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The thalamus is heavily involved in relaying sensory signals to the cerebral cortex. A relevant issue is how the
deprivation of congenital visual sensory information modulates the development of the thalamocortical network.
The answer is unclear because previous studies on this topic did not investigate network development, structure-
function combinations, and cognition-related behaviors in the same study. To overcome these limitations, we
recruited 30 congenitally blind subjects (8 children, 22 adults) and 31 sighted subjects (10 children, 21 adults),
and conducted multiple analyses [i.e., gray matter volume (GMV) analysis using the voxel-based morphometry
(VBM) method, resting-state functional connectivity (FC), and brain-behavior correlation]. We found that con-
genital blindness elicited significant changes in the development of GMV in visual and somatosensory thalamic
regions. Blindness also resulted in significant changes in the development of FC between somatosensory thalamic
regions and visual cortical regions as well as advanced information processing regions. Moreover, the somatosen-
sory thalamic regions and their FCs with visual cortical regions were reorganized to process high-level tactile
language information in blind individuals. These findings provide a refined understanding of the neuroanatomi-
cal and functional plasticity of the thalamocortical network.

and mathematics) (Abboud and Cohen, 2019; Bedny, 2017; Bedny et al.,
2015; Burton et al., 2012; Kanjlia et al., 2016; Kim et al., 2017; Striem-

1. Introduction

The structure and function of the human brain can undergo plas-
tic changes due to sensory loss, cognitive training or skill acquisition
(Gudi-Mindermann et al., 2018; Matuszewski et al., 2021; Pascual-
Leone et al., 2005; Wang et al., 2020). One of the crucial issues within
this topic is how neuroplasticity occurs in blind individuals. Stud-
ies have found that the visual cortices of blind individuals are func-
tionally reorganized, responding to auditory stimuli (Abboud and Co-
hen, 2019; Bedny et al., 2011) and tactile stimuli (Beisteiner et al.,
2015; Lingnau et al., 2012; Merabet et al., 2004) and engaging in ad-
vanced cognitive functions (e.g., language, memory, executive control

Amit and Amedi, 2014; Wang et al., 2015). These studies mainly focused
on plasticity in the cerebral cortices, although several studies have also
begun to explore changes in the thalamus in blind individuals.

The thalamus is a large mass of gray matter located in the dorsal part
of the diencephalon and is an important structure with regard to sen-
sory transmission in the human brain (Sherman and Guillery, 2001). The
thalamus, as one of the main hubs in the brain network (Crossley et al.,
2013), structurally and functionally connects to many cortical regions
(e.g., occipital, temporal and frontal regions) to support various cogni-
tive functions (Geier et al., 2020; Hwang et al., 2017; Kafkas et al., 2020;

Abbreviations: AAL, automated anatomical labeling atlas; CHN-PD, Chinese pediatric; CS, calcarine sulcus; CUN, cuneus; DARTEL, Diffeomorphic Anatomical
Registration Through Exponentiated Lie; FC, functional connectivity; FDR, false discovery rate; FWHM, full width at half maximum; GMV, gray matter volume; GRF,
gaussian random field; IE, inverse efficiency; ITG, inferior temporal gyrus; LG, lingual gyrus; LGN, lateral geniculate nucleus; MNI, Montreal Neurological Institute;
RO], region of interest; rs-fMRI, resting-state functional magnetic resonance imaging; TIV, total intracranial volume; VBM, voxel-based morphometry; VL, ventral
lateral nucleus; VOTC, ventral occipital temporal cortex; VPL, ventral posterolateral nucleus.
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Saalmann et al., 2012; Zhou et al., 2016), forming the thalamocortical
network (Behrens et al., 2003; Fan et al., 2016; Miiller et al., 2019;
Tanaka and Kirino, 2017; Tu et al., 2020). Studies have demonstrated
that visual deprivation leads to structural and functional changes in the
thalamus itself and the thalamocortical network. For example, blind in-
dividuals showed decreased gray matter volume (GMV) in the thalamus
(Cecchetti et al., 2016; Ptito et al., 2008). Huang et al. (2020) found that
blind subjects exhibited reduced dynamic amplitude of low-frequency
fluctuation values in the left thalamus. Decreases in white matter vol-
ume and fractional anisotropy values in the optic radiation have also
been observed in blind individuals (Bridge et al., 2009; Noppeney et al.,
2005; Pan et al.,, 2007; Ptito et al., 2008; Shimony et al., 2006;
Shu et al., 2009). Blind persons showed increased functional connectiv-
ity (FC) strength in thalamo-occipital connections (Bedny et al., 2011;
Heine et al., 2015; Liu et al., 2007; Miiller et al., 2019) but decreased FC
strength between the thalamus and the right lingual gyrus, Broca’s area
and primary somatosensory area (Huang et al., 2020; loannides et al.,
2013; Sabbah et al., 2016). The abovementioned studies on the thala-
mus have mainly focused on adult blindness. Other studies have also
observed that children with congenital visual impairment present an at-
rophic thalamus and optic radiations (Bathelt et al., 2020; Li et al., 2013;
Ricci et al., 2006; Uggetti et al., 1997).

Tactile experience, especially braille learning, is important for blind
people. Braille learning can lead to massive brain reorganizations. The
left ventral occipital temporal cortex (VOTC) exhibited enhanced activ-
ity and strengthened functional connectivity with somatosensory cor-
tices in sighted people after a short period of learning to read braille
(Siuda-Krzywicka et al., 2016). The FC between the VOTC and the post-
central gyrus was stronger in low-vision subjects who had braille learn-
ing experience than in those who had not learned braille (Zhou et al.,
2020). The visual cortex of blind individuals is involved in tactile pro-
cessing (Beisteiner et al., 2015; Reich et al., 2011; Sadato et al., 2002).
There have also been a few studies reporting that the lateral geniculate
nucleus (LGN) of the blind is reorganized to process tactile information
(Miiller et al., 2019). However, the relations between tactile processing
and the reorganization of the thalamocortical network in people with
congenital blindness are not clear.

In brief, previous studies have elegantly revealed some pivotal mech-
anisms underlying structural and functional reorganization in the tha-
lamocortical network. However, more research on these network alter-
ations is required for the following reasons. First, no research has ex-
plored the effects of visual deprivation on the development of the tha-
lamocortical network by examining multiple age groups in the same
study. Second, there is a lack of systemic surveys of both structural and
functional reorganization in the thalamocortical network. Finally, it is
also unknown which behaviors concerning tactile processing are associ-
ated with neuroanatomical and functional changes in the thalamocorti-
cal network in blind individuals.

The present study aims to overcome the above shortcomings and to
reveal how visual deprivation from birth influences the development of
the thalamocortical network. We recruited 30 congenitally blind sub-
jects and a control sample of 31 sighted subjects. Each sample included
both children and adults. Structural 3D images, resting-state functional
magnetic resonance imaging (rs-fMRI) images, and behavioral perfor-
mance data for multiple cognitive tasks were collected for each subject.
To elucidate how visual deprivation influences the development of the
thalamocortical network, we successively performed three analyses: 1)
regional gray matter volume (GMV) analysis in the thalamus to iden-
tify the vision/age-relevant thalamic regions; 2) FC analysis between
the thalamus and cerebral cortex to identify the vision/age-relevant
FCs with the vision/age-relevant thalamic regions; and 3) nodal GMV
analysis in the cerebral cortex to identify the other vision/age-relevant
cortical regions that were end nodes of the vision/age-relevant FCs. In
each analysis, we first compared the brain measures among the four
subject groups, and then calculated the correlations between these brain
measures and behavior.
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2. Materials and methods
2.1. Participants

We recruited four types of subjects from Beijing, China: congenitally
blind children (n = 8), congenitally blind adults (n = 22), sighted chil-
dren (n = 10) and sighted adults (n = 21) (Table 1). Between the two
groups of children, there was no significant quantitative difference in sex
distribution [males/females: 6/2 vs. 7/3; ;(2(1) = 0.06, P = 1], handed-
ness (Oldfield, 1971) [right/left handed: 7/1 vs. 10/0; ;(2(1) = 1.32,
P = 0.44], age [10.38 + 2.50 years old vs. 10.8 + 1.69 years old;
trs) = —0.43, P = 0.671, or formal education level [5.38 + 2.39 years
vs. 5.50 + 1.90 years; t;4 = 1.24, P = 0.90]. Similarly, there was
no significant difference between the two adult groups in sex distribu-
tion [7/15 vs. 10/11; ;(2(1) = 1.12, P = 0.36], age [24.14 + 5.31 vs.
22.81 + 2.58; ty;) = 1.03, P = 0.31] or handedness [20/0 vs. 21/0;
)(2(1) = 0, P = 1], although there was a difference in the formal edu-
cation level [14.00 + 2.27 vs. 16.38 + 1.86; ty;) = 3.76, P < 0.001].
All blind subjects were congenitally blinded and reported having min-
imal light perception at most. The faint light perception of the blind
slightly affected the structural organization and functional specializa-
tion of the visual parts of the thalamus (see details in Supplementary
materials). All blind subjects had learned braille [children: 4.94 + 2.27
years of experience; adults: 13.95 + 2.24 years of experience] and had
no other neurological disorders. Every sighted subject had normal or
corrected-to-normal vision and reported having no history of neurologi-
cal diseases. The present study was approved by the institutional review
board of the State Key Laboratory of Cognitive Neuroscience and Learn-
ing, Beijing Normal University. Written informed consent was obtained
from all participants prior to the experiments.

2.2. Imaging data acquisition

MRI data were collected from all subjects on the same 3T Siemens
Prisma scanner in the Imaging Center for Brain Research at Peking Uni-
versity. Each subject took part in a structural T1-weighted scan (lasting
for 10.62 min) and a rs-fMRI scan (lasting for 8.22 min). T1-weighted
images were acquired using a 3D magnetization-prepared rapid gradi-
ent echo sequence with the following parameters: 192 sagittal slices;
slice thickness = 1 mm; gap = 0.5 mm; repetition time = 2530 ms; echo
time = 2.98 ms; voxel size = 0.5 x 0.5 x 1.0 mm; flip angle = 7°; inver-
sion time = 1100 ms; and field of view = 256 x 256 mm. The rs-fMRI
data were obtained with an echo-planar imaging sequence while the par-
ticipants kept their eyes closed. The parameters of this sequence were
as follows: 64 axial slices, slice thickness = 2 mm; gap = 0.2 mm; repe-
tition time = 2000 ms; echo time = 30 ms; voxel size = 2 X 2 X 2 mm;
flip angle = 90°; and field of view = 224 x 224 mm.

2.3. Behavioral data collection

To identify the behaviors that were associated with thalamus-related
neural regions or FCs, participants were asked to complete two behav-
ioral tasks before or after scanning. The two tasks (i.e., verb generation
and nonword reading) were used to evaluate advanced language abili-
ties in the processing of real words and nonwords, respectively.

For the sighted individuals, all the stimuli were visually presented
on the PC screen using the DMDX program (Forster and Forster, 2003).
The stimuli were presented to the blind subjects in tactile form using
the following three-step process. The stimuli were first presented on a
PC screen, then translated into braille by a screen reader (NonVisual
Desktop Access, https://www.nvaccess.org/), and finally presented on
a braille display device (THDZ-40, https://www.ghgmx.com.cn). Each
task was individually administered in a separate session. The presenta-
tion order of the items was pseudorandom and identical across subjects
in all groups. The accuracy and reaction time of the subjects’ responses
to each item were recorded.


https://www.nvaccess.org/
https://www.qhqmx.com.cn
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Table 1
Demographic characteristics of the participants.

Subject Gender Handedness Yearsofage  Years of education  Cause of blindness  Light perception  Years of Braille learning

Blind children
1 F R 9 4 ONA Faint 2.5
2 F R 11 6 ONH Faint 5
3 M L 13 7 ONA None 7
4 M R 8 4 ROP None 4
5 M R 8 3 ROP None 3
6 M R 4 CM None 3
7 M R 10 6 ED Faint 6
8 M R 15 10 ED Faint 9

Blind adults
1 F R 19 13 GRP Faint 13
2 F R 19 13 ONA Faint 13
3 F R 19 12 Unknown Faint 12
4 F R 19 13 Unknown Faint 13
5 F R 19 9 Unknown Faint 9
6 F R 20 14 ED None 14
7 F R 21 9 MH Faint 9
8 F R 22 15 ONA None 15
9 F R 22 15 Unknown Faint 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 Faint 12
15 F R 35 15 Unknown None 15
16 M R 20 14 ROP; ONA None 14
17 M R 20 14 Unknown Faint 14
18 M R 25 16 Unknown Faint 16
19 M R 26 15 FD Faint 15
20 M R 26 18 Unknown Faint 18
21 M R 32 15 ED 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. CM = congenital microphthalmos; ED = eyeball dysplasia; F = female; FD = fundus dysplasia; GRP = genetic retinitis pigmentosa; L = left;
M = male; MH = macular hypoplasia; ONA= optic nerve atrophy; ONH= optic nerve hypoplasia; R = right; ROP = retinopathy of prematurity.
The handedness was evaluated using Edinburgh Handedness Inventory (Oldfield, 1971).



J. Lin, L. Zhang, R. Guo et al.

Nonword reading. We assessed 40 nonwords in the adult group and
20 nonwords in the child group. Each nonword consisted of two Chinese
characters (e.g., &£ /qi3nan2/; the word was written as “{£ 5 ”, whose
pinyin is /gi3nan2/) and had no meaning. The Chinese characters were
high-frequency words and were familiar to both the blind and sighted
groups. Participants were required to read the nonwords aloud.

Verb generation. For each item, a Chinese object noun (e.g., B{
#/gai3zhuil /screwdriver) was presented, and the subjects were re-
quired to speak one verb associated with the noun (e.g., #7*/ning3/twist).
We used 60 items for the adult group and 20 items for the child group.
The Chinese object nouns were high-frequency words and were familiar
to both the blind and sighted groups.

For each item, the subjects were instructed to make responses as
quickly and accurately as possible. The responses of the tasks were digi-
tally recorded and transcribed. The two behavioral tasks included more
items for adults than for children because the tasks were time consum-
ing for children. The items for the children were randomly selected from
those for adults and were identical across children. The accuracy and
reaction time of each response were recorded. To correct for speed-
accuracy trade-off effects, behavioral performance was expressed as an
inverse efficiency (IE) measure—the average response time for the cor-
rect items divided by the accuracy (Townsend and Ashby, 1983). The
negated IE (-IE) was used in our analyses such that higher values would
reflect better performance.

2.4. Imaging data preprocessing

For each child, DPABI 4.3 (http://rfmri.org/; Yan et al., 2016) was
applied to perform the preprocessing of rs-fMRI data. It mainly included
the following steps. 1) The 5 initial volumes of each run were discarded;
2) Slice timing and head motion correction were performed. Partici-
pants whose head motion exceeded 3 mm of translation or 3° of ro-
tation throughout the course of the scans were excluded, as were pa-
tients whose mean framewise displacement was more than 0.5 mm.
Head motion did not differ between the groups (Ps > 0.05). 3) New
segmentation and the Diffeomorphic Anatomical Registration Through
Exponentiated Lie (DARTEL) algorithm (Ashburner, 2007) were used
to coregister the functional images with the T1 images and then spa-
tially normalize the images to the Chinese pediatric (CHN-PD) atlas
(https://www.nitrc.org/projects/chn-pd/; Zhao et al., 2019). 4) The
voxels were resampled to 1.5 x 1.5 x 1.5 mm; 5) The spatially nor-
malized images were smoothed using a Gaussian kernel with a 4-mm
full width at half maximum (FWHM). 6) A temporal bandpass filter
(0.01-0.1 Hz) was applied to reduce the low-frequency drift and high-
frequency noise. 7) To exclude physiological noise and the influence of
head motion, the mean signals of the white matter, cerebrospinal fluid
and Friston’s 24 parameters were regressed out from the resting-state
fMRI time series. Friston’s parameters were derived from the Friston
24-parameter model of head movement (Friston et al., 1996), which in-
corporates 6 standard head motion parameters, 6 head motion param-
eters one time point before, and the 12 corresponding squared items
(Power et al., 2014; Yan et al., 2013). These parameters have been
widely used to correct head motion in resting-state fMRI scans (Sato
et al., 2019; Sbaihat et al., 2021; Xia et al., 2022).

The DPARSF toolbox-based software Statistical Parametric Mapping
12 (SPM 12; http://www.fil.ion.ucl.ac.uk/spm) in DPABI 4.3 was used
for VBM preprocessing and subsequent analyses. The specific process
for each child’s images was as follows. First, the scalps and skulls were
removed from the T1 structural images. Second, using the DARTEL al-
gorithm and applied tissue probability maps from the CHN-PD atlas, we
segmented the T1 structural images into three tissue types: gray mat-
ter, white matter, and cerebrospinal fluid. At the same time, we ob-
tained a group template that was registered to the pediatric space (i.e.,
the CHN-PD atlas) via affine transformation. Third, each subject’s seg-
mented structural images in the native space were coregistered into the
pediatric space (i.e., CHN-PD atlas) by using the group template so that
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each subject’s segmented structural images were spatially normalized.
Fourth, the gray matter partitions of the structural images were modu-
lated by the determinants of the Jacobians derived from the transforma-
tion parameters (Ashburner and Friston, 2001; Goldszal et al., 1998). Fi-
nally, the modulated, normalized GM images (representing GMV, voxel
size 1.5 x 1.5 x 1.5 mm) were smoothed using a Gaussian kernel with
a 4-mm FWHM, and the preprocessed GMV images of each group were
obtained for subsequent analysis.

For each adult, the preprocessing steps were identical to those de-
scribed above for the children, with the exception that the images were
spatially normalized to Montreal Neurological Institute (MNI) space in-
stead of the CHN-PD atlas.

To compare images between children and adults in the same space,
we translated the children’s preprocessed images in the pediatric space
to the adult MNI space (Fan et al., 2021; Xia et al., 2022; Zhao et al.,
2019). Specifically, we first performed spatial normalization between
the T1 child template in the CHN-PD space (i.e., CHN-PD atlas) and the
T1 adult template in the MNI space (i.e., MNI template) using the func-
tion normalize (estimate) in SPM12. This generated the normalization
parameters. Then, the normalization parameters were used to transform
the children’s images in the pediatric space to the adult MNI space us-
ing the function normalize (write) in SPM12. Thus, we obtained pediatric
images spatially normalized to the adult MNI space. To further examine
whether the statistical results in the thalamus were different between
two types of normalization approaches (i.e., whole-brain-based normal-
ization and thalamus-based normalization), a control analysis was per-
formed (see details in Supplementary materials).

2.5. Statistical analysis

2.5.1. Regional gmv analysis in the thalamus

Group difference in GMV of the thalamus. To identify the thala-
mic regions with significant differences based on development in the
four groups of participants, we performed a two-way analysis of covari-
ance (ANCOVA): 2 levels for vision (blind vs. sighted) * 2 levels for
age (children vs. adults). The dependent variable was the GMV value
of the subjects in each voxel of the thalamus. Total intracranial volume
(TIV) and gender were the covariates of no interest (Barnes et al., 2010;
Peelle et al., 2012; Pell et al., 2008). The TIV was calculated as the sum
of the normalized, modulated tissue segments (gray matter, white mat-
ter, and cerebrospinal fluid). Note that all the two-way ANCOVAs and
ANOVAs adopted these two independent variables (i.e., vision and age)
unless otherwise noted. The clusters with significant main effects or in-
teractions in the thalamus were extracted for post hoc comparisons. The
thalamus was masked according to the automated anatomical labeling
atlas (AAL; Rolls et al., 2015). This atlas divided the thalamus into 30
regions with a bilaterally symmetric distribution, i.e., 15 pairs of re-
gions. Gaussian random field (GRF) correction (voxel-level P < 0.001,
cluster-level P < 0.05) was utilized to correct for multiple comparisons
after ANCOVA. The false discovery rate (FDR) correction (q < 0.05) was
utilized to correct for multiple comparisons among post hoc t-tests.

Thalamic GMV-behavior correlation analysis. This analysis was
performed to identify the cognitive behaviors that were associated with
the thalamic regions identified in the above analysis. For simplicity, we
considered only the thalamic regions with significant interactions with
vision and age in the aforementioned analysis, and these regions were
defined as the regions of interest (ROIs). We first extracted the mean
GMV values (i.e., residual GMV values, from which we regressed out
the influence of TIV and gender on basis of all the 61 subjects) in each
ROI for each subject. Then, we conducted Spearman rank partial corre-
lations between mean GMV values and performance in each of two be-
havioral tasks across subjects in each subject group. FDR correction (q
< 0.05) was implemented to adjust for multiple comparisons. To avoid
the influence of outliers, a blind child who performed poorly in all the
behavioral tasks was excluded from this analysis.
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2.5.2. FC analysis between the thalamus and cerebral cortex

Group difference in FC between the thalamus and cerebral cortex.
To identify the FCs involving the thalamic regions that showed signifi-
cant interactions of vision and age in the aforementioned analysis, we
carried out the following analyses of the rs-fMRI data. For each subject,
we first extracted the strength of the averaged blood oxygenation level-
dependent (BOLD) signal at each time point for each voxel across the
whole brain. Second, each of the ROIs identified in the above analyses
was treated as a seed, and the signal strength value at each time point
in all voxels within the seed was averaged. Third, the averaged signal
strength in the seed was correlated with the signal strength of each voxel
outside the seed across time points, and a correlation coefficient was ob-
tained in relation to each voxel outside the seed. Fourth, the correlation
coefficients in the whole brain, excluding the seed, were subjected to the
Fisher r-to-z transform, and an FC map was obtained for each subject in
which the z value of a voxel represented the FC strength between the
voxel and the seed. Finally, analyses of subject group differences were
performed for each seed, i.e., two-way ANOVA. The dependent variable
was extracted as the z values of FC strength between the voxel and the
seed associated with significant main effects or interactions in the tha-
lamus (GRF corrected, voxel-level P < 0.001, cluster-level P < 0.05).

FC-behavior correlation analysis. To identify the cognition-related
behaviors associated with the functional connections that had signifi-
cant interactions with vision and age in the above analysis, we again
performed a Spearman rank correlation between the mean strength of
each functional connection with a significant interaction in the above
analysis and performance in each of the two tasks across subjects. FDR
correction (g < 0.05) was implemented to adjust for multiple compar-
isons. To eliminate the confounding influence of the two nodes joined
by the FC, the averaged GMV value of each node was regressed out as
well (Chabran et al., 2020; Dukart and Bertolino, 2014; Li et al., 2021;
Newton et al., 2012; Shafiei et al., 2020; Wang et al., 2015).

2.5.3. Nodal GMV analysis in the cerebral cortex

Group difference in GMV of cortical nodes connected with thalamic
FCs. The aforementioned analysis showed that the FC strength itself and
one of the two nodes (i.e., the thalamic seed) in the FCs that had sig-
nificant interactions in ANOVA were both significantly correlated with
visual experience and age change. To further investigate the pattern of
the GMV values of another node (i.e., the cortical endpoint/node) in
the connection in the four groups, we performed two-tailed indepen-
dent samples t-tests (FDR corrected, ¢ < 0.05) to compare the mean
GMV values (i.e., mean residual GMV values, in which TIV and gender
were regressed out) between the four subject groups.

Cortical nodal GMV-behavior correlation analysis. We again car-
ried out brain-behavior correlation analyses for the cortical nodes of
FCs with significant interactions. We correlated the mean residual GMV
value in each of the cortical nodes with performance in each of the two
tasks across subjects (FDR corrected, q < 0.05).

3. Results
3.1. Behavioral performance of participants

Participants’ mean accuracies and reaction times on the two behav-
ioral tasks are shown in Table 2. For accuracy and reaction time in each
task, we ran separate two-way ANOVA: 2 levels for vision (blind vs.
sighted) * 2 levels for age (children vs. adults). The main effect of vision
was significant for both accuracy and reaction time in all the tasks (Ps <
0.05). The sighted group performed more quickly and accurately in the
tasks than the blind group. The main effect of age was not significant in
the verb generation task for accuracy [F(; 57) = 1.94, P = 0.17] and re-
action time [F(; 57) = 0.12, P = 0.73], while the effects were significant
in the other task for either accuracy or reaction time (Ps < 0.05). The
children performed worse than the adults. The interaction in the tasks
did not reach the significance level (Ps > 0.05).
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Table 2
Means (SDs) of accuracy (ACC) and reaction time (RT) in two tasks for four
subject groups.

Subject Measure Nonword reading Verb generation
Blind children

ACC 0.79 (0.19) 0.87 (0.19)

RT (ms) 2563.88(1081.88) 4140.77 (1373.66)
Blind adults

ACC 0.93 (0.06) 0.89 (0.07)

RT (ms) 2510.62 (668.35) 4344.53 (1362.00)
Sighted children

ACC 0.91 (0.06) 0.91 (0.10)

RT (ms) 985.76 (208.88) 1799.87 (451.10)
Sighted adults

ACC 0.97 (0.03) 0.96 (0.03)

RT (ms) 932.48 (205.02) 1790.12 (382.57)

3.2. Regional GMV analysis in the thalamus

Group difference in GMV of the thalamus. To identify the influ-
ence of congenital visual deprivation and brain development on thala-
mic structure, we conducted two-way ANCOVA based on regional GMV
analysis in the thalamus. We extracted thalamic clusters with signifi-
cant main effects and interactions (GRF corrected, voxel-level P < 0.001,
cluster-level P < 0.05; see Fig. 1). Three clusters showed a significant
interaction effect: the left lateral geniculate nucleus [ILGN; peak coor-
dinates: x = —25.5, y = =27, 2 = —4.5; F(1 57) = 44.27; 37 voxels], left
ventral lateral nucleus/ventral posterolateral nucleus [IVL/VPL; peak
coordinates: x = —16.5, y = =15, z = 0; F(3 57) = 59.03; 221 voxels] and
right VL/VPL [rVL/VPL; peak coordinates: x = 16.5, y = —13.5, z = 0;
F 57y = 112.91; 554 voxels] (Fig. 1A). To further reveal the pattern of
the interaction in each significant cluster (i.e., ROI), independent sam-
ples t-tests (FDR corrected, g < 0.05) were performed to compare the
mean GMV values (i.e., mean residual GMV values, in which the in-
fluences of TIV and gender were regressed out) between the four sub-
ject groups (Fig. 1B). These raw GMV values are presented in Supple-
mentary materials. Regarding the two children groups, the GMV value
in the ILGN was significantly lower in the blind children than in the
sighted children [t;7) = 5.29; P < 0.001], while the GMV values in
the other two clusters (IVL/VPL and rVL/VPL) were significantly higher
in the blind children than in the sighted children [t > 4.23; Ps <
0.001]. Regarding the two adult groups, the GMV value in the ILGN was
marginally significantly higher in the blind adults than in the sighted
adults [t4;) = 1.88; P = 0.07]. There were no significant differences
in GMV values in the bilateral VL/VPL between the two adult groups
[IVL/VPL: t(4;) = 1.53; P = 0.13; I'VL/VPL: t(41, = 1.72; P = 0.09]. Re-
garding the two blind groups, the GMV value in the ILGN was signifi-
cantly lower in the blind children than in the blind adults [tag) = 3.07;
P = 0.005], while the GMV values in the other two clusters (IVL/VPL
and rVL/VPL) were significantly higher in blind children than in blind
adults [tog) > 19.19; Ps < 0.001]. Regarding the two sighted groups, the
GMYV values in all three clusters were significantly higher in the sighted
children than in the sighted adults [t29) > 3.9; Ps < 0.001]. All t-test
results reached the FDR corrected significance level (g < 0.05) except
the results in the two adult groups. To better understand the anatomical
and functional properties of the three thalamic clusters with significant
interactions, we cross-referenced these regions with the Brainnetome
Atlas (BNA; Fan et al., 2016). Based on this atlas, the ILGN is located
in the occipital thalamus which transmits visual information (i.e., vi-
sual thalamus), and the bilateral VL/VPL lies in the sensory thalamus
which transmits somatosensory information (i.e., somatosensory thala-
mus). The main effects of vision and age are reported in the Supplemen-
tary materials.

Thalamic GMV-behavior correlation analysis. For each subject
group, we separately correlated the mean residual GMV values in each
of the above three ROIs with significant interactions and performance
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Fig. 1. Results of the regional GMV analysis within the thalamus. Two-way ANOVA: 2 levels for vision (blind vs. sighted) * 2 levels for age (children vs. adults).
(A) illustrates the regions with a significant interaction effect in this analysis (Gaussian random field corrected, voxel-level P < 0.001, cluster-level P < 0.05). Error

bars in (B) indicate the standard error of the mean (SEM). *P < 0.05; **P < 0.01; ***P < 0.001. GMV = gray matter volume; ILGN =

IVL/VPL =
efficiency.

in the two behavioral tasks across subjects (Table 3 and Fig. 1C). We
observed that performance in the verb generation task was significantly
positively correlated with the mean residual GMV values in bilateral
VL/VPL regions in blind adults (IVL/VPL: r = 0.51, P = 0.02; rVL/VPL:
r=0.54, P = 0.001; FDR corrected, q < 0.05). The correlations in other
groups were insignificant under FDR correction (p > 0.05).

3.3. FC analysis between the thalamus and cerebral cortex

Group difference in FC between the thalamus and cerebral cortex.
For each thalamic ROI that showed a significant interaction in the above
analysis, FC analysis was conducted to identify the vision/age-relevant
functional connections from that ROI In this analysis, we compared the
connectivity strength values of each FC in the four subject groups using
two-factor ANOVA (GRF corrected, voxel-level P < 0.001, cluster-level
P < 0.05). The results of the interaction effect are shown in Fig. 2. A sig-
nificant interaction effect was shown in four FCs: IVL/VPL-right lingual

left lateral geniculate nucleus;

left ventral lateral nucleus/ventral posterolateral nucleus; rVL/VPL = right ventral lateral nucleus/ventral posterolateral nucleus; -IE = negated inverse

gyrus [rLG, peak coordinates: x = 24, y = —87, z = —12; F; 57, = 20.80;
14 voxels], IVL/VPL-right inferior temporal gyrus [rITG, peak coordi-
nates: x = 45,y = =72, z = —6; F(4 57y = 22.91; 14 voxels], IVL/VPL-
right calcarine sulcus [rCS, peak coordinates: x = 21, y = =69, 2 = 9;
F( 57) = 20.57; 61 voxels] and rVL/VPL-left cuneus [ICUN, peak coordi-
nates: x = 0, y = =87, z = 15; F(; 57) = 24.65; 60 voxels]. Regarding the
two groups of children, the FC strength of all the connections was sig-
nificantly lower in the blind children than in the sighted children [t
> 2.41; Ps < 0.03]. Regarding the two groups of adults, the FC strength
of all the connections was higher in the blind adults than in the sighted
adults [ty4) > 4.46; Ps < 0.001]. Regarding the two blind groups, the
FC strength of all the connections was significantly lower in the blind
children than in the blind adults [¢yg) > 4.56; Ps < 0.001]. There was no
significant difference in the FC strength of any connection between the
two sighted groups (Ps > 0.05), with the exception that the FC strength
between the rVL/VPL and the rCS was significantly higher in the sighted
children than in the sighted adults [t9) = 2.15; P = 0.04; see Fig. 3].
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Fig. 2. Thalamocortical functional connections with significant interaction effects between the thalamus and the cerebral cortex. The seeds in the leftmost
column functionally connect the regions in the other columns (Gaussian random field corrected, voxel-level P < 0.001, cluster-level P < 0.05). FC = functional
connectivity; ICUN = left cuneus; IVL/VPL = left ventral lateral nucleus/ventral posterolateral nucleus; rCS = right calcarine sulcus; rLG = right lingual gyrus;
rITG = right inferior temporal gyrus; rVL/VPL = right ventral lateral nucleus/ventral posterolateral nucleus.

Table 3
Correlation coefficients between the mean GMV values of three thalamic ROIs
and performance in two tasks for four subject groups.

Subject Task ILGN 1VL/VPL rVL/VPL
Blind children
Nonword reading 0.75 -0.07 -0.07
Verb generation 0.36 0.11 0.11
Blind adults
Nonword reading 0.29 0.25 0.19
Verb generation 0.40 0.51" 0.54"
Sighted children
Nonword reading —-0.42 —0.65" —-0.44
Verb generation -0.20 -0.44 -0.09
Sighted adults
Nonword reading —-0.04 0.07 0.07
Verb generation —-0.06 -0.36 -0.18

Note. Spearman rank correlation was adopted.

* P < 0.05;.

** P < 0.01;1 = left; LGN = lateral geniculate nucleus; r = right; VL = ventral
lateral nucleus; VPL = ventral posterolateral nucleus.

All t-test results reached the FDR corrected significance level (g < 0.05)
except the results in the two adult groups. The main effects of vision
and age are reported in the Supplementary materials.

FC-behavior correlation analysis. For the four functional connec-
tions showing significant interactions in the above analysis, we corre-
lated the mean FC strength value for each connection with the perfor-
mance of the two tasks in each subject group (Table 4; Fig. 3). In the
blind children group, the mean FC values for the rVL/VPL-ICUN con-
nection were significantly positively correlated with performance in the
nonword reading task (r = 0.89, P = 0.01, FDR corrected, g < 0.05).
Regarding sighted groups, the mean FC values for the IVL/VPL-rCS con-
nection in sighted children were significantly negatively correlated with
performance in the verb generation task (r = —0.84, P = 0.005, FDR cor-
rected, q < 0.05), and those for the rVL/VPL-ICUN connection in sighted
adults were significantly positively correlated with performance in the
verb generation task (r = 0.58, P = 0.007, FDR corrected, q < 0.05)

3.4. Nodal GMV analysis in the cerebral cortex

Group difference in GMV of cortical nodes connected with thala-
mic FCs. For the four nodes in the cortices (i.e., cortical nodes) that were
part of the functional connections showing significant interactions in the
above analysis, To reveal the pattern of nodal GMV values in the four

groups, two-tailed independent samples t-tests (FDR corrected, g < 0.05)
were performed to compare the mean GMV values (i.e., mean resid-
ual GMV values, in which TIV and gender were regressed out) between
the four subject groups (Fig. 3). Regarding the two children groups, the
GMYV values in the ICUN [t5) = 2.23; P = 0.04; uncorrected] and rCS
[tq6) = 2.13; P = 0.05, FDR corrected g < 0.05] were significantly lower
in the blind children than in the sighted children, while the GMV values
in the other two clusters (rITG and rLG) were not significantly different
between the two children groups (Ps > 0.05). There were no significant
differences in GMV values between the two adult groups (Ps > 0.30),
with the exception that the GMV values in the rITG in blind adults were
lower than those in sighted adults [t4;) = 2.08; P = 0.04, FDR corrected,
g < 0.05]. Regarding the two blind groups, there were no significant dif-
ferences in GMV values between the two blind groups (Ps > 0.05), with
the exception that the GMV values in the rITG in blind adults were lower
than those in blind children [t,g) = 2.82; P = 0.01, FDR corrected, q <
0.05]. Regarding the two sighted groups, the GMV value in the ICUN
[t29) = 2.84; P = 0.01; FDR corrected, q < 0.05] and rCS [t(yq) = 5.22; P
< 0.001, FDR corrected, g < 0.05] was significantly lower in the sighted
adults than in the sighted children, while the GMV values in the other
two clusters (rITG and rLG) were not significantly different between the
two sighted groups (Ps > 0.05)

Cortical nodal GMV-behavior correlation analysis. For the four
nodes outside the thalamus that had significant FC with thalamic re-
gions, no GMV-behavior correlations reached the FDR-corrected signif-
icance level (q < 0.05, Table 5).

4. Discussion

The structure and function of the brain remains plastic throughout
life. The plasticity results from congenital and environmental causes,
such as genetic genes, sensory-modality dominance, language-learning
experience, developmental trajectory, and neural injury(Bavelier et al.,
2006; Debanne et al.,, 2019; Draganski et al., 2004; Kral and
Sharma, 2012; Lein et al., 2007; Lu et al., 2004). The blindness pro-
vides a window to explore the structural and functional plasticity of
brain. Although previous studies have found the plasticity in the cere-
bral cortices in the blinds, what the structural and functional reorgani-
zations occur in the thalamocortical network on a developmental scale
after congenital visual deprivation is not clear. To explore how congeni-
tal visual deprivation influences the development of the thalamocortical
network, we conducted GMV analysis, FC analysis, and brain-behavior
correlation analysis in congenitally blind children and adults as well as
sighted controls. We observed that blind subjects presented some reor-
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Fig. 3. Post hoc tests and brain-behavior correlations for the thalamocortical functional connections and their cortical nodes. The gray regions in the brain
map are the thalamic seeds, and the other colored regions are the cortical nodes connected with the seeds. In each rectangle outside the brain map, the first row shows
the post hoc test for the functional connection and its cortical node. Error bars indicate the standard error of the mean (SEM). The second row shows the significant
brain-behavior correlations. *P < 0.05; **P < 0.01; **P < 0.001. FC = functional connectivity; ICUN = left cuneus; IVL/VPL = left ventral lateral nucleus/ventral
posterolateral nucleus; rCS = right calcarine sulcus; rLG = right lingual gyrus; rITG = right inferior temporal gyrus; rVL/VPL = right ventral lateral nucleus/ventral

posterolateral nucleus.

ganizations in structural gray matter, FC, and cognitive functions within
the thalamocortical network relative to sighted subjects, reflecting the
brain plasticity.

4.1. Structural reorganization of the thalamus in blind individuals
The results of regional GMV analysis in the thalamus provided di-

rect evidence for anatomical thalamic rewiring in blind humans. We
found that blind children had markedly lower GMV values in the “vi-

sual” thalamic regions than sighted children. The results suggest that an
effect of visual deprivation on thalamic structure had already emerged
at this early stage, in line with the observation of cerebral plasticity in
blind children (Bedny et al., 2015). These changes in “visual” thalamic
regions may be due to neuronal degeneration (Boucard et al., 2009).
The “visual” thalamic neurons of blind children may have smaller, more
globoid cytoplasm and smaller nuclei because of the lack of visual stim-
ulation (Gupta et al., 2006). This is consistent with findings from ani-
mal research in visual thalamus reorganization after visual deprivation



J. Lin, L. Zhang, R. Guo et al.

Neurolmage 264 (2022) 119722

Table 4
Correlation coefficients between the mean FC values of four FCs and performance in two tasks for four subject groups.
Subject Task 1VL/VPL-ICUN rVL/VPL-rCS rVL/VPL-rLG rVL/VPL-ITG
Blind children
Nonword reading 0.89* 0.11 0.29 -0.39
Verb generation 0.64 -0.36 —-0.46 -0.36
Blind adults
Nonword reading —-0.40 0.13 0.13 0.11
Verb generation -0.21 -0.16 -0.18 0.04
Sighted children
Nonword reading 0.25 —-0.58 0.27 -0.24
Verb generation 0.13 —0.84" 0.02 —-0.48
Sighted adults
Nonword reading —-0.24 —-0.02 0.03 0.09
Verb generation 0.58* 0.20 0.33 0.06

Note. Spearman rank correlation was adopted.
*P < 0.05;
*P < 0.01;

CUN = cuneus; CS = calcarine sulcus; ITG = inferior temporal gyrus; [ = left; LG = lingual gyrus; r = right; VL = ventral

lateral nucleus; VPL = ventral posterolateral nucleus.

** P < 0.01;CUN = cuneus; CS = calcarine sulcus; ITG = inferior temporal gyrus; [ = left; LG = lingual gyrus; r = right; VL = ventral

lateral nucleus; VPL = ventral posterolateral nucleus.

Table 5
Correlation coefficients between the mean GMV values of five nodes outside the
thalamus and performance in three tasks for four subject groups.

Subject Task 1ICUN 1LG rCS rITG
Blind children
Nonword reading —-0.07 0.11 —-0.54 0.07
Verb generation -0.39 —-0.32 -0.14 —-0.54
Blind adults
Nonword reading 0.02 0.08 0.20 0.31
Verb generation 0.28 0.07 0.41 0.25
Sighted children
Nonword reading -0.52 -0.16 -0.33 -0.54
Verb generation -0.26 0.27 -0.10 -0.16
Sighted adults
Nonword reading -0.12 0.02 -0.17 0.24
Verb generation 0.28 0.29 0.02 0.48

Note. Spearman rank correlation was adopted.
CUN = cuneus; CS = calcarine sulcus; ITG = inferior temporal gyrus; [ = left;
LG = lingual gyrus; r = right.

(Ptito et al., 1996) and similar to prior studies on the visual cortex of
blind individuals (Prins et al., 2016; Ptito et al., 2008). In contrast,
we found that the blind children showed a hypertrophic somatosensory
thalamus. This is consistent with predictions based on previous studies
(Noppeney et al., 2005; Yu et al., 2007). These results may be inter-
preted in the context of neuronal development. Since our blind chil-
dren had long-term experience of learning braille, the large amount of
tactile stimulation might have promoted the development of somatosen-
sory neurons. Literature has demonstrated that sensory and motor train-
ing induces changes in gray matter and white matter (Lovdén et al.,
2010; Zatorre et al., 2012). For example, increased gray matter in the
visual and somatosensory cortices has been reported after braille train-
ing (Bola et al., 2017; Matuszewski et al., 2021). As the somatosensory
thalamus is an important part of sensory processing, the hypertrophic
somatosensory thalamus of blind children in this study might be due to
braille learning.

Interestingly, the pattern of GMV values in the “visual” thalamus
changed in adulthood. Specifically, the GMV values in the ILGN from
childhood to adulthood significantly increased in the blind group and
significantly decreased in the sighted group. The GMV values in the ILGN
were higher in the blind adults than in the sighted adults. The difference
in the development pattern and the high GMVs in the visual thalamus of
blind adults may be because a large amount of tactile input influenced
the development of thalamic “visual” cells in the blind. One possible

mechanism comes from the changes in the intrinsic connectivity be-
tween somatosensory and visual thalamic nuclei (Cecchetti et al., 2016).
That is, when the somatosensory thalamus receives a large amount of
tactile input, it may actively connect with the nearby visual thalamic
regions and transfer the somatosensory information to them. Therefore,
the visual thalamus actively developed and matured. These alterations
might compensate for the GMV reduction because of visual deprivation
in childhood and lead to the structural and functional reorganization of
the “visual” thalamus (Chabot et al., 2007; Heil et al., 1991). In other
words, the “visual” thalamus in blind subjects may engage in the pro-
cessing of tactile information, which would prevent further atrophy of
the “visual” regions.

Regarding the somatosensory thalamus, a changed pattern of GMV
values was observed in the two adult groups relative to the two chil-
dren groups. The GMV values in the somatosensory thalamus were not
significantly different between the two adult groups while they were sig-
nificantly different between the two children groups. Similarly, the hy-
pertrophic somatosensory thalamus in blind children in this study might
be due to braille learning (Bola et al., 2017; Matuszewski et al., 2021).
Although the blind adults received more tactile input than the sighted
adults, the GMVs in the somatosensory thalamus were not significantly
different in the two adult groups. This may result from the interaction of
multiple mechanisms, such as neuronal development and neuronal de-
generation. We found that the development patterns between the blind
and sighted groups were similar, in which the GMV values significantly
decreased from childhood to adulthood. The development pattern was
consistent with previous longitudinal thalamic studies, reporting that
thalamic volume declined with age (Hughes et al., 2012; Sullivan et al.,
2004). The underlying neurobiology of the reduced volume may be due
to the degeneration of neuronal structures, including neuronal shrink-
age, reductions in synaptic spines and reduced numbers of synapses
(Terry et al., 1987).

Note that the mean GMV values of the visual thalamus in blind
adults were marginally significantly higher than those in sighted
adults in our study. The VBM results of our studies did not repli-
cate the volumetric analysis of LGNs in congenital blindness, for
example, finding a reduction in LGN volume in congenital blind-
ness (Aguirre et al., 2016; Cecchetti et al., 2016). On the one
hand, this might be due to the difference in methods of volume
estimation between our analysis and previous volumetric analyses.
The volume values were estimated through DPABI (http://rfmri.org/)
(Yan et al., 2016) and SPM12 (http://www.fil.ion.ucl.ac.uk/spm)
in the present study and through Tensor Based Morphometry or
FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL; Jenkinson et al., 2012;
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Smith et al., 2004) in the literature (Aguirre et al., 2016; Cecchetti et al.,
2016). On the other hand, this might be because of the difference in the
braille learning experience of participants. The blind participants in our
study had long-term experience with braille, whereas the duration of
braille experience was not reported in prior volumetric analysis stud-
ies. The long-term learning of braille might promote the development
and rewiring of the thalamus (Matuszewski et al., 2021; Miiller et al.,
2019; Zhou et al., 2020), which can compensate for the GMV reduction
induced by degeneration and promote neuronal development. Further
research is needed.

4.2. Reorganization of the thalamic functional network in blind individuals

The results of FC analysis showed that visual deprivation had a pro-
found influence on the development of functional connections between
the somatosensory thalamus and cortical “visual” regions as well as
advanced information processing regions. In childhood, blind children
showed weaker FC in those connections than sighted children. Regard-
ing the FCs between the somatosensory thalamus and cortical visual
regions, these changes in blind children might have been due to the ab-
sence of visual input, resulting in the degeneration of cortical visual
neurons and weakened functions (Boucard et al., 2009; Prins et al.,
2016). Moreover, the nodal GMV analysis in our study provided evi-
dence that the GMV values of the ICUN and rCS in blind children were
lower than those in sighted children. Indeed, the implicit mechanism is
that FC, which reflects the synchronized neural activity of two brain re-
gions (Li et al., 2015; Pais-Roldan et al., 2021), is based on the structure
and structural connections of its related brain regions (Damoiseaux and
Greicius, 2009; Shen et al., 2015). The structural development of the
brain regions might influence the pattern of their neural activity. In
other words, the reduced GMV due to injury or input deprivation might
weaken the FCs of the relevant regions. Similarly, the rapid structural
development of one brain region might induce active neural activity.
When the neural activity of the two brain regions are equally active, the
strength of this FC between them is strong. However, when the activity
becomes differentially active (e.g., one region has stronger activation
than another region), the strength of this FC becomes weak, reflecting
the low synchronized neural activity of the two brain regions. We sug-
gest that the changes in the FC strengh between the IVL/VPL and rITG
in blind children might be related to the gray matter changes of the so-
matosensory thalamus (i.e., IVL/VPL). We found that the FC strengh be-
tween the 1IVL/VPL and rITG was lower in blind children than in sighted
children. In addition, our regional GMV analysis in the thalamus re-
vealed that the GMV values of the 1VL/VPL were higher in blind children
than in sighted children (Fig. 1B). This finding might be relevant to blind
individuals learning braille during childhood (Cohen, 1966; Bola et al.,
2017; Matuszewski et al., 2021). The large amount of input required
to learn braille information might give rise to more rapid development
of the somatosensory thalamus (i.e., IVL/VPL) and more active neural
activity in the somatosensory thalamus of blind children. However, the
GMV values of the rITG were comparable between blind and sighted
children (Fig. 3). Hence, the weaker FC of blind children relative that of
sighted children might be related to the overactivation of the IVL/VPL in
the blind children. In the other words, overactivation led to be greater
asynchrony between the somatosensory thalamus (i.e., IVL/VPL) and
rITG in blind children than sighted children. The significant increase in
the GMV values the of IVL/VPL in blind children might cause unsyn-
chronized neural activity of two brain regions, inducing the weaker FC
between these regions in blind children than in sighted children.

Nevertheless, the strength of these FCs from childhood to adult-
hood significantly increased in the blind, while that of most of them
did not significantly change in the sighted. The strength of those FCs
was stronger in blind adults than in sighted adults. These results indi-
cate that the thalamic functional network in blind individuals integrated
the visual cortical regions and high-level processing regions to support
tactile information processing. Our findings were aligned with studies of
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reorganization in visual cortical regions deprived of visual stimulation;
such studies reported the involvement of visual cortical regions in tactile
processing (Abboud and Cohen, 2019; Amedi et al., 2004; Burton et al.,
2012; Jiang et al., 2015; Ptito et al., 1996). This may have been re-
lated to long-term braille learning and brain development (Bola et al.,
2017; Siuda-Krzywicka et al., 2016; Zhou et al., 2020). Previous stud-
ies showed that the activation in the visual cortex and the functional
connectivity between the visual and somatosensory/motor cortices in
sighted subjects became stronger after braille training (Bola et al., 2017;
Siuda-Krzywicka et al., 2016), demonstrating that tactile training in-
duced functional plasticity in the visual cortex.

The increases in FC in the blind group may have multiple intrin-
sic mechanisms. One is the unmasking hypothesis (Cohen Kadosh and
Walsh, 2006; Hamilton and Pascual-Leone, 1998; Rauschecker, 1995;
Wittenberg et al., 2004), proposing that visual deprivation can unmask
and strengthen the preexisting structural or functional connections due
to the cognitive pluripotency of brain regions (Bedny, 2017), in con-
junction with environmental demands. For example, previous FC studies
found that tactile stimulation enhanced activity in the visual cortex that
supported visual processing in sighted subjects (Macaluso et al., 2000).
This finding indicates that the FCs between the somatosensory thalamus
and visual cortical regions may preexist and that repeated somatosen-
sory input may unmask and strengthen them. Moreover, brain structural
studies found that visual deprivation led to changes in the thalamo-
occipital projections in blindness (Cecchetti et al., 2016; Reislev et al.,
2017), indicating that the increased FCs were based on strengthened
structural connections (Messé, 2020; Peer et al., 2017; Shen et al., 2015).
This mechanism can explain the increased FC between the somatosen-
sory thalamus and high-level processing regions in blind individuals.
Literature have reported strengthened structural connections between
the thalamus and temporal regions (Marins et al., 2021). Another hy-
pothesis to explain the increases in FC strength is the reorganization
hypothesis (Cohen Kadosh and Walsh, 2006), which proposes that, due
to postnatal experience, the thalamus might develop new connections
to complete the relevant functions. Animal studies have provided direct
evidence that congenital enucleation in rodents elicits the visual cortex
to receive inputs from thalamic nuclei that are associated with the so-
matosensory and auditory cortices (Chabot et al., 2008; Karlen et al.,
2006).

The GMV and FC analysis in our study can provide insights into the
relation between GMV and FC; that is, the changes in FC are partly
based on changes in the GMV of related brain regions, modulated by
changes in the function of the related brain regions. Resting-state FC
reflects synchronized neural activity without performance of a specific
task (Greicius et al., 2003; Raichle and Mintun, 2006). This neural ac-
tivity embodies the intrinsic function of brain regions. For example, the
hub of information processing has strong FC with other regions, such
as the thalamus (Crossley et al., 2013; Hwang et al., 2017), while in-
jured regions have weak FC, such as the lesioned brain regions in post-
stroke aphasia (Klingbeil et al., 2019). We postulate that there are at
least four possible mechanisms of relationships between GMV and FC
to interpret our findings. First, there are regions with reduced GMV
induced by healthy neuronal degeneration (Terry et al., 1987) along
with developed, improved functions accompanied by strengthened FC.
For example, the GMVs in the somatosensory thalamus in blind chil-
dren were higher, while the related FC was weaker than that of blind
adults. The changes in GMV and FC with age were in line with previ-
ous studies (Fair et al., 2008; Hughes et al., 2012). Second, there were
regions with reduced GMV induced by neuronal degeneration due to
injury or input deprivation along with weakened function and FC. For
example, the GMVs of visual cortical regions were lower in blind chil-
dren, and their related FC was weaker than those in sighted children.
Third, there were regions that had increased GMVs due to neuronal de-
velopment and showed improved function and strengthened FC. Finally,
there were regions that had no significant changes in GMV but showed
improved function and strengthened FC. For example, the GMVs in the
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somatosensory thalamus and visual cortical regions in blind adults were
not significantly different from those in sighted adults, while the re-
lated functional connections in blind adults were significantly stronger
than those in sighted adults. Further GMV-behavior correlation analysis
showed that the somatosensory thalamus in blind adults was involved in
high-level information processing, while it was not observed in sighted
adults. This finding indicates that the changes in FC are partly based on
the changes in GMV, but not in all cases. Further research is needed.

4.3. Functional reorganizations of the thalamus and visual cortical regions

In the human brain, there is a characteristic structure-to-function
mapping, determined by extrinsic connections and intrinsic properties
(Passingham et al., 2002). Distinct regions support distinctive functions,
having preferred and nonpreferred sensory input modalities. For exam-
ple, the primary auditory cortex preferentially processes information
from the auditory modality, while the primary visual cortex prefer-
entially processes information from the visual modality. An increasing
number of studies have demonstrated that the structure and functions
of the human brain can be modulated by external experience (Gudi-
Mindermann et al., 2018; Matuszewski et al., 2021). Our study of blind
individuals provides evidence for the functional plasticity of the brain.
We found that the GMV values of the bilateral VL/VPL were signifi-
cantly related to tactile verb generation in blind adults, whereas these
regions are usually involved in primary tactile sensory perception in
sighted individuals (Jones, 2012; Sherman and Guillery, 2001). More-
over, we did not find a significant correlation between these regions and
the performance in tactile nonword reading, which involved more pri-
mary sensory information than the tactile verb generation task. These
results indicate that functional reorganizations occur in the somatosen-
sory thalamus. In addition, the somatosensory thalamus was reorganized
to involve advanced language processing and did not merely stem from
low-level aspects of somatosensory processing involved in Braille read-
ing. These functional reorganizations in the bilateral VL/VPL can be in-
terpreted in terms of the cognitive pluripotency theory (Bedny, 2017),
which proposes that the cortical regions of the human brain are cog-
nitively pluripotent and capable of supporting diverse cognitive func-
tions at birth. Functional specialization is shaped by inputs and con-
strained by functional and structural connectivity as well as experience
during development (Han et al., 2013; Li et al., 2020; Liu et al., 2021;
Saygin et al., 2016). A large amount of somatosensory information input
and the strengthened FCs with high-level information processing regions
might influence the functional specialization of the bilateral VL/VPL.

Moreover, we found that the rVL/VPL-ICUN connection was signifi-
cantly related to tactile nonword reading in blind children. This result
suggests that functional reorganizations occurred in visual cortex. The
ICUN engages in primary and high-level visual processing in sighted
subjects (Bohrn et al., 2012; Palejwala et al., 2021; Price et al., 2005;
Sun et al., 2011). However, the area involved in tactile processing in
blind subjects. Therefore, blindness might cause the ICUN to undergo
cross-modality reorganization. This is consistent with previous research,
indicating that the visual cortical regions may be rewired to participate
in nonvisual information processing when vision is absent and a large
amount of somatosensory information is input (Beisteiner et al., 2015;
Merabet et al., 2004).

In addition, we found that the FC between the somatosensory thala-
mus and the calcarine sulcus (IVL/VPL-rCS) was significantly related to
visual verb generation in sighted children. This finding might be related
to the development of the two nodes. The rCS in sighted individuals has
been documented to subserve high-level language processing, such as
lexical decision (Xiao et al., 2005), word reading (Van de Puttea et al.,
2018), reading comprehension (Xia et al., 2018), and semantic typicality
verification (Li et al., 2021). More importantly, the GVM values of the
rCS were highest in sighted children relative to that in the other three
groups (Fig. 3). This confirmed that childhood is the key period of rapid
development of the brains of in sighted children, and some functions and
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structures might be pruned as years pass (Cao et al., 2014; Giedd et al.,
1999). This finding might suggest that this node might have more active
neurons in childhood. Hence, the FC of this node could profoundly re-
flect the relevance with the verb generation processing in children. With
aging, the GMV values became low in sighted adults (Fig. 3), and was
no longer relevant. Interestingly, we also found that the 1VL/VPL was
associated with the verb generation task in blind adults (Fig. 1B). This
outcome is possibly because, due to plasticity, the long duration needed
for learning braille enabled the somatosensory thalamus (IVL/VPL) to
process advanced information. Therefore, the 1IVL/VPL was involved in
the verb generation task in blind adults (Fig. 1B).

We also observed the FC of the somatosensory thalamus and the
cuneus (r'VL/VPL-ICUN) was significantly related to visual verb gen-
eration in sighted adults. It has been reported in the literature that the
ICUN engages in high-level language processing in the sighted, such as
word recognition (Sun et al., 2011), object naming (Price et al., 2005),
and irony processing (Bohrn et al., 2012). Therefore, it is not surprising
that the FC of to the node was associated with the verb generation task,
although the GMV values of the node itself did not present a significant
association with the task. We also found that the other node, rVL/VPL,
was related to verb generation in blind adults (Fig. 1B). This result was
possibly observed because learning braille involved the node in the pro-
cess of high-level language. Moreover, our data show that the FC was
correlated with the reading performance in blind children. This finding
may also be related to the functional expansion of the rVL/VPL, possi-
bly suggesting that cognitive reorganizations of rVL/VPL might occur in
blind children.

4.4. Role of the thalamocortical pathway in nonvisual information
processing in blind individuals

Previous studies have discovered that corticocortical pathways con-
vey nonvisual information to occipital regions (loannides et al., 2013;
Klinge et al., 2010), while some animal studies provided direct evidence
that there might be thalamocortical pathways supporting tactile infor-
mation processing (Chabot et al., 2008; Karlen et al., 2006). However,
no direct evidence for thalamocortical pathways in humans has been
reported. It is worth mentioning that Miiller and colleagues (2019) re-
ported indirect evidence for thalamocortical pathways in humans. They
proposed a dual-route model of tactile information processing, that in-
cludes corticocortical and thalamocortical pathways in blindness. In the
thalamocortical pathway, tactile information is first sent to the VP and
VPL in the thalamus and then rerouted to the LGN, after which it is fi-
nally relayed to the primary visual area via the optic radiations. Our
study provides direct evidence for anatomical thalamic rewiring in hu-
mans and strong supportive evidence for the role of the thalamocortical
pathway. We observed that the GMV values of the VPL and LGN were
significantly different between the blind and sighted groups, revealing
atrophy of visual relay nuclei and hypertrophy of nonvisual relay nuclei
in blind children. We also found that GMV values significantly increased
from childhood to adulthood in the blind group, while they significantly
decreased in the sighted group. These results provide supportive evi-
dence that the VPL and LGN which may be part of the thalamocortical
pathways might play an important role in the processing of nonvisual
information. Moreover, we found that not only the somatosensory thala-
mus, visual thalamus and “visual” cortical regions but also the high-level
information processing region contributed to nonvisual information pro-
cessing in the blind.

4.5. Limitations

This study has at least the following caveates. 1) The children and
adults participating in our study were different subjects at different ages.
The distinct findings between these two groups might be a result of in-
dividual differences. 2) The number of congenitally blind children was
small due to the difficulty of recruitment. 3) Fewer items in behavioral
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tasks were used with the children than with the adults. Moreover, the
tasks did not match well in input modality between sighted and blind
groups. 4) The AAL atlas and BNA were used to divide the thalamus into
regions. Thus, the regions defined in this study might not represent the
true structural and functional differentiation of the thalamus. 5) The be-
havioral data were collected offline, and the brain-behavior correlations
were not conducted in real time. 6) The ANOVA/ANCOVA treated the
two independent variables (sex and age) as binary. This group division
did not take into account the individual difference in age in each group.
Future research should treated age as a continuous factor. Finally, 7)
the current study focused on the cerebral profiles that showed signifi-
cant interactions between vision and age factors. Future studies should
further systematically analyze the main effects of these two factors.

5. Conclusion

The present study found that congenital blindness resulted in plas-
tic changes in the thalamocortical network. The changes in the network
included the “visual” and somatosensory regions in the thalamus. The
structural volume of the visual thalamus in blind individuals, relative
to that of sighted groups experienced a transformation from lower to
higher between childhood and adulthood while that in the somatosen-
sory thalamus in blind individuals experienced a transformation from
higher than that of sighted individuals to not significantly different
from that of sighted persons between childhood and adulthood. How-
ever, the connectivity strength of all thalamocortical connections un-
derwent a transformation from weak to strong between blind childhood
and blind adulthood. Moreover, the somatosensory thalamic regions and
their functional connections with the visual cortical regions were reorga-
nized to process high-level language tactile information in blind individ-
uals. These findings may be related to the degeneration, development,
and pluripotency of neurons.
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