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exhibit robust covariation within the individual brain (Mišić 
et al. 2016). Thus, investigating the impacts of visual expe-
rience deprivation and newly acquired cognitive abilities 
(e.g., braille reading ability through touching braille dot pat-
terns to acquire tactile linguistic experience) on the covaria-
tion of SC and FC can greatly help us to “touch” the brain 
plasticity.

Neuronal populations form brain regions and their inter-
connecting white matter structures (Hagmann et al. 2008; 
Sarwar et al. 2021). Within the constraints of white matter 
SC, extensive neural co-activation patterns between brain 
regions are referred to as FC (Damoiseaux et al. 2006). 
SC serves as the physiological mechanism for information 
transfer between brain regions, maintaining and constrain-
ing FC at multiple scales (Palop and Mucke 2016; Park and 
Friston 2013; Suárez et al. 2020), while FC continuously 
influences and reshapes SC through brain plasticity (Honey 
et al. 2009). Recent advances in non-invasive multi-modal 
magnetic resonance imaging (MRI) techniques [e.g., dif-
fusion tensor imaging (DTI) and resting-state functional 
MRI (rs-fMRI)] along with brain network analysis methods 
(Honey et al. 2010), have made it possible to quantitatively 
measure SC and FC (Damoiseaux and Greicius 2009) and 
explore their covariation (i.e., SC–FC coupling). Compared 

  Introduction

Acquired experiences continuously shape the structure and 
function of the human brain, enabling it to adapt to envi-
ronmental constraints or changes (McKenzie et al. 2014; 
Sampaio-Baptista and Johansen-Berg 2017; Greenough et 
al. 1987; Kolb and Age 1998). Humans primarily perceive 
the world through the visual pathway (Ungewiss et al. 2020; 
Joukal 2017), and as such, visual experience significantly 
influences brain plasticity (Greenough et al. 1987; Kolb 
and Age 1998; Li et al. 2022). Furthermore, the structural 
connectivity (SC) and functional connectivity (FC) in the 
human brain do not develop independently; instead, they 
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Abstract
Acquired experiences are crucial for brain structure and function development, with a strong covariance between them. 
However, how experience deprivation reorganizes the covariance between structural connectivity (SC) and functional 
connectivity (FC), and how newly acquired experience influences this plastic reorganization remain unclear. To address 
these, we recruited 21 congenitally blind (CB) participants and 21 normally sighted (NS) controls. Using multi-modal MRI 
and graph-theoretical analyses, we examined the topological properties, and then investigated the SC–FC coupling reor-
ganization and its relationship with braille reading ability. Compared to the NS group, the CB group showed significant 
topological reorganization in structural networks and disrupted intra-hemispheric SC–FC coupling. Importantly, braille 
reading proficiency and earlier braille onset mitigated SC–FC decoupling, suggesting that braille reading partially rescued 
disrupted network. Our findings highlight dynamic network plasticity in compensating for visual loss, and underscore the 
importance of early braille acquisition in maintaining brain networks stability in congenital blindness.
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to single-modal MRI analysis, SC–FC coupling analysis 
based on multi-modal MRI can capture subtle changes in 
the brain, aiding in investigating the constraining and main-
taining mechanisms of structural networks on functional 
networks (Avena-Koenigsberger et al. 2017), as well as 
revealing the plastic modulation of functional networks 
on structural network. Research on SC–FC coupling con-
tributes to a more precise understanding of the relationship 
between dynamic structural changes and the integration of 
information in brain networks.

Extensive research has demonstrated a close SC–FC cou-
pling in healthy individuals (Honey et al. 2010; Vázquez-
Rodríguez et al. 2019; Pinotsis et al. 2013; Gu et al. 2021), 
with the strength of SC–FC coupling being associated 
with the acquisition of cognitive abilities, such as execu-
tive function and working memory (Suárez et al. 2020; 
Vázquez-Rodríguez et al. 2019). SC–FC coupling has also 
been widely studied in special populations with diseases 
(Wu et al. 2023; Pan et al. 2023; Chen et al. 2021a, c; Zhang 
et al. 2019a, b). Diseases not only cause changes in brain 
structure and function, but also alter the degree of SC–FC 
coupling, which is related to clinical indicators (Wu et al. 
2023; Hagmann et al. 2010; Huang and Ding 2016; Cao et 
al. 2020; Chiang et al. 2015; Heuvel et al. 2013; Wang et 
al. 2021) and changes in cognitive abilities (Medaglia et al. 
2018; Kuceyeski et al. 2016). SC–FC coupling can distin-
guish diseased populations from healthy individuals, and 
identify recovery mechanisms in brain networks after dis-
eases onset (Romero-Garcia et al. 2014), which is crucial 
for prognosis.

Investigating brain reorganization in the blind popula-
tion offers valuable insights into the nature of brain plas-
ticity. However, previous studies have often focused on 
changes within structural networks (Li et al. 2013; Shu et 
al. 2009a, b; Zhou et al. 2022) or resting-state functional 
networks (Hou et al. 2017; Pelland et al. 2017), often using 
single-modality imaging. There is lacking of research on 
how visual experience deprivation influences SC–FC cou-
pling. Existing SC–FC studies in other populations include 
topological analysis of structural and functional networks 
as a prerequisite for SC–FC coupling investigations (Zhang 
et al. 2019a, b; Chen et al. 2021a, c, 2022). This quality-
control step confirms that the reconstructed networks sat-
isfy essential neurobiological criteria (e.g., small-worldness 
topology), thus validating the foundation for core coupling 
analyses. Considerable evidence exists concerning topolog-
ical properties of brain networks in blind populations. Spe-
cifically, in terms of structural networks in blind individuals, 
studies have shown a decrease in network efficiencies (Li et 
al. 2013; Shu et al. 2009a, b; Zhou et al. 2022), along with 
an increase in characteristic path length (Shu et al. 2009a, b; 
Zhou et al. 2022). In the resting-state functional networks, 

no evidence has been observed regarding the reorganization 
of topological properties of the blind population. Moreover, 
most previous studies on brain networks in blind individu-
als recruited early blind participants, making it difficult to 
exclude the influence of early visual experience on brain 
structure and function.

Braille reading ability, as a newly acquired cognitive 
ability in blind individuals, plays an important role in the 
plastic brain reorganization of blind individuals (Sadato et 
al. 1996; Hamilton et al. 2000; Burton et al. 2002, 2012). 
Additionally, there is a strong association between cogni-
tive ability and SC–FC coupling. A stronger SC–FC cou-
pling typically supports an enhanced cognitive processing 
(Suárez et al. 2020; Vázquez-Rodríguez et al. 2019; Popp 
et al. 2024; Wang et al. 2015a, b). And decoupled SC–FC 
observed in disorders (Pan et al. 2023; Zhang et al. 2019a, 
b; Chen et al. 2021a, c; Wang et al. 2015a, b) was related 
with the cognitive impairment (Pan et al. 2023; Medaglia et 
al. 2018; Kuceyeski et al. 2016). Therefore, newly acquired 
experience from braille reading in blind populations maybe 
a potential mechanism to maintain SC–FC relationships 
in reorganized networks, due to the experience-dependent 
plasticity. Addressing the relationship between braille read-
ing and SC–FC coupling in blind populations offers consid-
erable scientific attribution.

However, it remains unclear how the overall topologi-
cal properties of structural and resting-state functional net-
works reorganize, and how SC–FC coupling changes due 
to the congenital visual experience deprivation. Addition-
ally, braille reading is a unique and newly acquired cogni-
tive ability for blind individuals, comparing with the normal 
sighted individuals. Previous evidence has demonstrated 
that the acquisition of braille reading influences the SC or 
FC of blind individuals (Jiao et al. 2023; Lin et al. 2022). 
Therefore, elucidating the relationship between reorganized 
SC–FC coupling and braille reading experience is of signifi-
cant interest, but it remains poorly understood.

To address these issues, we recruited 21 congenitally 
blind (CB) participants and 21 perfectly matched normal 
sighted (NS) controls. High-resolution multi-modal MRI 
images were collected from all participants, along with 
behavioral data of a off-line braille reading task in the con-
genitally blind participants. First, we constructed the white 
matter structural network and resting-state functional net-
work for each participant. Then, graph theoretical analysis 
was employed to examine topological alterations between 
the two groups, including small-world properties (i.e., 
clustering coefficient, Cp; characteristic path length, Lp; 
normalized Cp, γ, gamma; normalized Lp, λ, lambda; small-
worldness, σ, sigma) and network efficiency properties (i.e., 
global efficiency, Eg; local efficiency, Eloc), for both struc-
tural and functional networks. Analyzing the topological 
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properties of structural and functional networks is essential 
for quality control of constructed networks, and provides a 
deeper understanding of plastic reorganization for each net-
work. Finally, the SC–FC coupling analysis for networks in 
different levels, and its relationship with blindness-relevant 
measures were conducted (Fig. 1).

Methods

Participants

Twenty-one CB (7 females/14 males; age/years of blind-
ness duration: M = 24.38, SD = 5.32 years) and 21 NS (11 
females/10 males; age: M = 22.81, SD = 2.58 years) par-
ticipants were recruited in the study. The two groups were 
carefully matched for age [t(40) = 1.22, P = 0.23] and sex 
[χ2

(1) = 0.89, P = 0.35]. The CB participants had been blind 
from birth, and were proficient in braille (years of braille 
experience: M = 17.24, SD = 5.19; age of braille onset: 
M = 8.14, SD = 2.24 years). They reported no experience 
with colors, shapes, or motion, with 13 having at most mini-
mal light perception. All participants were right-handed 
(Oldfield 1971), had no known neurological or psychiatric 

disorders, and provided informed consent. Most of these 
participants have been reported in our recent studies (Jiao et 
al. 2023, 2024; Lin et al. 2022).

This study was approved by the Institutional Review 
Board of the National Key Laboratory of Cognitive Neuro-
science and Learning, Beijing Normal University.

MRI data acquisition and preprocessing

For each participant, high-resolution T1-weighted images, 
DTI images, rs-fMRI images, and field map were acquired 
using a 3T Siemens Prisma scanner at the Imaging Cen-
ter for Brain Research, Peking University. The field map 
was collected before the rs-fMRI scan, preparing for pre-
processing of rs-fMRI images. The scanning parameters 
for each type of MRI were as follows. (1) T1-weighted 
images: magnetization-prepared rapid gradient-echo 
(MP-RAGE) sequence; 192 sagittal slices; echo time 
(TE) = 2.98 ms; repetition time (TR) = 2530 ms; inver-
sion time (TI) = 1100 ms; slice thickness = 1  mm; voxel 
size = 0.5 × 0.5 × 1.0 mm3; flip angle = 7°; and field of view 
(FOV) = 256 × 256 mm2. (2) DTI images: single-shot echo-
planar imaging (EPI) sequence; 70 axial slices; TE = 73 ms; 
TR = 5100 ms; diffusion directions = 30; b-value 1 = 0  s/

Fig. 1  Schematic flowchart for data analysis. (1) The construction of 
structural networks (D) were conducted by determining the white mat-
ter fibers (A) between each pair nodes in Brainnetome Atlas (B). (2) 
The resting-state functional networks (E) were constructed by obtain-
ing the mean resting-state functional MRI time series (C) of each node 
in Brainnetome Atlas (B), and calculating the interregional functional 
connectivity. (3) Identification of topological properties exhibited 
significant group differences (F) both in structural networks (D) and 

structural networks (E). (4) Investigating the reorganization patterns in 
SC-FC coupling (G) for both whole-brain networks and hemispheric 
networks. (5) Clarifying the relationship between SC-FC coupling and 
blindness-relevant measures by performing the Spearman correlation 
analysis (H) across congenitally blind participants. CI coupling index; 
FC functional connectivity; IH inter-hemispheric networks; LH left 
hemispheric networks; RH right hemispheric networks; SC structural 
connectivity
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the whole brain. Fiber tractography was terminated when 
the turning angle between two consecutive orientations 
exceeded 45° or FA was less than 0.20. The mean FA value 
of the interregional white matter tract was defined as the 
weighted edge of the structural network. For the resting-
state functional networks, the mean rs-fMRI time series of 
each node were extracted, and the interregional correlation 
coefficients were calculated as the edge weights of the func-
tional network.

As a result, two separate 246 × 246 symmetric weighted 
matrices were obtained for each participant, representing 
the SC and FC within the brain.

Topological properties of networks

Before investigating the SC–FC coupling, it is essential 
to first analyze the topological properties of each network 
(i.e., structural network and functional network) for the 
quality control of the constructed brain networks, provid-
ing a deeper understanding of plastic reorganization for 
each network, as well as to better understand the differences 
between congenital blind individuals and sighted controls. 
These analysis verified that the constructed brain networks 
in our study met fundamental neurobiological criteria, and 
ensured the reliability of the core issues to be addressed in 
subsequent analysis (i.e., SC–FC coupling). This analy-
sis aids to reveal potential unique patterns of SC and FC 
in the CB group, shedding light on possible neural adapta-
tions or reorganization mechanisms. Understanding these 
topological reorganizations provides a solid foundation for 
subsequent coupling analysis, allowing for a more precise 
exploration of the relationship between structural and func-
tional networks and their variations across different groups.

To reveal the topological properties of whole-brain struc-
tural and functional networks, we calculated the small-world 
properties and network efficiency properties (Latora and 
Marchiori 2001) using the GRETNA toolbox (Wang et al. 
2015a, b). A range of connection sparsity thresholds, from 
0.01 to 0.5, with an interval of 0.01, was applied to both 
whole-brain structural and functional networks. The thresh-
old range was established based on prior related researches 
(Chen et al. 2021a, b, 2022).

Small-world properties

Small-world properties included the Cp, Lp, γ, λ, σ. Small-
world networks exhibit both high clustering coefficients 
and short characteristic path lengths, indicating that brain 
networks achieve a balance between local information pro-
cessing and global information integration. The small-world 
network serves as a key model for characterizing complex 
brain networks, typically defined by the conditions: γ > 1 and 

mm2; b-value 2 = 1000  s/mm2; b-value 3 = 2000  s/mm2; 
slice thickness = 2 mm; voxel size = 2.0 × 2.0 × 2.0 mm3; flip 
angle = 60°; and FOV = 224 × 224 mm2. (3) rs-fMRI images: 
lasting for 8.33 min; EPI sequence; 64 axial slices; TE = 30 
ms; TR = 2000 ms; slice thickness = 2  mm; gap = 0.2  mm; 
voxel size = 2.0 × 2.0 × 2.0  mm3; flip angle = 90°; and 
FOV = 224 × 224 mm2. (4) field map: lasting for 2.42 min; 
64 axial slices; TE1 = 4.92 ms; TR = 635 ms; slice thick-
ness = 2  mm; voxel size = 2.0 × 2.0 × 2.0  mm3, flip 
angle = 60°; and FOV = 224 × 224 mm2. During the rs-fMRI 
scan and field map sequence, the participants were asked to 
remain awake and keep their eyes closed.

The DTI preprocessing was conducted using PANDA 
(Cui et al. 2013) (​h​t​t​p​​:​/​/​​w​w​w​.​​n​i​​t​r​c​​.​o​r​g​​/​p​r​​o​j​e​​c​t​s​/​p​a​n​d​a​
/), including the followign steps. (1) Brain extraction. (2) 
Correction for head motion, eddy current distortions, and 
b-matrix (Leemans and Jones 2009). (3) Computation of 
diffusion tensor metrics [i.e., fractional anisotropy (FA), 
axial diffusivity, mean diffusivity and radial diffusivity]. (4) 
Normalization to Montreal Neurological Institute (MNI) 
space and smoothing with a 6 mm Gaussian kernel.

The rs-fMRI preprocessing was performed using the 
Data Processing Assistant for Resting-State fMRI version 
5.4 (DPARSF 5.4, http://rfmri.org/DPARSF), involving the 
following main steps. (1) Removal of the first 10 volumes of 
the time series. (2) Fieldmap correction to reduce the effects 
of field inhomogeneity. (3) Time-slicing correction and head 
motion realignment. Participants with head motion exceed-
ing 2 mm translation and 2° rotation were excluded from 
the further analysis. (4) Coregistration of functional images 
with T1 images using the Diffeomorphic Anatomical Reg-
istration Through Exponentiated Lie Algebra (DARTEL) 
algorithm (Ashburner 2007). (5) Normalization to MNI 
space with a resampled voxel size of 1.5 × 1.5 × 1.5  mm3 
(1987). (6) Regression of nuisance covariates, including 
white matter signals, cerebrospinal fluid signals and Fir-
ston-24 head motion parameters. (7) Spatial smoothing with 
a 4 mm Gaussian kernel.

Network construction

To evaluate SC and FC, we constructed a white matter struc-
tural network and a resting-state functional network for each 
participant. The nodes of both networks were defined based 
on the 246 regions from the Brainnetome Atlas (Fan et al. 
2016), with the edge definition procedures were described 
below (Fig. 1).

For the white matter structural networks, deterministic 
fiber tractography (Heuvel and Sporns 2011; Wang et al. 
2018; Zhong et al. 2015) with fiber assignment by continu-
ous tracking (FACT) algorithm (Mori et al. 1999; Mori and 
Zijl 2002) was used to reconstruct white matter fibers in 
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σ quantifies the small-worldness of the brain network by 
comparing the to the γ to the λ. For small-world networks, 
σ > 1 indicating high clustering and short path lengths. The 
σ of graph G is calculated as follows:

σG = γG

λG

Network efficiency properties

The network efficiencies of brain networks were evaluated 
by the Eg and Eloc. Eg and Eloc are employed to evaluate 
network efficiency because they reflect distinct aspects of 
information processing. Eg captures the overall informa-
tion transfer capability across the entire network, while Eloc 
focuses on the transfer efficiency within localized groups 
of nodes. Together, these measures offer a comprehensive 
view of both global and local network dynamics.

Eg is a global metric used to measure the overall com-
munication 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:

EG
g = 1

N(N − 1)
∑
i∈G

∑
j ̸=i∈G

1
Lij

where Lij is the shortest path length between nodes i and j, 
and N is the number of nodes in graph G.

Eloc represents the communication efficiency of informa-
tion 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:

EG
loc = 1

N

∑
i∈G

EGi
g

where Gi is the neighborhood subnetwork of node i com-
posed of the nearest neighbors and their connections, and N 
is the number of nodes in graph G.

SC–FC coupling analysis

We comprehensively investigated the reorganization pat-
terns of SC–FC coupling across whole-brain networks and 
hemispheric networks [i.e., left hemispheric (LH) network, 
right hemispheric (RH) network and inter-hemispheric (IH) 
network].

λ ≈ 1 (Watts and Strogatz 1998), or σ = γ/λ > 1 (Humphries et 
al. 2006).

Cp reflects the local connectivity density of nodes within 
a network, indicating the extent to which a node’s neighbors 
are interconnected. A high clustering coefficient reflects the 
tight connectivity among local neuronal groups, facilitating 
specialized information processing. It is calculated as the 
mean clustering coefficient of all nodes in the network:

CG
p = 1

N

∑
i∈G

Ci = 1
N

∑
i∈G

2ei

ki(ki − 1)

where Ci is the local clustering coefficient of node i, ei is 
the number of existing edges between node i and its neigh-
bor nodes, ki is the degree of node i, and N is the number of 
nodes in graph G.

Lp represents the average shortest path length between 
all pairs of nodes in a network, reflecting the efficiency of 
global information transfer. A shorter Lp ensures efficient 
communication between different brain regions, supporting 
complex cognitive functions. It is defined as follows:

LG
p = 1

N

∑
i∈G

li = 1
N(N − 1)

∑
i∈G

∑
i̸=j∈G

lij

 where liis the average shortest path length from node i to 
all other nodes in the network, lij is the shortest path length 
from node j to node i, and N is the number of nodes in graph 
G.

γ is a measure of how clustered a network is relative to 
the random networks with the same size and degree distri-
bution, which is calculated as:

γG =
CG

p

Crand
p

where CG
p  is the clustering coefficient of the real graph 

G, and the Crand
p  is the mean clustering coefficient of the 

100 random graphs (Maslov and Sneppen 2002; Milo et al. 
2002).

λ measures the efficiency of global information transfer 
in the real network compared to the random networks with 
same size and degree distribution, which is calculated as:

λG =
LG

p

Lrand
p

where LG
p  is the clustering coefficient of the real graph G, 

and the Lrand
p  is the mean clustering coefficient of the 100 

random graphs.
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et al. 2009) for each topological metric between the two 
groups. This analysis was conducted not only for each spar-
sity level but also for the AUC across the full range of spar-
sity thresholds.

Additionally, to reveal blindness-relevant changes in 
SC–FC coupling, we compared the CI values between the 
two groups using a permutation correction (1000 iterations, 
P < 0.05) for both whole-brain networks and each hemi-
spheric network.

Finally, to explore the relationship between SC–FC 
coupling index (CI) and acquired braille reading ability in 
the CB participants, we performed a Spearman correlation 
analysis between the blindness-relevant measures (i.e., age 
of braille onset, -IE of reading task, years of blindness dura-
tion) and the CI values of the whole-brain networks and 
each hemispheric network across CB participants (Fig.  1; 
FDR corrected, P < 0.05).

Notably, framewise displacement (FD) (Jenkinson et al. 
2002) values did not differ significantly between groups 
[t(40) = 0.38, P = 0.70], and subsequent correlation analyses 
confirmed no significant associations between FD and either 
SC–FC coupling or blindness-related measures (Ps > 0.07), 
suggesting that in-scanner head motion did not confound 
our primary findings.

Results

Blindness-relevant changes of topological 
properties

The results are presented in Fig. 2; Table 1. Both the struc-
tural and functional networks exhibited small-world topol-
ogy in both groups (Fig. 2A; γ > 1, λ ≈ 1, σ > 1). Significant 
group differences in topological properties were observed 
in the structural networks, both for each sparsity thresh-
old (Fig. 2A, Supplementary Tables 1, 2; Lp: permutation-
corrected Ps < 0.03; γ: permutation-corrected Ps < 0.02; σ: 
permutation-corrected Ps < 0.03; Eg: permutation-corrected 
Ps < 0.05) and for the area under the curve (AUC) across the 
sparsity range (Fig. 2B; Table 1; Lp: permutation-corrected 
P = 0.02; γ: permutation-corrected P = 0.01; σ: permutation-
corrected P = 0.007; Eg: permutation-corrected P = 0.03). 
Specifically, compared to the NS group, the CB group 
showed a significant increase in three small-world proper-
ties (i.e., Lp, γ, σ) and a reduction in Eg. No significant group 
differences were found in other properties of the structural 
network or in any properties of the functional networks at 
all defined sparsity thresholds (Fig.  2A, Supplementary 
Tables 1, 2) and AUC (Fig. 2B; Table 1) (permutation-cor-
rected Ps > 0.05). Detailed topological properties data for 

For SC and FC matrices of each participants, we excluded 
FC edges lacking corresponding white matter structural 
connections from the SC–FC coupling analysis. To accom-
modate the non-Gaussianity of the structural network, we 
calculated the Spearman correlation (r values) between SC 
matric and the corresponding FC matric across the exist-
ing edges (Gu et al. 2021). To improve normality, Fisher’s 
r-to-z transformation was applied to the r values, yielding z 
values. The SC–FC CI was defined as the absolute z value 
(Zhao et al. 2019).

To further investigate blindness-relevant SC–FC cou-
pling reorganization, the calculations described above were 
applied to both the whole-brain networks and hemispheric 
networks (Fig.  1). Specifically, the hemispheric networks 
included the LH, RH and IH networks. These were con-
structed by including edges connected by nodes restricted to 
the corresponding hemispheres.

Behavioral data collection and preprocessing

The braille word reading task was used to assess the braille 
reading ability of the CB participants. Participants com-
pleted the task in a quiet room, either before or after the 
MRI scanning session.

The task consists of 40 single Chinese characters (i.e., 20 
nouns and 20 verbs; e.g., “喊” meaning shout, /han3/ with 
the pinyin indicating the tone of the preceding syllable) and 
48 two-character Chinese words (i.e., 16 concrete words, 16 
abstract words, and 16 function words; e.g., “电视” mean-
ing television, /dian4shi4/). The selected 88 items includes 
low- to medium-frequency words, ensuring a good match 
with typical word frequency distributions. The stimuli were 
tactilely presented on a braille display device (THDZ-40, ​
h​t​t​p​​:​/​/​​w​w​w​.​​q​h​​q​m​x​​.​c​o​m​​.​c​n​​/​i​n​​d​e​x​.​h​t​m​l). Participants were 
asked to read the word as quickly as possible. For each 
item, the accuracy and RT of the first complete response 
were recorded.

To minimize the impact of outlier responses, trials with 
RTs deviating by more than two standard deviations from 
the mean RT across all trials were excluded for each partici-
pant. The -IE measure was used to access behavioral per-
formance, accounting for potential trade-off effects between 
speed and accuracy. The IE was computed as the ratio of the 
average RT for correct items to the overall accuracy across 
all items (Townsend et al. 1983). A higher -IE indicated bet-
ter performance on the task.

Statistical analysis

To identify blindness-relevant changes in topological prop-
erties, we performed permutation correction (1000 times, 
P < 0.05) by the MATLAB package EPEPT (Knijnenburg 
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group differences in the SC–FC CI values (permutation-
corrected P = 0.33). However, for the hemispheric brain net-
works, significant reorganization of SC–FC coupling were 
found in the LH and RH networks, but not in the IH network 
(LH: permutation-corrected P = 0.02; RH: permutation-
corrected P = 0.05; IH: permutation-corrected P = 0.13). 

each defined sparsity threshold are shown in Supplementary 
Tables 1, 2.

Blindness-relevant changes of SC–FC coupling

The results are shown in Fig.  3; Table  2. Regarding the 
whole-brain networks, we did not observed any significant 

Fig. 2  Group comparisons of the 
topological properties for both 
structural networks and func-
tional networks under all sparsity 
thresholds (A) and the AUC (B). 
The asterisk with square brackets 
indicate that significant group 
differences in the current topologi-
cal property were observed across 
almost all sparsity thresholds. 
The circles in AUC represent the 
individual data. Error bars indicate 
the standard deviation. Permutation 
corrected: **P < 0.01; *P < 0.05. 
AUC area under the curve; CB con-
genitally blind group; Cp clustering 
coefficient; Eg global efficiency; 
Eloc local efficiency; Lp charac-
teristic path length; NS normally 
sighted group
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(SD = 488.25). Figure  4; Table  3 show the results of cor-
relation analysis between blindness-relevant measures (i.e., 
age of braille onset, -IE of reading task, years of blindness 
duration) and the SC–FC CI values across CB participants. 
Specifically, the age of braille onset was negatively corre-
lated with the SC–FC CI values in the whole-brain, LH, and 
RH networks [Figure 4A; whole-brain networks: r = − 0.63, 
false discovery rate (FDR) corrected P = 0.01; LH networks: 
r = − 0.61, FDR corrected P = 0.01; RH networks: r = − 0.49, 
FDR corrected P = 0.05]. Performance of braille word read-
ing task was positively correlated with SC–FC CI values 
of whole-brain and LH networks (Fig.  4B; whole-brain 
networks: r = 0.48, FDR corrected P = 0.04; LH networks: 
r = 0.44, FDR corrected P = 0.05). Additionally, SC–FC CI 
values in the LH networks were negatively correlated with 
the years of blindness duration (Fig. 4C; r = − 0.46, FDR 
corrected P = 0.05).

These findings indicate that a longer duration of blind-
ness is asssociated with greater SC–FC decoupling, while 
the acquisition of braille reading ability appears to mitigate 
this effect. Specifically, CB individuals, who learned braille 
at an earlier age or exhibited higher proficiency in braille 
reading, showed weaker SC–FC decoupling.

Discussion

By utilizing multi-modal MRI technologies and graph-
theoretic analytical approaches, this study revealed the 
reorganized patterns of topological properties and SC–FC 
coupling in the structural networks and functional net-
works after congenitally visual deprivation. Additionally, 
we revealed that the acquisition of braille reading cognitive 
ability mitigated the degree of disrupted SC–FC coupling 
in congenital blindness. Our findings further elucidated the 
dynamic plasticity induced by congenitally visual loss on 
brain networks, thereby enhancing our understanding of 
brain plasticity at the network level.

Specifically, the CI values of LH and RH networks were 
lower than in the CB group compared to the NS group.

Correlation between blindness-relevant measures 
and SC–FC coupling

In the braille word reading task, the CB individuals demon-
strated high accuracy (M = 0.97, SD = 0.02). The mean reac-
tion time (RT) was 2019.26 ms (SD = 473.07 ms) and the 
mean negated inverse efficiency (-IE) value was − 2078.76 

Table 1  Topological properties of the whole-brain structural and functional networks for the area under the curve (AUC)
Topological properties (AUC)
Cp Lp γ λ σ Eg Eloc

Structural networks
 CB 0.098 (0.013) 3.661 (0.313) 4.098 (0.366) 0.566 (0.010) 3.547 (0.300) 0.067 (0.006) 0.100 (0.011)
 NS 0.097 (0.009) 3.496 (0.139) 3.846 (0.296) 0.564 (0.009) 3.344 (0.238) 0.070 (0.003) 0.103 (0.008)
 P value 0.40 0.03* 0.009** 0.18 0.01* 0.03* 0.13
Functional networks
 CB 0.066 (0.008) 2.093 (0.126) 0.869 (0.110) 0.592 (0.011) 0.695 (0.087) 0.123 (0.007) 0.162 (0.015)
 NS 0.065 (0.007) 2.082 (0.092) 0.889 (0.108) 0.593 (0.015) 0.704 (0.077) 0.124 (0.007) 0.165 (0.015)
 P value 0.22 0.36 0.26 0.36 0.37 0.30 0.29
Permutation-corrected: **P < 0.01; *P < 0.05. Significant results (permutation-corrected P < 0.05) indicated in bold. CB congenitally blind 
group; Cp, clustering coefficient; Eg, global efficiency; Eloc local efficiency; Lp characteristic path length; NS normally sighted group; γ gamma, 
normalized clustering coefficient; λ lambda, normalized characteristic path length; σ sigma, small-worldness

Table 2  SC–FC coupling index values for both the whole-brain net-
works and hemispheric networks

Whole-brain networks Hemispheric networks
LH RH IH

CB 0.27(0.07) 0.41(0.07) 0.36(0.08) 0.17(0.15)
NS 0.27(0.05) 0.46(0.07) 0.40(0.08) 0.22(0.12)
P value 0.33 0.02* 0.05* 0.13
Permutation-corrected: *P < 0.05. CB congenitally blind group; FC 
functional connectivity; IH inter-hemispheric networks; LH left 
hemispheric networks; NS normally sighted group; RH right hemi-
spheric networks; SC structural connectivity

Fig. 3  Group comparisons of the SC–FC coupling index (CI) for both 
whole-brain networks and hemispheric networks. The circles repre-
sent the individual data. Error bars indicate the standard deviation. 
Permutation corrected: *P < 0.05. CB congenitally blind group; FC 
functional connectivity; IH inter-hemispheric networks; LH left hemi-
spheric networks; NS normally sighted group; RH right hemispheric 
networks; SC structural connectivity
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(Bullmore and Sporns 2009). In the current study, the small-
world organizational characteristics were observed in the 
structural networks and functional networks of both CB and 
NS group (Watts and Strogatz 1998; Humphries et al. 2006) 
(γ > 1, λ ≈ 1, σ > 1). That is to say, with an extended period of 
network reorganization and cognitive skill acquisition after 
congenitally visual loss, the structural and functional brain 
networks of CB group still showed small-world organiza-
tion, maintaining a balance between integration and segre-
gation overall the whole brain.

Although both groups exhibited small-world organiza-
tional characteristics, significant group differences were 
observed in several topological properties of the structural 
networks. Specifically, compared to the NS group, the 
structural network of the CB group showed higher σ and 
γ values, longer Lp, and lower Eg. These findings are con-
sistent with prior research on the topological properties of 
structural networks in blind populations (Li et al. 2013; Shu 
et al. 2009a, b; Zhou et al. 2022) and preterm infants with 

Plastic reorganization of topological properties 
after congenitally visual loss

The small-world property represents an optimal organiza-
tional structure for brain network, enabling efficient infor-
mation segregation and integration (Rubinov and Sporns 
2010). The presence of small-world reorganization provides 
a structural foundation for both local and global interactions 

Table 3  The correlation coefficients of SC–FC coupling index (CI) and 
blindness-relevant measures (i.e., age of braille onset, performance of 
braille word reading task, and years of blindness duration)

CI
Whole-brain LH RH IH

Age of braille onset − 0.63* − 0.61* − 0.49* − 0.36
-IE of braille work reading 0.48* 0.44* 0.41 − 0.08
Years of blindness duration − 0.34 − 0.46* − 0.35 − 0.19
FDR Corrected: *P < 0.05. FC functional connectivity; IH inter-
hemispheric networks; LHnull left hemispheric networks; RH right 
hemispheric networks; SC structural connectivity

Fig. 4  Significant correlations between SC–FC coupling index (CI) 
and blindness-relevant measures [i.e., age of braille onset (A), per-
formance of braille word reading task (B), and years of blindness 
duration (C)] in congenitally blind group. FDR Corrected: *P < 0.05. 

FC functional connectivity; IH inter-hemispheric networks; LH left 
hemispheric networks; RH right hemispheric networks; SC structural 
connectivity
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networks of blind individuals have enhanced local neural 
connections (i.e., the increase in σ and γ), while there has 
been a significant decrease in global information trans-
mission efficiency of long-distance connections (i.e., the 
increase in Lp and the decrease in Eg). To deepen our under-
standing of the neural mechanisms underlying the network-
level topological reorganizations of structural networks, we 
conducted a more detailed nodal-level topological analy-
sis, in order to reveal the key brain regions responsible for 
network-level topological alterations of structural network 
(Supplementary Analysis 1). The findings provided impor-
tant insights into our understanding of brain plasticity and 
functional compensation. Firstly, the enhanced local con-
nections induced by the congenitally visual deprivation 
subserved the information processing of other non-visual 
sensory modalities, such as the auditory and tactile informa-
tion (Supplementary Table 3). The enhanced local connec-
tions might contributes to improving information processing 
capacity for the current non-visual modality. Previous study 
on the string players showed increased local connectivity 
in the auditory cortex can significantly enhance pitch dis-
crimination abilities (Elbert et al. 1995). Additionally, the 
reduction of global information transmission efficiency in 
CB group was related with the disruption of long-distance 
connections for “visual” regions (Supplementary Table 4), 
reflecting the selective abandonment of visual pathways. 
Significant degeneration occurs in vision-related white mat-
ter tracts in blind individuals, such as the optic radiation, 
inferior longitudinal fasciculus, inferior fronto-occipital fas-
ciculus, and splenium of corpus callosum (Jiao et al. 2024; 
Shu et al. 2009a, b; Reislev et al. 2016; Levin et al. 2010; 
Bridge et al. 2009).

Additionally, we observed that the topological reorgani-
zation patterns of functional and structural network were not 
identical. Specifically, we did not find any significant group 
differences in the topological properties of the functional 
network, which was consisitent with previous on diseases 
populations (Chen et al. 2021a, c; Latora and Marchiori 
2001; Lin et al. 2020). This suggested that changes in the 
topological properties induced by congenital blindness were 
more pronounced in the structural networks than in the func-
tional networks. Our findings showed that the topological 
properties of structural connectivity were more pronounced 
to congenitally visual deprivation compared to functional 
connectivity. The observed differences between two net-
works may reflect fundamentally technical constraints. FC 
reflects poly-synaptic connections, while SC reflects large 
bundles of axon fibers, which was due to its limited sensitiv-
ity to proximal connections and crossing fibers (Wedeen et 
al. 2008). Future investigations should focus on elucidating 
the neurobiological mechanisms underlying this differential 
sensitivity.

early developmental disruption (Zheng et al. 2023; Mous-
ley et al. 2025). And this consistency in the results indicates 
the reliability of our findings. Specifically, increased Lp 
and decreased Eg were observed in the structural networks 
congenital blind individuals (Li et al. 2013). Additionally, 
increased Lp, decreased Eg (Li et al. 2013; Shu et al. 2009a, 
b; Zhou et al. 2022), increased σ and γ (Zhou et al. 2022) 
were observed in the structural networks congenital blind 
individuals.

The increased γ value, which is the normalized measure 
of the clustering coefficient (Cp), also indicated enhanced 
local connectivity. An increase in γ suggests tighter local 
connections within the structural networks of the CB group, 
compared with the NS group. Moreover, The observed 
increased σ value is related with increased γ value while 
there is no significant alterations in λ value, which is deter-
mined by the definition of σ (σ = γ/λ), reflecting similar neu-
ral mechanisms of enhanced local connectivity. Together, 
the higher γ and σ values suggested that congenital visual 
loss led to tighter local connectivity and improved informa-
tion synchronization within structural networks, adapting to 
the lack of visual information, which was the compensatory 
mechanisms of brain plasticity.

Lp reflects the capacity for efficient information transmis-
sion across the brain (Watts and Strogatz 1998). A shorter 
path length between distant brain regions ensures effective 
integration and rapid information transmission (Bullmore 
and Sporns 2009). In this study, a significant increase in Lp 
was observed in the structural networks of the CB group. 
This indicated that the average shortest path between any 
two nodes in the network has lengthened, which implied a 
decrease in the information propagation efficiency within 
the structural network. In other words, the congenitally 
visual loss caused a decrease in the information integra-
tion and the ability of neurons to transmit information over 
long distances. Noting, the apparent discrepancy between 
the increased Lp and the preserved normalized Lp (λ) in CB 
group indeed reflects fundamental differences in how real-
world brain networks and normalized networks reorganize 
under sensory deprivation. Eg, which measures the global 
information transmission efficiency across the entire net-
work, was also reduced in the CB group. The decreased Eg 
of structural networks in CB group indicated a reduction in 
the global information transmission and integration (Zhang 
et al. 2019a, b; Sporns 2011). In summary, the increased 
Lp and decreased Eg consistently indicated that congeni-
tally visual experience loss led to disruption to the overall 
properties of the structural networks, affecting through the 
reduction of global information integration and long-dis-
tance information transmission.

These topological reorganizations in structural networks 
indicated that in order to adapting to visual loss, the brain 
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shedding light on the complex interplay between structure 
and function in the context of congenital blindness.

Acquisition of braille cognitive ability mitigates 
SC–FC decoupling disruption and maintains brain 
network stability

The SC–FC coupling in brain networks is associated with 
the acquisition of cognitive abilities (Suárez et al. 2020; 
Vázquez-Rodríguez et al. 2019; Medaglia et al. 2018; Gray-
son et al. 2014; Supekar et al. 2010), which is also influ-
enced by diseases (Wu et al. 2023; Pan et al. 2023; Chen et 
al. 2021a, c; Hagmann et al. 2010; Zhang et al. 2019a, b) 
and related to clinical indicators (Cao et al. 2020; Cui et al. 
2019). Through utilizing correlation analysis between SC–
FC CI values and blindness-related measures, we observed 
that a longer blindness duration corresponded a larger 
decoupling between SC and FC. For congenital blindness, 
years of blindness duration and age are necessarily identical. 
While developmental studies of normal sighted individuals 
reveal progressive strengthening of SC–FC coupling (Feng 
et al. 2024; Zimmermann et al. 2016) throughout the same 
age bracket. This marked difference strongly implicated the 
influence of blindness duration on the SC–FC coupling in 
congenitally blindness. Moreover, we also found that the 
SC–FC coupling was negatively correlated with the age of 
braille onset and positively correlated with braille reading 
performance. The SC–FC coupling was increased with the 
growth of age in normal sighted populations (Feng et al. 
2024; Zimmermann et al. 2016), suggesting a higher FC-SC 
coupling is a normal state for human. Additionally, previous 
studies in typical populations have established that stronger 
SC–FC coupling typically accompany enhanced cognitive 
processing (Suárez et al. 2020; Vázquez-Rodríguez et al. 
2019; Popp et al. 2024; Wang et al. 2015a, b). This sug-
gests that braille reading mitigate network decoupling and 
the brain network of congenitally blind individuals recovery 
to approaching normal state. These findings in current study 
indicates while congenitally visual loss disrupted brain net-
works, the acquisition of braille reading ability mitigated 
the disruption and maintained the stability brain networks.

In other words, our findings indicated that the CB indi-
viduals experienced a large-scale disruption in the structure 
and function of brain networks, resulting in a decoupling of 
SC and FC. The longer duration of visual experience depri-
vation induced more severe network disruption. However, 
the acquisition of cognitive abilities associated with braille 
reading allowed CB individuals to develop alternative per-
ceptual and cognitive strategies to compensate for vision 
loss. As a result, the brain networks remained stable to some 
extent, particularly by enhancing the information process-
ing of other sensory pathways.

Disruption of SC–FC coupling related with 
congenital blindness

The structure and function of brain are spatially highly 
correlated (Mišić et al. 2016). The brain establishes white 
matter SC through the anatomical connections of neurons 
(Hagmann et al. 2008; Sarwar et al. 2021), which support 
and constrain FC between brain regions (Palop and Mucke 
2016; Park and Friston 2013; Suárez et al. 2020). And FC, 
in turn, influences SC through brain plasticity (Honey et al. 
2009, 2010). Extensive evidence have indicated the strong 
correlation between FC and SC in healthy populations, 
exhibiting robust SC–FC coupling (Vázquez-Rodríguez et 
al. 2019; Gu et al. 2021). The SC–FC coupling showed plas-
ticity throughout brain development (Grayson et al. 2014; 
Supekar et al. 2010).

Most previous studies on blindness have relied on single-
modal MRI techniques, revealing plastic reorganization in 
either the brain structure or function. In contrast, our study 
utilized multi-modal MRI analysis to investigate the plastic 
reorganization of SC–FC coupling after congenitally visual 
experience deprivation. Compared to the tight coupling in 
the NS group, we observed the disruption of SC–FC cou-
pling within the intra-hemispheric brain networks (i.e., LH 
network and RH network) in the CB group, which was con-
sistent with previous studies on reorganizations in disease 
populations (Wu et al. 2023; Pan et al. 2023; Chen et al. 
2021a, c; Zhang et al. 2019a, b). The reduction in SC–FC 
coupling might be related with the cognitive functional 
reorganizations after visual loss. Previous studies have 
demonstrated that the “visual” cortex was recruited by other 
cognitive functions (Bedny et al. 2011, 2015; Striem-Amit 
et al. 2012; Kanjlia et al. 2016, 2021; Raz et al. 2007), and 
particularly the newly acquired abilities, such as braille 
reading (Sadato et al. 1996; Hamilton et al. 2000; Burton et 
al. 2002, 2012). No significant alterations was observed in 
the SC–FC coupling of inter-hemispheric network, which 
might reflect the same technical constrains for the lacking of 
topological reorganizations in functional networks. While 
no prior studies have examined the SC–FC coupling of 
sensory deprivation populations, substantial evidence from 
neurological and psychiatric disorders demonstrates similar 
disease-induced network decoupling (Wu et al. 2023; Pan et 
al. 2023; Zhang et al. 2019a, b; Chen et al. 2021a, c), indi-
rectly supporting our conclusion regarding SC–FC decou-
pling in congenital blindness.

Compared to single-modal MRI analyses, our multi-
modal approach, which integrated structural and functional 
connectivity, provided a more comprehensive picture of 
dynamic brain changes (Avena-Koenigsberger et al. 2017). 
The unique insights provided by this study contribute to our 
understanding of brain plasticity and functional adaptation, 
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