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Congenital blindness offers a unique opportunity to investigate human brain plasticity. The influence of
congenital visual loss on the asymmetry of the structural network remains poorly understood. To address this
question, we recruited 21 participants with congenital blindness (CB) and 21 age-matched sighted controls (SCs).
Employing diffusion and structural magnetic resonance imaging, we constructed hemispheric white matter (WM)
networks using deterministic fiber tractography and applied graph theory methodologies to assess topological
efficiency (i.e., network global efficiency, network local efficiency, and nodal local efficiency) within these
networks. Statistical analyses revealed a consistent leftward asymmetry in global efficiency across both groups.
However, a different pattern emerged in network local efficiency, with the CB group exhibiting a symmetric
state, while the SC group showed a leftward asymmetry. Specifically, compared to the SC group, the CB group
exhibited a decrease in local efficiency in the left hemisphere, which was caused by a reduction in the nodal
properties of some key regions mainly distributed in the left occipital lobe. Furthermore, interhemispheric tracts
connecting these key regions exhibited significant structural changes primarily in the splenium of the corpus
callosum. This result confirms the initial observation that the reorganization in asymmetry of the WM network
following congenital visual loss is associated with structural changes in the corpus callosum. These findings
provide novel insights into the neuroplasticity and adaptability of the brain, particularly at the network level.

1. Introduction

Visual experience plays a crucial role in the development of the
human brain (Greenough et al., 1987; Kolb, 1998; Li et al., 2022). Brain
asymmetry, characterized by discernible disparities in structure and
function between the two hemispheres at the local and network levels
(Duboc et al., 2015; Renteria, 2012; Toga and Thompson, 2003; Witel-
son, 1992, 1988), occurs concurrently with the plastic development of
the brain (Esteves et al., 2020). Asymmetry is believed to be associated
with the specialization of cognitive functions (Toga and Thompson,
2003) within an evolutionary continuum (Fitch and Braccini, 2013).
However, our understanding of how visual experience deprivation in-
fluences the plastic reorganization of brain asymmetry remains limited.
A comprehensive investigation of this issue is crucial for elucidating the
plasticity of the human brain and its adaptive developmental processes.

Blindness offers a valuable avenue for investigating the effects of
visual loss on brain asymmetry. Visual loss triggers plastic structural and
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functional reorganization of the brain (Bedny, 2017; Lopez-Bendito
et al., 2022), extending to asymmetric structures. Compared with con-
trols with normal sight, early-blind individuals exhibit increased left-
ward asymmetry in the gray matter structure of the frontal lobe,
somatosensory motor areas, and temporal pole. Conversely, increased
rightward asymmetry is observed in the visual association cortex (Pan
et al., 2008). Early-blind musicians do not exhibit the leftward asym-
metry in surface areas of the planum temporale observed in normally
sighted musicians (Hamilton et al., 2004). Furthermore, regarding the
plastic reorganization of functional asymmetry, existing studies have
documented a decreased leftward asymmetry of language processing in
individuals with congenital blindness (Lane et al., 2017). An increased
rightward asymmetry of spatial processing was observed in various
blind cohorts (Cattaneoet al., 2008; Rinaldi et al., 2020), which may be
related to the involvement of the right parietal and occipital cortices in
spatial tasks (Collignon et al., 2009; Zatorre et al., 2002).

The brain is widely acknowledged as a complex network adhering to
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the small-world property and characterized by highly connected hubs
and modules (Bullmore and Sporns, 2009). This configuration enables
efficient information transmission between neurons while maintaining a
high degree of local connectivity, which is crucial for supporting intri-
cate cognitive functions (Park and Friston, 2013). In the white matter
(WM) structural network, gray matter regions serve as nodes, and WM
connections between brain regions act as edges (Gong et al., 2009a,
2009b). Investigating the patterns of the white matter network provides
crucial evidence for understanding the structure and function of the
human brain (Sporns, 2013). Previous studies on WM network in blind
individuals have revealed reorganization of topological properties (Li
et al., 2013; Shu et al., 2009b; Zhou et al., 2022) and cross-modal
cognitive functions. Specifically, decrease in network efficiencies (Li
et al., 2013; Shu et al., 2009b; Zhou et al., 2022), fiber numbers (FNs;
Bauer et al., 2017), and increase in characteristic path length (Shu et al.,
2009b; Zhou et al., 2022) were observed in blind individuals. And the
structural networks of blinds involved in the processing of motor, so-
matosensory, tactile information, and braille reading (Jiao et al., 2023;
Shu et al., 2009b). Moreover, the increased network efficiencies in
glaucoma indicated that the degree and onset of visual impairment
influenced topological properties of WM network (Di Cio et al., 2020).

In recent years, advancements in diffusion tensor imaging technol-
ogy and graph theory analysis methods (Sporns, 2018) have facilitated
the examination of hemispheric brain WM network models to depict
brain asymmetry at the network level (Wei et al., 2018; Zhao et al.,
2019; Zhong et al., 2021, 2016). These models involve calculating and
comparing differences in topological metrics between hemispheric WM
networks. Normal individuals showed significant leftward asymmetry in
network efficiencies of both binary (Caeyenberghs and Leemans, 2014)
and streamline density weighted (Sun et al., 2017) WM networks.
Conversely, a developmental study indicated rightward asymmetry in
network efficiency of connectivity probability weighted WM network in
adolescents and young adults (Zhong et al., 2016). The inconsistent
findings might be due to variations in network construction methods
(Bassett et al., 2011; Yang et al., 2017; Zalesky et al., 2010; Zhong et al.,
2016, 2015). Finally, this research methodology has been used to
investigate brain asymmetry of network efficiencies in patients. In-
dividuals with autism spectrum disorder exhibited a rightward asym-
metry in network local efficiency, while network global efficiency
remained symmetrical (Wei et al., 2018). And asymmetry in network
efficiencies increased in patients with schizophrenia (Zhu et al., 2021).
However, the asymmetry of WM networks in blind individuals remains
unclear. Discussing this issue will enhance our understanding of how
visual experience shapes brain plasticity.

The structure of interhemispheric WM connections reflects, drives,
and maintains structural and functional brain asymmetries (Voineskos
et al., 2010). The corpus callosum (CC), the critical bundle of the WM
pathway for interhemispheric brain communication (Bloom and Hynd,
2005; Spillane, 1960), directly influences cortical connection estab-
lishment and brain neurodevelopment (Aboitiz et al., 1992; Alberto
Marzi, 2010; Szczupak et al., 2023; Theofanopoulou, 2015), playing a
pivotal role in brain asymmetry. A previous developmental study on
prenatal human brains with agenesis of the CC revealed a more sym-
metric configuration in the temporal lobe and an increased frequency of
abnormal asymmetric patterns (Schwartz et al., 2021). Disrupted
asymmetry in the prefrontal cortex of children with
attention-deficit/hyperactivity disorder was associated with anomalous
growth in the anterior CC (Gilliam et al., 2011). Similar findings were
observed in patients with dyslexia, in which asymmetry of the temporal
plane and morphology of the CC were implicated (Beaton, 1997).
Additionally, regarding functional hemispheric asymmetry, the leftward
frontal cortical asymmetry of anger and aggression in the prefrontal lobe
(Schutter and Harmon-Jones, 2013) and the leftward asymmetry of
auditory perception involved in dichotic listening studies (Westerhausen
and Hugdahl, 2008) were related to the CC. Importantly, significant
structural and functional reorganization in the CC has been observed in
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individuals with visual loss or damage (Aguirre et al., 2016; Cavaliere
et al., 2020; Celeghin et al., 2017; Jiao et al., 2023; Shi et al., 2015;
Tomaiuolo et al., 2014). The structural alterations in blind individuals
mainly occurred in the splenium part of CC, which reduced in various
structural measures, including WM volume (WMYV; Cavaliere et al.,
2020; Ptito et al., 2008), cortical thickness (Leporé et al., 2010; Shi et al.,
2015), surface area (Cavaliere et al., 2020; Tomaiuolo et al., 2014), FNs
(Cavaliere et al., 2020), and diffusion measures (Aguirre et al., 2016;
Jiao et al., 2023). And the curvature of CC was showed a decrease in
blindness (Tomaiuolo et al., 2014). Moreover, The CC was involved in
the braille reading induced by congenital visual loss (Jiao et al., 2023).

However, the previous studies in blindness primarily focused on
plasticity changes in asymmetry of local structures with limited explo-
ration at the network level, particularly the WM structural network.
Additionally, investigations into structural asymmetry predominantly
concentrated on early-blind populations, challenging the elimination of
the impact of visual experience and compromising the study’s purity.
Moreover, there is a lack of understanding regarding the physiological
mechanisms underlying brain network asymmetry, such as its associa-
tion with the structural reorganization of interhemispheric WM con-
nections (i.e., the CC). To address these issues, our study recruited
congenitally blind participants who lost their vision from birth and did
not have any visual experiences during brain cortical development. We
focused on the WM structural network of the brain hemispheres utilizing
diffusion tensor imaging technology and graph theory analysis methods
to investigate changes in the topological properties of the WM network
in the hemispheres. Simultaneously, we employed a WM atlas with
detailed segmentation of the CC for voxelwise analysis. This analysis
aimed to explore whether the reorganization of hemispheric asymmetry
is accompanied by structural reorganization of interhemispheric WM
tracts, providing a physiological mechanism-based explanation for
asymmetry reorganization (Fig. 1).

2. Materials and methods
2.1. Participants

Our study recruited 21 participants with congenital blindness (CB,
age 24.38 + 5.32 years old, 7 female) and 21 normally sighted controls
(SCs, age 22.81 + 2.58 years old, 11 female). The two groups were well
matched for age [two-tailed two-sample t-test: ts0) = 1.22, P = 0.23]
and sex [two-tailed Pearson chi-square test: ;(2(1) =0.89, P = 0.35].

The CB participants had blindness of peripheral origin from birth,
with the etiology attributed to factors such as eyeball dysplasia, fundus
dysplasia, macular dysplasia, optic nerve atrophy, retinopathy of pre-
maturity, and retinitis pigmentosa. The participants self-reported that
they had never been able to distinguish colors, shapes, or motion, while
13 of them self-reported that they had minimal light perception. The
sighted participants had normal or corrected-to-normal vision.

All participants were right-handed (Oldfield, 1971), were native
Chinese speakers, and reported no known neurological or psychiatric
problems. They received compensation for their participation and pro-
vided informed written consent. This study received full ethical
approval from the Institutional Review Board of the National Key Lab-
oratory of Cognitive Neuroscience and Learning, Beijing Normal
University.

2.2. MRI data acquisition

MRI scans were acquired on a 3T Siemens Prisma scanner at the
Imaging Center for Brain Research, Peking University. T1-weighted
images and diffusion-weighted images (DWIs) were collected. For
high-resolution T1-weighted images, 192 slices per slab were obtained
through sagittal acquisition utilizing a magnetization-prepared rapid
gradient-echo (MP-RAGE) sequence with the following imaging pa-
rameters: echo time (TE) = 2.98 ms; repetition time (TR) = 2530 ms;



S. Jiao et al.

Neurolmage 299 (2024) 120844

A [ S g, 0
e gfe, @ iy W
ee *Y® 4, @, :‘,T ) %‘f “_’
‘,k‘- o 5y - L. = > ."
[ L e bt L]
L e : - . @ i Ur‘-"‘l &y ‘u
of S0 % 0 T @ S\ "g
& e * - LAY e
- ] * * 4 1' ﬂ % ¥
v & b 25
R o /s WV
R v Cen ERLLEN
LH network RH network
)L(Z)
D E
1%
2 (3)
. il ~
o % E

Fig. 1. Schematic flowchart for the data analysis. (1) The automated anatomical labeling (AAL) template (A) was utilized to construct hemispheric white matter
networks (C), initially by reconstructing the entire brain’s white matter fibers (B) through deterministic fiber tractography. (2) Identification of key brain nodes
exhibited significant group differences in nodal efficiency (D) which were associated with topological asymmetry in hemispheric white matter networks. (3) Analysis
of the interhemispheric tracts (E) connecting the key nodes. LH, left hemisphere; RH, right hemisphere.

inversion time (TI) = 1100 ms; slice thickness = 1 mm; voxel size = 0.5
x 0.5 x 1.0 mm?; flip angle = 7°; and field of view (FOV) = 256 x 256
mm?. For the DWIs, axial acquisition was conducted using a single-shot
echo-planar imaging (EPI) sequence. The integral parallel acquisition
technique (iPAT) was employed with an acceleration factor of 2 to
reduce the acquisition time. The detailed parameters were as follows: 70
axial slices covering the whole brain; TE = 73 ms; TR = 5100 ms;
diffusion directions = 30; b-value 1 = 0 s/mm?; b-value 2 = 1000s/mm?;
b-value 3 = 2000s/mm2; slice thickness = 2 mm; voxel size = 2.0 x 2.0
x 2.0 mm>; flip angle = 60°; and FOV = 224 x 224 mm?.

2.3. MRI data preprocessing

The T1-weighted images were preprocessed utilizing Statistical
Parametric Mapping version 12 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm12/) with default parameters incorporating the Diffeo-
morphic Anatomical Registration Through Exponentiated Lie Algebra
(DARTEL) algorithm (Ashburner, 2007). First, the T1-weighted images
were segmented into three parts [i.e., gray matter (GM), WM, and ce-
rebrospinal fluid]. Second, the segmented WM images were resampled
to 1.5 x 1.5 x 1.5 mm® and spatially normalized to Montreal Neuro-
logical Institute (MNI) standard space. Third, the normalized WM im-
ages were modulated by the Jacobian determinants generated during
spatial normalization to obtain volume measurements (Ashburner and
Friston, 2000; Goldszal et al., 1998). Finally, the modulated, normalized
WMV images were smoothed with a Gaussian kernel of 4 mm full width
at half maximum, and the resulting WMV images were used in the
following analysis.

The DWIs were preprocessed using PANDA, a pipeline tool for
analyzing brain diffusion images (Cui et al., 2013) (http://www.nitrc.
org/projects/panda/). The image processing procedure comprised (i)
brain extraction with skull removal and cropping gap; (ii) correction for
simple head motion, eddy current distortions, and b-matrix (Leemans

and Jones, 2009); (iii) voxelwise computations for tensor matrix and
diffusion tensor metrics [i.e., fractional anisotropy (FA), axial diffusivity
(AD), mean diffusivity (MD) and radial diffusivity (RD)]; and (iv) image
normalization to MNI standard space and smoothing with a 6 mm
Gaussian kernel.

2.4. Hemispheric WM network construction

To investigate the impact of blindness on brain network asymmetry,
two hemispheric WM networks were constructed for each subject. The
schematic flowchart for network construction is shown in Fig. 1. Like
other complex networks, the brain network is composed of two basic
elements: nodes and edges. Based on the previous studies on the WM
network in blindness (Jiao et al., 2023; Li et al., 2013; Shu et al., 2009b,
2009a; Wang et al., 2017; Zhou et al., 2022), We determined the current
method of constructing hemispheric WM network, and described the
detailed procedures below.

2.4.1. Definition of nodes in hemispheric WM networks

We defined the nodes of the brain network utilizing the automated
anatomical labeling (AAL) template (Tzourio-Mazoyer et al., 2002)
without the cerebellum. This atlas comprises a total of 90 brain regions
that are evenly distributed across both hemispheres. Consequently, each
hemisphere was parcellated into 45 regions, and each region served as a
node of the hemispheric WM network. For each subject, the original AAL
in MNI standard space was first transformed into the individual’s native
diffusion space using FSL (http://www.fmrib.ox.ac.uk/fsl). Briefly, a
linear transformation was performed between the individual
T1-weighted image and the individual FA image in the native diffusion
space. Then, the native T1-weighted image was nonlinearly registered to
the T1 template of ICBM152 in the MNI standard space. Finally, the two
resulting inverse transformations were applied to the AAL in MNI space,
resulting in a subject-specific gray matter parcellation with 90 regions in
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the native diffusion space for subsequent fiber tracking (i.e., 45 regions
for each hemisphere).

2.4.2. WM tractography for hemispheric WM networks

Deterministic fiber tractography, which is a commonly utilized
methodology for inferring connections between nodes, was used to
determine whether two GM nodes were anatomically connected (Van
Den Heuvel and Sporns, 2011; Wang et al., 2018; Zhong et al., 2015).
The fiber assignment by continuous tracking (FACT) algorithm (Mori
et al., 1999; Mori and van Zijl, 2002) was utilized to reconstruct all the
WM fibers in the whole brain. Fiber tractography was terminated
if/when the crossing angle of two consecutive orientations was greater
than 45° or the FA value was less than 0.2.

2.4.3. Edge definition for hemispheric WM networks

The weighted edge linking each pair of GM nodes was calculated as
the total FN connecting two GM nodes, which was computed by
aggregating the existing streamlines connecting the two regions. The FN
offers insights into the quantity of WM connectivity between two GM
regions. The seed and target regions in the hemispheric network were
restricted within the same hemisphere. By employing this approach, two
separate 45x45 symmetric weighted matrices were obtained for each
subject, with each network representing a hemispheric network within
the human brain. To remove spurious connections due to imaging noise,
head motion, or cumulative tractography errors, we excluded edges that
existed in less than 80% of the subjects and for which the FN was less
than 3 (Li et al., 2009; Shu et al., 2011; Xu et al., 2021; Zhang et al.,
2023), especially in researches recruited the blind participants (Li et al.,
2013; Shu et al., 2009b; Zhou et al., 2022). We test the effects of
different threshold values from 1 to 5 on network properties, and finally
determined the most appropriate FN threshold value of 3 (Li et al., 2013,
2009; Shu et al., 2011; see Supplementary Analysis 1 for further details).

2.5. Topological metrics of hemispheric networks

Graph theory analysis provides a valuable opportunity to investigate
the topological properties of WM structural networks (Bullmore and
Sporns, 2009). To understand the overall structure of the whole network
as well as the information transfer properties between nodes, network
global efficiency (Eg) and network local efficiency (Ejoc), which are two
widely used metrics to characterize network-level efficiency (M. Li et al.,
2021; Wei et al., 2018; Zhao et al., 2019; Zhong et al., 2016, 2021) that
also involve the efficiency of information transmission between nodes in
the network (Duda et al., 2014; Latora and Marchiori, 2001; Van Mie-
ghem, 2023; Zhou and Wang, 2018), were calculated. At the nodal level,
the corresponding metric was nodal local efficiency (Ejgc.nodal)- These
nodal metrics can be used to understand the centrality of nodes and the
information transmission characteristics within complex network
structures. All three metrics mentioned above were the main focus of
this study and were calculated within the same hemisphere by using the
Gretna package (Wang et al., 2015).

2.5.1. E

Eg is a global metric used to measure the overall communication
efficiency of parallel information transfer in a network, and a higher
value means that it is easier and faster to transfer information between
the nodes in the network. Eg is calculated as the mean of the reciprocal of
the shortest path between all pairs of nodes in the network (Latora and
Marchiori, 2001):
B = N(N1 1) i

~ Viiee j#ieGLij

where L; is the shortest path length between nodes i and j, and N is the
number of nodes in graph G.
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2.5.2. Ejoc

Ejoc represents the communication efficiency of information transfer
within the local environment, which reflects the average ability of a
network to tolerate faults by measuring the communication efficiency
among the nearest neighbors of the node when it is removed. This metric
is defined as follows (Latora and Marchiori, 2001):

1
e =50 Ff

icG

where G; is the neighborhood subnetwork of node i composed of the
nearest neighbors and their connections, and N is the number of nodes in
graph G;.

2.5.3. Eoc-nodal

Eloc-nodal Tepresents the information communication capacity of a
particular node within the subnetwork composed of its nearest neigh-
bors and their connections. For a particular node i, the computational
formula is as follows:

ES (i) =ES

loc—nodal 'S

where G; denotes the neighborhood subnetwork of node i.
2.6. Asymmetry index (AI)

The Als of network-level efficiency metrics (i.e., Eg and Ejoc) were
calculated to measure the differences in information transfer efficiency
between the two hemispheres. To characterize the degree of asymmetry,
we computed the Als of the Eg and Ejo. metrics for each subject using the
following formula:

E(L) —ER)
Al = ——F————
E(L) +E(R)

where E(L) and E(R) represent the Eg or Ejo of the whole left and right
hemispheric networks, respectively. A positive Al indicates leftward
asymmetry of the brain, while a negative Al indicates rightward
asymmetry.

2.7. Interhemispheric connections related to the plastic reorganization of
hemispheric asymmetry

In the above analysis, we found that the reorganization of hemi-
spheric asymmetries in blind individuals was related to the “damage” of
some key nodes in the left hemisphere, as demonstrated by the
decreased transfer efficiency of the intrahemispheric connections of
these key nodes. To further explore whether changes in asymmetry are
accompanied by structural alterations in interhemispheric WM con-
nections, we employed the deterministic fiber tractography method,
which is the same as that used in network construction, to determine the
interhemispheric connections passing through each identified key node.
The CC is the main fibrous bundle responsible for interhemispheric in-
formation transfer; hence, the interhemispheric connections passing
through each key node were determined by all the fibers passing
through or terminating in both the key node and the CC. We merged all
five CC subdivisions in the International Consortium of Brain Mapping
DTI-based atlas obtained from 81 normal subjects (ICBM-DTI-81) (Mori
et al., 2008) to define the CC region. The ICBM-DTI-81 atlas is composed
of 50 subdivisions, including five segments of the CC: the genu (GCC),
the body (BCC), the splenium (SCC), the left tapetum, and the right
tapetum. The WMV values of the interhemispheric connections were
compared between groups to investigate the structural changes.
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2.8. Statistical analysis

2.8.1. Blindness-relevant changes in asymmetry of network-level
efficiencies

To identify the network-level efficiencies (Eg and Ej,) of hemispheric
networks that were influenced by blindness, a two-way mixed-design
analysis of covariance (ANCOVA) was conducted. This analysis involved
two levels for vision (blind vs. sighted) * two levels for the hemispheric
network used as the repeated variable (left hemisphere vs. right hemi-
sphere), with sex and hemispheric intracranial volume (IV) considered
additional covariates for each network-level efficiency (Barnes et al.,
2010; Yan et al., 2011). The IV was calculated as the sum of the
normalized, modulated, smoothed tissue segments (GM + WM + cere-
brospinal fluid). To further reveal the pattern of the alterations in each
metric, post hoc two-tailed two-sample ¢ tests were performed. The false
discovery rate (FDR) correction (P < 0.05) was employed in both the
ANCOVA and post hoc tests to correct for multiple comparisons
(Genovese et al., 2002).

2.8.2. Blindness-relevant changes in the Al of network-level efficiencies

To evaluate whether and how visual loss influences the asymmetries
of WM networks, permutation correction was applied to evaluate the
significant differences in the residual Al values of E; and Ejo. between
the two groups. Specifically, we conducted a permutation test to
compare the mean difference of the residual Al values against a null
distribution generated with a decoding procedure repeated 1000 times,
controlling for the influences of sex and total IV, and with the differences
in hemispheric IV (calculated as left-right) serving as covariates. Then,
the distribution was fitted with a generalized Pareto distribution by the
MATLAB package EPEPT (Knijnenburg et al., 2009). Finally, the dif-
ference was considered statistically significant if P < 0.05.

2.8.3. Blindness-relevant changes in nodal-level properties of the left
hemisphere

Based on the results of the above analysis, we found that congenital
blindness significantly altered the Al of the Ej,¢, which was related to the
reduction in the residual Ej, in the left hemisphere. To further explore
the “damage” of the key nodes leading to the reduction in the residual
Ejoc of the left hemisphere in blind individuals, in the nodal-level anal-
ysis, we focused on the nodes with significant group differences in nodal-
level topological metrics in the CB group restricted to the left hemi-
sphere. For Ejgcnodal, after controlling for the influence of sex and left
hemispheric IV, we statistically compared the residual values between
the CB and SC groups using permutation tests to evaluate the group
differences (1000 times, P < 0.05). The nodes exhibited significant
group differences in left hemisphere were defined as the key nodes.

Moreover, in order to reveal the blindness-relevant changes in
intrahemispheric WM connections of key nodes, we evaluated the group
differences in WM connectivity strength. Specifically, for each existing
intrahemispheric connection of each key node, we extracted the residual
FN (after regressing out sex and left hemispheric IV), and performed
permutation test (1000 times, P < 0.05) in residual FN between two
groups.

2.8.4. Blindness-relevant structural changes in interhemispheric
connections related to the plastic reorganization of hemispheric asymmetry
To identify the interhemispheric WM tracts that were connected to
the aforementioned “damaged” key nodes and influenced by blindness,
we conducted a voxelwise two-sample t-test for the residual WMVs after
controlling for sex and total IV for each node. FDR correction (P < 0.001,
cluster size > 50 voxels) was utilized within a WM mask for the WM tract
connecting each node. The mask was generated by summing the voxels
(in which no less than 20% of subjects had fibers) containing WM fibers
across each group. Post hoc two-tailed two-sample t tests were per-
formed to clarify the pattern of the structural changes in the mean re-
sidual WMV of each significant tract (FDR corrected, P < 0.001).
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Then, we used ICBM-DTI-81 (Mori et al., 2008) to define WM tracts
with significant group differences. We defined each significant tract by
calculating the overlap between the tract and each subdivision in the
ICBM-DTI-81 atlas. The overlap index (OI) was computed as the ratio of
the number of overlapping voxels to the number of voxels in the sig-
nificant WM cluster. The WM cluster was labeled according to the sub-
division with the highest OI in the atlas.

3. Results
3.1. Blindness-relevant changes in asymmetry of network-level efficiencies

Two-way ANCOVA (covarying for sex and hemispheric IV) used to
analyze the network-level efficiencies, and the asymmetries in residual
Eg and residual Ej, for both groups are illustrated in Fig. 2.

For the residual Eg metric (Fig. 2A), there was only a significant main
effect of hemisphere [F; 40y = 68.37, FDR corrected P < 0.001] but no
interaction effect [F(1,49) = 0.07, FDR corrected P = 0.79] or main effect
of vision [F(1,40) = 1.32, FDR corrected P = 0.26]. Specifically, we ob-
tained a detailed description of the changing patterns for the residual Eg
in the hemispheric networks of the two groups via post hoc analysis.
Regarding within-group asymmetry, significant leftward (i.e., left >
right) hemispheric asymmetry in residual E; was observed both in the
CB [t(20) = 6.12, FDR corrected P < 0.001] and in SC [t(20) = 5.64, FDR
corrected P < 0.001] groups. There were no significant differences in
asymmetry of the two hemispheres between groups [left hemisphere:
ti40) = 1.13, FDR corrected P = 0.32; right hemisphere: t40) = 1.00, FDR
corrected P = 0.32].

For the residual Ej,. metric (Fig. 2B), a significant interaction effect
[F(1,40) = 6.05, FDR corrected P = 0.03] and main effect of hemisphere
[F(1,40) = 16.43, FDR corrected P < 0.001] were observed, but the main
effect of vision did not reach significance [F(1 40y = 2.25, FDR corrected P
= 0.14]. Regarding within-group asymmetry, there was significant
leftward (i.e., left > right) hemispheric asymmetry in the SC group [t(20)
= 4.09, FDR corrected P < 0.001] but no asymmetry in the CB group
[t20) = 1.32, FDR corrected P = 0.27]. Regarding the between-group
differences in asymmetry, the residual Ej,. of the left hemispheric
network in the CB group was significantly lower than that in the SC
group [t(40) = 2.62, FDR corrected P = 0.02], while the difference in the
right hemispheric network between the two groups was not significant
[tc40) = 0.38, FDR corrected P = 0.71].

The results revealed a significant leftward asymmetry in the residual
Eg of hemispheric networks for both groups. However, there were no
significant group differences, indicating that the E; metric is not highly
sensitive to visual factors and that the asymmetry in E; remained un-
affected by visual deprivation in congenital blindness patients. In
contrast, we observed a significant leftward asymmetry in Ej,. in the SC
group, while the asymmetry in the congenitally blind group showed
significant rightward movement, reaching symmetry. Compared with
that in the SC group, the observed change in the asymmetry of Ej,. was
attributed to the reduction in Ej, of the left hemispheric network in the
CB group. Ej,c is a network efficiency metric calculated based on the
local network of nodes, and we hypothesize that this outcome may
suggest alterations in some critical nodes of the left hemisphere network
in the congenitally blind group, leading to these changes.

3.2. Blindness-relevant changes in Al of network-level efficiencies

The group difference in the residual Al of Eg4 did not reach signifi-
cance (permutation test, P = 0.42), while a significant group difference
was observed for the residual Al of Ej,. (permutation test, P = 0.03)
between the CB and SC groups, as shown in Fig. 3. Specifically, for Ejq,
compared with the SC group, the CB group exhibited a decrease in the
residual Al According to the above post hoc test of the ANCOVA of the
residual Ejo. (Fig. 2B), the residual Ej. of the left hemispheric network in
the CB group decreased significantly compared with that in the SC
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group, but there were no differences in the residual Ej,. of the right
hemispheric network.

The analyses of residual Al values were consistent with the results of
the ANCOVA. Particularly in terms of Ej,., the SC group exhibited a
leftward asymmetry of the WM network; however, the asymmetry in the
CB group moved significantly rightward to achieve a symmetric state.

3.3. Blindness-relevant changes in nodal-level properties of left
hemisphere

According to the above asymmetry analysis, we found that a
reduction in Ej, in the left hemisphere led to a change in the asymmetry
of the WM network in the CB group. Therefore, we conducted an in-
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Fig. 4. Key brain nodes with significant group differences in the residual nodal local efficiency (Ejocnodar) for the left hemispheric network after controlling for sex
and left hemispheric intracranial volume. Error bars indicate the standard error of the mean. Corrected for permutation test: *P < 0.05. CB, congenital blindness;

CUN, cuneus; I0G, inferior occipital gyrus; 1/L, left hemisphere; LING, lingual gyrus; MFGorb, orbital part of middle frontal gyrus; PCUN, precuneus; PUT, putamen;
R, right hemisphere; SC, sighted control.
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depth analysis to investigate whether these alterations were induced by
“damage” to some key nodes in the left hemisphere. There were six re-
gions in the left hemisphere that exhibited significant group differences.
Specifically, compared to the SC groups, all these six nodes showed
notable reduction in residual Ejocpoga values in the CB group (Fig. 4):
the left orbital part of the middle frontal gyrus (IMFGorb; permutation
test, P = 0.04), the left lingual gyrus (ILING; permutation test, P = 0.04),
the left inferior occipital gyrus (II0G; permutation test, P = 0.05), the
left precuneus (IPCUN; permutation test, P = 0.02), the left cuneus
(ICUN; permutation test, P = 0.02), and the left putamen (IPUT; per-
mutation test, P = 0.02).

Moreover, the following intrahemispheric connections of key nodes
showed significant blindness-relevant changes (Fig. 5): ILING-IPCUN
connection (permutation test, P = 0.003), ILING-left calcarine fissure
connection (ILING-ICAL connection; permutation test, P = 0.01),
IPCUN-ICAL connection (permutation test, P = 0.002), IPCUN-IPHG
connection (permutation test, P = 0.03), ICUN-ICAL connection (per-
mutation test, P = 0.006), IPUT-left dorsolateral part of superior frontal
gyrus connection (IPUT-ISFGdor connection; permutation test, P =
0.02). Compared with the SC group, the connectivity strength of IPUT-
ISFGdor connection increased in CB group, while all other connections
decreased.

For various nodal properties in left hemisphere, the nodes that
exhibited significantly decreased values in the CB group were concen-
trated in specific brain regions, such as the occipital regions, a few
frontal regions, and the subcortical putamen. Notably, most key nodes
and their intrahemispheric connections with significant differences were
in the occipital lobe, where visual information is processed in sighted
individuals.

3.4. Blindness-relevant structural changes in the interhemispheric
connections related to the plastic reorganization of hemispheric asymmetry

For each key node defined in the above analysis, we performed a
voxelwise two-sample t-test (FDR corrected, g < 0.001; cluster size > 50
voxels) for the residual WMV of the interhemispheric tract connecting
the key node between the two groups. The residual WMVs of the
interhemispheric tracts connecting the ILING and IPCUN showed sig-
nificant group differences (Table 1, Fig. 6). The tracts passing through
the ILING and IPCUN had the only and largest OI with the SCC (Fig. 6A)
in the ICBM-DTI-81 atlas. Specifically, in the post hoc two-sample t-test
analysis, the mean residual WMVs for both tracts in the CB group were
significantly lower than those in the SC group [ILING-SCC: t(40) = 5.99,
IPCUN-SCC: ti40y = 6.01; FDR corrected Ps < 0.001] (Fig. 6B, 6C). The
results demonstrated that reorganization of brain asymmetry in blind
individuals was accompanied by changes in the structure of interhemi-
spheric WM connections.

4. Discussion

Through the analysis of individuals with congenital blindness, our
study revealed the influence of congenital visual experience deprivation
on the plasticity of the topological asymmetry of the hemispheric WM
network. Additionally, we concurrently observed the relationship be-
tween the plastic reorganization of topological asymmetry and struc-
tural changes in the interhemispheric WM connections. Specifically, we
first observed a symmetrical state for the network local efficiency (Ejoc)
in individuals with congenital blindness compared to the significant
leftward asymmetry in sighted individuals. Second, the plastic change in
asymmetry in individuals with congenital blindness was due to the
"damage" of key nodes and their intrahemispheric connections within
the left hemisphere, with these nodes distributed across multiple areas
in the occipital lobe, parts of the frontal lobe and subcortical cortex.
Finally, the interhemispheric WM tracts connecting these key nodes
underwent structural reorganization in the SCC. Overall, the "damage"
to key nodes in the left hemisphere of individuals with congenital
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blindness triggered a plastic reorganization of brain asymmetry, and the
physiological mechanism of this reorganization of asymmetry might
involve changes in the structure of the CC.

4.1. Plastic reorganization of topological asymmetry in the hemispheric
WM network

In the analysis of complex networks using graph theory, Ejoc and Eg
play a vital role in characterizing the properties related to information
transmission and overall connectivity of networks (Duda et al., 2014;
Latora and Marchiori, 2001; M. Li et al., 2021; Van Mieghem, 2023;
Zhou and Wang, 2018). In this study, the observed significant leftward
asymmetries in the network efficiencies of hemispheric WM networks
for sighted individuals were consistent with those of previous studies
(Caeyenberghs and Leemans, 2014; Cai et al., 2019; Dennis et al., 2013;
Nucifora et al., 2005; Ratnarajah et al., 2013; Sun et al., 2017), indi-
cating enhanced integration within the left hemisphere as opposed to
the right hemisphere. The pronounced leftward asymmetries in sighted
individuals may be related to the lateralization of cognitive functions (e.
g., visual word recognition, reading, and sentence processing) to the left
hemisphere (Binder et al., 1997; Caeyenberghs and Leemans, 2014;
Chiarello et al., 2013; Labache et al., 2020; Qiu et al., 2011). However,
for individuals with congenital blindness, the topological metric of Ejoc
reorganized to a symmetrical state, while the leftward asymmetry of Eg
remained. These findings highlight the neural plasticity of the brain in
response to long-term visual deprivation, providing substantial evidence
for understanding how the brain reorganizes to adapt to changes in
sensory input at the network level.

Compared to sighted individuals, Ej, of congenitally blind patients
shifted from significant leftward asymmetry to a symmetrical state. Post
hoc comparisons revealed that this was due to the reduction in Ej in the
left hemisphere of blind individuals. This was consistent with previous
studies on gray matter structural asymmetry, blind individuals exhibited
areduction on the left visual association cortex (Pan et al., 2008) and left
planum temporale (Hamilton et al., 2004). Ejo. measures the tightness of
connections between nodes in a network (Barmpoutis and Murray,
2011), which signifies the efficiency of information transmission be-
tween neurons in a specific subnetwork (Barmpoutis and Murray, 2011;
Caccetta, 1979; Latora and Marchiori, 2001). A high local efficiency may
indicate faster and more effective information transmission within the
local subnetwork (Latora and Marchiori, 2001). Therefore, we specu-
lated that the reduction in Ejo in the left hemisphere in individuals with
congenital blindness might be related to changes in cognitive functions
associated with altered sensory input (Binder et al., 1997; Caeyenberghs
and Leemans, 2014; Chiarello et al., 2013; Labache et al., 2020; Qiu
et al.,, 2011). This change reflected a decrease in the efficiency of in-
formation transmission for visual perception, motor control, and specific
cognitive functions (such as language), which are tightly coupled with
visual information (Binder et al., 1997; Chiarello et al., 2013; Labache
et al., 2020; Qiu et al., 2011). The leftwards functional lateralization of
language was found significantly reduced in blind individuals (Lane
et al., 2017). While there were evidences showed that new cognitive
functions (e.g. auditory, tactile, syntactic processing) (Jiao et al., 2023;
Kim et al., 2017; Lin et al., 2022) were invloved and enhancement of
functional connectivity (Abboud and Cohen, 2019; Lin et al., 2022; Tian
et al., 2024) in left occipital cortex of blind individuals. However, these
“increase” were not sufficient to offset the “decreased” induced by visual
loss, which was similar with our findings. The increased connectivity
strength of IPUT-ISFGorb connection was not strong enough to save the
widely reduction in the occipital connections (Fig. 5).

Notably, Ejoc in the right hemisphere did not decrease in blind in-
dividuals. This was possibly due to their reliance on tactile and auditory
information to complete cognitive tasks, which enhanced the spatial
perception (Aliotti, 1981; Carota and Bogousslavsky, 2018; Cona and
Scarpazza, 2019), musical (Bosnar-Puretic et al., 2009; Koelsch et al.,
2005; Vaquero et al., 2018), and artistic (Nikolaenko, 1998) functions
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Fig. 5. Group comparisons of the residual fiber number of intrahemispheric connections for key nodes after controlling sex and left hemispheric intracranial volume.
The intrahemispheric connections with significant group differences (A) were summarized from the group comparison for each key node (B). The nodes (purple, the
key nodes; green, the nodes peripheral to the key nodes) and the intrahemispheric connections (blue, the connections with significant decreased connectivity strength
in CB; red, the connections with significant increased connectivity strength in CB; gray, the existing connections without group differences) were shown in different
colors. ACG, anterior cingulate and paracingulate gyri; CAL, calcarine fissure; CAU, caudate nucleus; CB, congenital blindness; CUN, cuneus; DCG, median cingulate
and paracingulate gyri; FFG, fusiform gyrus; IFGorb, orbital part of inferior frontal gyrus; IOG, inferior occipital gyrus; ITG, inferior temporal gyrus; INS, insula; 1, left
hemisphere; LING, lingual gyrus; MFGorb, orbital part of middle frontal gyrus; MOG, middle occipital gyrus; PAL, pallidum; PCG, posterior cingulate gyrus; PCUN,
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SFGorb, orbital part of superior frontal gyrus; SMA, supplementary motor area; SOG, superior occipital gyrus; SPG, superior parietal gyrus.
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Table 1 group. However, the above interpretations of cognitive function for the
Interhemispheric white matter tracts with significant group differences passing different pattern of Ejo. changes in two hemispheres are inferences based
through each seed node according to two-sample t-test analysis of residual white on previous studies. The relationship between structural asymmetry and
matter volumes. functional lateralization should be revealed and discussed in further
Seed node Label of white matter x y z  Cluster t studies.
tract size value However, there was no significant difference in Eg; between
Left lingual Splenium of the 0 -34 6 57 9.99 congenitally blind and sighted individuals. In the brain network, Eg
gyrus (ILING) corpus callosum signifies the coordination and integration between different regions,
(5C) allowing information to quickly spread throughout the entire brain
Left precuneus Splenium of the 2 32 8 66 12.03 network (Caccetta, 1979; Ek et al., 2015; Latora and Marchiori, 2001).
(IPCUN) corpus callosum
(SCC) For individuals with congenital blindness, despite a significant decrease

in the Ejo of the left hemisphere, the overall Eg of the brain network
remained unchanged. These findings suggested that the brain main-

that were originally processed in the right hemisphere (Joseph, 1988). tained the overall efficiency of information transmission through
The rightwards functional lateralization of spatial perception was compensatory mechanisms by recruiting “visual” regions to participate
observed to be significantly increased (Cattaneoet al., 2008; Rinaldi in other cognitive functions [i.e., auditory and tactile perception (Burton
et al., 2020). Moreover, previous studies have revealed that the right et al., 2004; Collignon et al., 2011; Dormal et al., 2016; Hétting and
hemisphere of blind individuals is involved in tactile processing and Réder, 2009), language processing (Amedi et al., 2004; Bedny et al.,
braille reading (Gizewski et al., 2004; Jiao et al., 2023). Therefore, the 2011; Striem-Amit et al., 2012; Watkins et al., 2012), braille reading
enhanced original functions and the newly recruited functions in the (Burton et al., 2012; Jiao et al., 2023; Sadato et al., 1996), and mathe-

right hemisphere maintained the Ejo. of the right hemisphere for the CB matics (Kanjlia et al., 2016)].
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Overall, the brain network can undergo reorganization in response to
the absence of visual input, adapting to alternative sensory inputs or
enhancing nonvisual functions (Chelaru et al., 2016; De Borst and De
Gelder, 2019; Gilbert and Wiesel, 1992; Keck et al., 2011; Kujala et al.,
2000, 1997). This reorganization might be attributed to differences in
learning experiences, environmental changes, or other factors unique to
blind individuals compared to sighted individuals.The current study
provided a unique insight of plastic reorganization at network-level,
especially for the topological properties and asymmetries of structural
network after visual loss. The structural hemispheric asymmetries may
have potential as biomarkers for blind individuals.

4.2. Key brain regions related to plastic reorganization in hemispheric
WM network asymmetry

Ejoc-nodal is the reciprocal of the average shortest path length between
the node and its immediate neighboring nodes; Ej, is calculated as the
average of the Ejocnodal Of all nodes within the network (Latora and
Marchiori, 2001). These two metrics exhibit a positive correlation and
collectively represent the information transmission efficiency within the
local subgraph (Latora and Marchiori, 2001). In the current study, we
found that a reduction in the Ejo. of the left hemisphere caused plastic
reorganization of asymmetry in the hemispheric WM network in the CB
group. The decrease in Ej, in the left hemisphere was due to “damage”
to key nodes within the left hemisphere. Node-level statistical analysis
revealed group alterations in the Ejgc.noda) Of six key left brain regions
and in the connectivity strength of their intrahemispheric connections.
Almost all identified key nodes exhibited a significant reduction in blind
patients compared to sighted patients, suggesting a diminished effi-
ciency in information transmission (Latora and Marchiori, 2001) for
these critical nodes and their intrahemispheric connections in the
congenitally blind cohort.

These six key brain regions were distributed in the frontal lobe (i.e.,
IMFGorb), occipital lobe (i.e., ILING, 1IOG, IPCUN, and ICUN) and
subcortical areas (i.e., IPUT). Previous studies have revealed structural
changes in these key regions (Voss et al., 2014). In sighted individuals,
these areas are typically involved in functions such as visual processing
(Bogousslavsky et al., 1987; Moores et al., 2003), spatial cognition
(Horvath et al., 2019; Mahayana et al., 2014; Ziindorf et al., 2013),
attention (Hahn et al., 2006; Lux et al., 2003), and high-level cognitive
functions that rely on visual information (e.g., language and mathe-
matics) (Chen et al., 2020; Liu et al., 2019; Turken and Dronkers, 2011;
Xu et al., 2016).

The decreased Ejocnodal reflected a weakening of information trans-
mission in the local subnetworks of these functional areas, possibly
related to sensory substitution and functional specificity in individuals
with congenital blindness attempting to compensate for structural and
functional changes caused by visual loss (Chebat et al., 2020; Collignon
et al., 2006; Ptito et al., 2021). However, whether the reduction in
Eloc-nodal Of these key brain regions was related to specific behaviors and
cognitive functions requires further empirical evidence and research,
including the use of other neuroimaging techniques (such as functional
magnetic resonance imaging or electroencephalography) to validate the
relationship between the changes in these brain regions and the per-
formance of behavioral and cognitive tasks to investigate whether these
changes are related to specific functions. This research will contribute to
a more comprehensive understanding of the complex adaptability and
structural changes in the brain networks of individuals with congenital
blindness.

In conclusion, the decrease in nodal-level properties of these key
brain regions provided direct evidence of neural plasticity, indicating
that the brains of individuals with congenital blindness adapt to visual
loss not only at the overall network level but also through structural
changes in specific brain regions and their intrahemispheric connec-
tions. This finding prompted our subsequent analysis, which explored
the structural reorganization of interhemispheric connections passing
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through the identified key brain regions.

4.3. Structural changes in the CC: physiological mechanisms of plastic
reorganization in WM network asymmetry

Brain asymmetry refers to the structural and functional differences
between the two hemispheres of the human brain (Duboc et al., 2015;
Renteria, 2012; Toga and Thompson, 2003; Witelson, 1992, 1988). The
CC serves as a bundle of WM fibers connecting the bilateral hemispheres
and plays a crucial role in information transmission and coordinating
activities between the two hemispheres (D. Li et al., 2021; Rosas et al.,
2010; Wahl et al., 2007). Interhemispheric information exchange is
crucial for ensuring the overall coordinated functioning of the brain,
allowing the two hemispheres to coordinate the execution of motion,
sensory perception, and complex cognitive functions (Verosky and
Turk-Browne, 2012). Previous studies have shown that the structural
and functional asymmetry of the brain are related to the CC (Beaton,
1997; Gilliam et al., 2011; Schutter and Harmon-Jones, 2013; Schwartz
et al., 2021; Voineskos et al., 2010; Westerhausen and Hugdahl, 2008).
In the more in-depth analysis, we discovered structural reorganization in
the interhemispheric WM tracts connecting the "damaged" left key
nodes, primarily concentrated in the SCC. The SCC, located in the pos-
terior region, connects the bilateral occipital lobes and serves as the
primary channel for information transmission in the occipital region
(Berlucchi, 2014; De Lacoste et al., 1985; Degos et al., 1987). Previous
research has identified structural reorganization in the SCC in blind
individuals (Aguirre et al., 2016; Jiao et al., 2023; Levin et al., 2010;
Ptito et al., 2008), and structural alterations were correlated with
reading task performance (Jiao et al., 2023).

In this study, we not only found structural changes in the SCC but
also elucidated that the structural changes in the SCC were related to
WM network asymmetry. Moreover, the findings of an additional anal-
ysis for connectivity profiles between key nodes and the nodes in right
hemisphere confirmed the reliable relationship between structural
asymmetry and interhemispheric connections (see Supplementary
Analysis 2 for further details).

Because blindness leads to the absence of visual information entering
crucial occipital regions, individuals with congenital blindness exhibited
a decrease in the nodal local efficiency of the occipital lobe key nodes,
resulting in changes in brain asymmetry accompanied by structural
changes in the SCC. The current study provides the first evidence of the
relationship between brain asymmetry and the CC in individuals with
congenital blindness, indicating that structural reorganization of the CC
in individuals with congenital blindness might be the physiological
mechanism underlying changes in asymmetry. This also enriched the
understanding of the important role of the CC in maintaining efficient
working of brain networks.

4.4. Limitations

The following limitations of this study should be noted. First, the
current study faced limitations due to the relatively small sample size
recruited, which is attributed to the rarity of individuals with congenital
blindness and strict enrollment criteria. Therefore, future research ef-
forts should focus on collecting data from a larger sample. Next,
cognitive and behavioral data were not included in this study, leading to
speculative discussions regarding the relationship between network
asymmetry changes and language or other cognitive functions. Subse-
quent research should provide a more explicit assessment of the rela-
tionship between brain asymmetry and cognitive functions. Finally, this
study exclusively concentrated on the plastic reorganization of WM
structural network asymmetry, and corresponding investigations of
functional networks to reveal the functional reorganization accompa-
nying structural network changes were not performed.
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5. Conclusion

The present study revealed the reduction of leftward asymmetry to a
symmetric state in the hemispheric WM network due to a lack of
congenital visual experience, which is primarily associated with "dam-
age" to key nodes in the left hemisphere and accompanied by structural
reorganization of the SCC. In-depth study of this unique topological
asymmetric reorganization pattern of hemispheric WM networks pro-
vides novel insights into the neuroplasticity and adaptability of the
brain, especially at the network level.
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