studies have demonstrated that damage to the FM tract
can lead to reading disorders in sighted individuals (Damasio and
Damasio 1983; Binder and Mohr 1992).

The posterior occipital regions and FM tracts in the blind
transition from non-involvement in tactile perception and braille
reading during childhood to undergoing cognitive functional reor-
ganization during adulthood, participating in tactile perception
and braille reading processing.

Regrettably, we did not find a correlation between these two
tracts and visual word reading performance in our sighted sub-
jects. These null results may be due to insufficient sensitivity of
our word reading task in sighted individuals or the possibility that
the involvement of FM tracts in reading may only manifest in
abnormal conditions, such as brain lesions or visual deprivation.
Nevertheless, our study is the first to observe the contribution
of FM tracts to braille reading in congenitally blind adults. This
suggests that long-term blindness leads to the recruitment of
these tracts for tactile word reading.

Limitations

This study has several limitations to acknowledge. First, the sam-
ple size of blind children was small, due to recruitment challenges
associated with the low incidence of congenital blindness. Second,
the subjects in different age groups were not the same, indicating
that this study did not have a longitudinal design. Third, our focus
was solely on the interactive effects of age and vision, without
considering the main effects. Fourth, we observed a dissociation
between reading real words and nonwords in blind adults, and
the underlying mechanisms need to be fully explored in future
studies. Fifth, the way of stimulus presentation in the primary
sensory perception task was not consistent in different vision
groups, which should be addressed in future researches. Sixth, the
blind subjects in this study were congenitally blind individuals
with no variability in the age of blindness onset. Consequently,
there was a lack of investigating the influence of the blindness
onset on the reorganization of the occipital structural network
in blindness. Last, it should be noted that the blind adults had a
lower educational level than the sighted adults, which could have
potentially confounded the observed developmental differences.

Conclusion

In conclusion, this study provided insights into the develop-
mental reorganization of the structural network in the occipital
cortex resulting from congenital blindness. From childhood to
adulthood, blind individuals exhibited significant developmen-
tal changes in the occipital anatomical structures (specific
regions and connections) relative to sighted individuals, along
with cognitive functional reorganization in certain structures.
Specifically, the posterior occipital regions (ICAL and rMOG)
were involved in tactile perception, and the FM participated in
braille reading in blind adults. These structural and cognitive
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functional plastic changes due to visual deprivation may be
attributed to experience-dependent neuronal apoptosis, pruning,
or myelination.
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