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Sensory deprivation reorganizes neurocircuits in the human brain. The
biological basis of such neuroplastic adaptations remains elusive. In this
study, we applied two complementary graph theory-based functional
connectivity analyses, one to evaluate whole-brain functional connec-
tivity relationships and the second to specifically delineate distributed
network connectivity profiles downstream of primary sensory cortices,
to investigate neural reorganization in blind children compared with
sighted controls. We also examined the relationship between connec-
tivity changes and neuroplasticity-related gene expression profiles in
the cerebral cortex. We observed that multisensory integration areas
exhibited enhanced functional connectivity in blind children and that
this reorganization was spatially associated with the transcription
levels of specific members of the cAMP Response Element Binding
protein gene family. Using systems-level analyses, this study advances
our understanding of human neuroplasticity and its genetic underpin-
nings following sensory deprivation.
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Neuroplasticity is an intrinsic ability of the brain to modify
and rewire itself following experiences (1). The study of

neuroplastic reorganization in blind individuals offers a model
through which neuroadaptive processes can be identified. For in-
stance, cross-modal neuroplasticity is a mechanism by which blind
individuals recruit visual-related cortices to process sensory in-
formation from other perceptual modalities (2–5). In addition to
occipital regions, parietal and frontal multimodal integration regions
of blind adults are capable of functional connectivity reorganization
(6). These brain areas are part of a multimodal integration network
that acts as a bridge integrating multisensory functions across cortical
regions (7). Our group has previously characterized the hierarchical
structure and central position of the multimodal integration network
in adult blind subjects (6). Although this finding advances our un-
derstanding of how information from primary unimodal cortices is
adaptively integrated into higher-order associative areas, it remains
unclear if neuroplastic changes within multimodal integration areas
also occur in blind children. Furthermore, in addition to clarifying
the sites of prominent neuroplastic changes, the biological mecha-
nisms through which neuroplastic alterations occur have yet to be
fully elucidated in blind individuals.
Concurrent advances in cellular and molecular biology and

neuroimaging provide a unique opportunity to explore the
interlinked relationships between genes and neural circuits (8).
A neuroimaging endophenotype is informative because it is more
closely related to the genetic end product than clinical or be-
havioral phenotypes (9). Thus, examining properties of systems-
level brain organization and cortical gene expression has great

potential to expand our understanding of neuroplastic mecha-
nisms, particularly if specific gene expression patterns predispose
certain cortical regions to plastic adaptation. In this study, we
first applied network-based analyses to investigate whole-brain
connectivity profiles in blind children (Fig. S1). Due to wide-
spread adaptation of the cerebral cortex throughout early life
(10), the study of blind children serves as an ideal framework
through which to investigate systems-level neuroplastic mecha-
nisms. Given that brain organization relies on neural communi-
cation within a complex network of connected regions (11), we
used graph theory to investigate the connectivity profiles asso-
ciated with blindness, placing special emphasis on age-dependent
changes. Second, we investigated the topological relationship
between cortical network reorganization in blind children and
gene expression profiles from the Allen Human Brain Atlas,
specifically targeting genes implicated in brain plasticity (12, 13)
[i.e., cAMP Response Element Binding protein (CREB) family
genes]. Here we aimed to delineate the topological distribution
of the genes associated to neuroplastic changes in blind children.
We hypothesized that blind children, compared with sighted
controls, would exhibit increased transformation of multisensory
integration area connectivity profiles and that these connectivity

Significance

This cortical connectivity study shows that neuroplastic reorgani-
zation in blind children involves key multisensory integration
regions. Using two complementary functional connectivity graph
theory analyses, multimodal integration areas exhibited increased
connectivity in blind children compared with matched controls;
within-group analyses also demonstrated that functional connec-
tivity changes increased with age. Evidence is provided that the
spatial cortical expression of genes implicated in neuroplasticity
underlies the reorganizational capabilities of themultimodal cortex.

Author contributions: L.O.-T., T.O., D.L.P., J.I.A., A.P.-L., G.E.F., and J.S. designed research;
L.O.-T., I.D., T.O., J.I.A., and J.S. performed research; L.O.-T., I.D., V.C., and J.S. contributed
new reagents/analytic tools; L.O.-T., I.D., V.C., and J.S. analyzed data; and L.O.-T., I.D.,
T.O., D.L.P., A.P.-L., G.E.F., and J.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. B.A.R. is a guest editor invited by the Editorial
Board.
1L.O.-T. and I.D. contributed equally to this work.
2To whom correspondence should be addressed. Email: sepulcre@nmr.mgh.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1619121114/-/DCSupplemental.

6830–6835 | PNAS | June 27, 2017 | vol. 114 | no. 26 www.pnas.org/cgi/doi/10.1073/pnas.1619121114

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619121114/-/DCSupplemental/pnas.201619121SI.pdf?targetid=nameddest=SF1
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1619121114&domain=pdf
mailto:sepulcre@nmr.mgh.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619121114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619121114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1619121114


www.manaraa.com

changes would correspond to the cortical transcription profiles of
genes implicated in neuroplasticity and learning.

Results
Connectivity Reorganization in the Cerebral Cortex of Blind Children.
First, the whole-brain voxel-level comparison of weighted-degree
maps showed that blind children compared with controls exhibited
increased bilateral connectivity in extrastriate occipital cortices,
middle cingulate gyri/supplementary motor area (SMA), anterior
insula (AI), ventral premotor regions (vPM), and the pars oper-
cularis of the inferior frontal gyri, with the majority of these re-
gions belonging to the multimodal integration network. Also,
notable regions that showed only trend-level functional connec-
tivity increases in blind subjects included the parietal operculum
[or operculum parietale (OP)] and dorsolateral prefrontal cortex
(DLPFC) (Fig. 1 and Fig. S2). Controls compared with blind sub-
jects showed increased bilateral functional connectivity in the an-
terior frontal poles, inferior temporal gyri, and superior frontal gyri.
In a second analysis, a whole-brain voxel-level correlation in-

vestigation between weighted-degree maps and age in blind in-
dividuals showed statistically significant positive associations in
bilateral OP, particularly OP4 and OP1; vPM; right SMA; and
left inferior frontal gyrus pars triangularis and orbitalis (Fig. 2).
Across all of these regions, control subjects showed no statisti-
cally significant associations between functional connectivity and
age. Thus, in blind children only, the older an individual, the
greater the magnitude of functional connectivity observed in
multimodal integration regions.

Specific Patterns of Connectivity Reorganization in Sensory Processing
Streams. To fully delineate the connectivity reorganization occur-
ring in blind children, we characterized the stepwise connectivity
profiles of three major sensory modalities, namely, the visual (V1),
auditory (A1), and somatosensory (S1) systems (Fig. 3). We in-
vestigated the differences between blind children and their matched

controls using direct and indirect connectivity maps. Combined A1,
S1, and V1 cortical maps, as well as sensory-specific connectivity
profiles, are shown in Fig. 3 (additional cortical maps for each
separate seed can be found in Figs. S3–S5).
There were no statistically significant differences between blind

children and controls in the direct connectivity maps of primary
seeds (Fig. 3, top left cortical maps; see cortical maps for each
separate seed in Fig. S3). In contrast, we found that sensory sys-
tems in blind children compared with controls demonstrated sta-
tistically significant increases in connectivity beyond their direct
connections. That is, sensory regions increased connectivity to-
ward multisensory/multimodal integration brain areas including
the right temporoparietal junction (TPJ) and anterior insula (Fig. 3,
top right cortical maps). Trend level functional connectivity
increases were also observed in fusiform gyri; vPM; dorsal/lateral
occipital cortices; and dorsal anterior cingulate cortex, SMA, left
insula, left TPJ, and OP1. Controls compared with blind subjects
showed increased bilateral indirect or step 2 functional connec-
tivity in the anterior frontal poles, inferior temporal gyri, and su-
perior frontal gyri.
When we characterized the specific weight of each modality

separate from the overall pattern of connectivity reorganization,
the auditory and somatosensory systems drove the majority of
connectivity changes, mainly involving connectivity toward multi-
modal integration regions. Conversely, the visual system was
largely associated with adaptations within the dorsal and lateral
occipital lobe (Fig. 3, column graphs) but not with multimodal
areas or regions outside the occipital lobe. Moreover, auditory and
somatosensory cortices reached significant portions of the visual
cortex via indirect functional connectivity (Fig. 3 and Fig. S3).

Cortical Relationships of Brain Circuit–Gene Expression. In Fig. 4, the
analysis of the relationship between neuroplasticity-related genes
transcription levels and brain connectivity changes in blindness is
displayed. First, a gene spatial coexpression matrix based on the
cortical similarities of gene transcription levels of the Allen
Human Brain Atlas is shown (Fig. 4A). The hierarchical clustering
analysis of the brain coexpression matrix revealed two distinctive
groups of neuroplasticity-related genes (Fig. 4A; association matrix
and dendrogram). When we correlated brain gene expression profiles
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Fig. 1. Connectivity reorganization in blind children compared with their
matched controls. A comparison of whole-brain weighted-degree functional
connectivity is displayed. A cortical map based on t values is shown inwhich areas
with greater weighted-degree values in blind children are displayed in red and
those with greater weighted-degree values in sighted controls are displayed in
blue. Statistically significant areas corrected for multiple comparisons are out-
lined by black lines, and all other areas represent only trend-level findings.

Blind Children

Controls

t-stat

0     1.5

L

R

Z
sc

o
re

 W
ei

g
h

te
d

 D
eg

re
e

AgeZ
sc

o
re

 W
ei

g
h

te
d

 D
eg

re
e

AgeZ
sc

o
re

 W
ei

g
h

te
d

 D
eg

re
e

AgeZ
sc

o
re

 W
ei

g
h

te
d

 D
eg

re
e

AgeZ
sc

o
re

 W
ei

g
h

te
d

 D
eg

re
e

AgeZ
sc

o
re

 W
ei

g
h

te
d

 D
eg

re
e

Age

r=0.60 
p=0.03

r=0.14 
p=0.62

r=0.61 
p=0.027

r=-0.09 
p=0.76

r=0.74 
p=0.004

r=0.14 
p=0.61

r=0.58 
p=0.031

r=0.02 
p=0.94

r=0.63 
p=0.021

r=0.34 
p=0.21

r=0.72 
p=0.005

r=0.18 
p=0.51

Fig. 2. The effect of age on the connectivity pattern of blind children.
Connectivity changes in multimodal integration regions were positively
correlated with age in blind children. A color scale map based on t values is
shown with red areas representing the effect of age (i.e., regions with in-
creased connectivity with age) and black lines delineating statistically sig-
nificant regions corrected for multiple comparisons. In the scatter plots, the
connectivity at each significant region is displayed for each subject, with dots
for blind children shown in red and those of controls shown in blue. The
correlation coefficients and P values are presented next to each scatter plot,
again in red for blind children and blue for controls.
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with the connectivity changes characterized in blind subjects (Fig. 4A,
right column; Fig. 4B; and Fig. 4C, bottom cortical map, or cortical
map of blind subjects compared with sighted controls in the indirect
connectivity), the topological distribution of sensory system connec-
tivity reorganization showed a notable positive correlation with the
expression patterns of specific members of the CREB family such as
the CREBZF gene (Fig. 4B, top scatterplot, r = 0.45, P = 0.000142;
Fig. 4C, top cortical map, or raw cortical map of CREBZF gene
expression). Conversely, the CREB3L1 gene (Fig. 4B, bottom scat-
terplot; r = −0.43, P = 0.000271) exhibited a highly significant nega-
tive correlation with blind-related connectivity changes. Moreover,
CREBZF and CRE3L1 are located above and below two SDs in the
overall distribution of similarities between the map of functional
connectivity changes in blindness and the cortical expression of
∼20,000 protein-coding genes of the human transcriptome. (For more
information about other genes located above and below two standard
deviations in the Fig. 4D histogram, please see Dataset S1 and Tables
S3 and S4.)

Discussion
The ability of the human brain to reorganize itself following the loss
of particular functions (i.e., sight) and to develop new adaptive
capabilities has intrigued the scientific community for decades. In
this study, early neuroplastic changes in neural circuits were

investigated by characterizing the reorganization of functional
connections in a sample of blind children. We observed that mul-
timodal integration regions associated with primary cortical systems
demonstrated a high degree of connectivity reorganization and that
the magnitude of this reorganization was correlated to neuro-
plasticity-related gene expression in the human brain.

Neuroplasticity in Multimodal Areas of Blind Children. This study
shows that changes in functional connections play a central role
in cortical adaptations of blind children. Specifically, multimodal
integration areas including the TPJ, OP, vPM, SMA, middle
cingulate cortex, and AI displayed enhanced connections with
unimodal sensory regions. These findings suggest that compared
with age-matched controls, blind children have a greater ten-
dency to establish long-range connections to regions mediating
multimodal integration at an early point in their development.
This reorganization may occur potentially as a compensatory
mechanism to enable subjects to use information from other
sensory modalities. Given the substantial neuroplastic re-
organization in the multimodal integration regions of blind
children and our prior findings in adults with congenital and ac-
quired blindness (6), cross-modal neuroplasticity may involve not
only unimodal-to-unimodal alterations but also potentially con-
nectivity changes within multimodal and higher-order associative
brain areas.
Historically, the visual cortex was considered to be exclusively

devoted to visual processes, but there is now evidence that activity
within the human visual cortex plays an active role in multisensory
processes (14, 15). In recent years, the occipital cortex, as well as
adjacent ventral areas such as the fusiform gyrus (16, 17), have been
the main regions of interest in the study of cross-modal phenomena
in blindness. Multiple studies have shown that the occipital cortex
takes over multiple sensory abilities traditionally belonging to other
unimodal cortices, such as auditory (18, 19), tactile (20), or higher
cognitive functions, including language processing (21). However, in
light of our results, neuroplastic reorganization in blindness is cen-
tralized—in network and graph theory sense—beyond the visual
cortex or its direct functional connections. Thus, neural plasticity is
driven by multimodal connectivity integration, in areas that seem
essentially involved in the catalysis of cross-modal adaptation. For
instance, our findings integrate well with previous discoveries of cross-
modal integration in congenitally blind individuals (22, 23), in which
increased connectivity between auditory or somatosensory cortex and
specific areas of the occipital lobe is observed. Indeed, we describe
similar connectivity increases but at the indirect connectivity level,
meaning that a significant amount of cross-modal interactions be-
tween visual cortex and other primary systems is likely determined by
multimodal relay stations. Furthermore, we theorize that functional
connectivity decreases between the occipital lobe and other primary
systems in blind adults (14, 15) may relate to impaired connections
between primary visual areas and the multimodal integration network
and that—potentially as an adaptive phenomenon—increased con-
nectivity between somatosensory or auditory cortices and multimodal
areas develop (both phenomena seen in our findings).
Gogtay et al. (10) demonstrated in 4- to 21-y-old subjects that

association cortices mature only after lower-order visual and
sensory cortices and that phylogenetically older brain areas
mature earlier than newer areas. The present functional con-
nectivity study adds to our understanding of the functional
connectivity profiles that emerge over the course of early life in
blind children. In the blind cohort, connectivity adaptations
within multimodal integration areas increased as a function of
age (Fig. 2). Notably, this finding suggests that older blind children
approximate the connectivity profiles of blind adults (6). Collignon
et al. (24) recently demonstrated that transient early-life visual
deprivation is associated with long-lasting large-scale cortical
reorganizational changes. Although this finding implicates sensory
deprivation in the first year of life as facilitating cross-modal

Fig. 3. Differences in the direct and indirect connectivity profiles between blind
children and controls. The first step measures the direct connectivity of three
seeds located in the primary auditory, somatosensory, and visual areas. The
second step, representing indirect connectivity, measures indirect connections
from the original seed in step 1. A cortical map based on t values is displayed in
which areas of greater weighted-degree values are shown in red for blind chil-
dren and blue for sighted controls. Please note that the areas surrounded by a
black line in the cortical maps represent statistically significant regions that sur-
vived correction for multiple comparisons. Column charts underneath direct and
indirect steps represent the normalized weighted-degree in blind children and
controls for multimodal regions (white circle) and unimodal regions (black circle).
The P value in the columns indicates the difference between the two cohorts
(please note that the different colors, either red or blue, represent the areas
where the connectivity is higher between the seeds and unimodal or multimodal
areas, in blind children or sighted controls, respectively). Asterisk indicates statisti-
cally significant group differences. a = left OP, b = left TPJ, c = right TPJ, d = right
AI, e = left AI, f = left SMA, g = right fusiform gyrus, h = right cuneus, and i = right
lateral occipital cortex.
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plasticity, the within-group analyses of our study suggest that this
network reorganization continues to emerge throughout early life
in children with sustained blindness.

Neuroplasticity and Genes. The molecular mechanisms through
which neuroplasticity reorganizes the human brain remain un-
known. To bridge this gap between connectivity reorganization
and the biological basis of neuroplasticity in blindness, we ana-
lyzed the spatial distribution of several a priori-selected genes,
involved in plasticity, in the human cerebral cortex. The re-
lationship between synchronous blood oxygen level-dependent
(BOLD) signal in the brain and the molecular mechanisms un-
derlying it has been explored previously including work by Wang
et al. (25), where it was found that a specific group of genes
correlated with the resting state activity in the default mode net-
work. Richiardi et al. (26) found evidence that resting state activity
correlated with the activity of genes linked to ion channel activity
and synaptic function. Thus far, to our knowledge no study has
investigated the relationship between neuroplasticity (as measured
by functional connectivity) and gene expression. Blindness in
children offers a unique opportunity to begin to study this ques-
tion. The expression of CREB (13) family genes, which are in-
volved in learning and memory, exhibited robust positive spatial
associations with the functional connectivity changes of blind
children. CREB is a cellular transcription factor that binds to the
cAMP response element CRE, increasing the transcription of the
somatostatin gene (27). The activation of CREB-dependent gene
expression is a crucial step in the molecular cascade that mediates
the formation of long-lasting memories. This view is based on both
correlative evidence and functional assays that demonstrate,
through loss- and gain-of-function experiments, the effect of
CREB manipulation on memory performance. Mechanistically,
the role of CREB in memory formation is thought to be a con-
sequence of its participation in long-lasting forms of synaptic
plasticity including long-term potentiation, as well as modulation
of neuronal excitability (12). More broadly, CREB is a key com-
ponent in diverse physiological processes, including nervous sys-
tem development and cell survival.
In the developing brain, CREB regulates neuronal plasticity, in

part, through structural neural remodeling (28). Accumulating

evidence has shown that dendritic spines appear and disappear on
a daily basis and that the rate of turnover is increased in response
to sensory experience (29, 30), novelty (31), and memory forma-
tion (32–34). An emerging model suggests that learning is sup-
ported through a balance of spine formation and elimination (35).
Within the visual system, it has been shown that CREB expression
during the development of the superior colliculus correlates with
that of the retinocollicular pathway in mice (36) and cats (37).
Moreover, CREB changes in V1 occur after visual deprivation in
monkeys (38). Our findings build upon these observations and
suggest that CREB-related gene expression drives cortical neu-
roplastic reorganization in multimodal and higher-order associa-
tive brain areas. The magnitude of CREBZF expression was
positively associated with increased functional connectivity in
blind children. CREBZF activates transcription factors p53 and
ATF4 and suppresses the activity of a number of other tran-
scription factors including nuclear receptors containing proteins
such as CREB3 (39) (note the inverse associations between these
two genes in Fig. 4A). Thus, sensory deprivation in blind children
may modulate the expression of different types of CREB-family
genes to promote adaptive network-specific neuroplastic changes.
A potential limitation of this study is the comparison of cor-

tical connectivity maps from a child cohort with adult gene ex-
pression profiles from the Allen Human Brain Atlas. Currently,
the Allen Human Brain Atlas is the only source of high-
resolution gene expression data available for neuroanatomical
comparisons. Future studies using an analogous dataset of child
brain gene expression profiles should seek to replicate the findings
of our study. In addition, BOLD resting-state functional MRI
(rs-fMRI) measures intrinsic activity correlations between brain
regions that seem to be sufficiently constrained by anatomy to
reveal informative estimates of connectivity properties (40, 41).
However, it is important to emphasize that fcMRI can reflect
monosynaptic and polysynaptic connectivity; thus, it should not be
considered a direct measure of tract anatomical connectivity. Last,
future studies will be needed to investigate if the magnitude of
functional connectivity alterations in multimodal integration re-
gions is predictive of adaptive cross-modal processing.

A B C D
Fig. 4. Brain plasticity–-gene expression relationships in blindness. (A) An analysis of the relationship between transcription levels of neuroplasticity-related genes from
a canonical human brain atlas. A coexpression matrix is shown based on the spatial similarity of transcription levels between genes. The green and red colors represent
similarity in the expression between gene’s cortical expression (green for positive correlation and red for negative). (B) An analysis of the relationship between gene
expression profiles and main connectivity changes in blind individuals. Note that we correlated the cortical expression profiles of genes and the functional connectivity
maps after converting voxel-level connectivity profiles to the 68 Desikan–Killian regions by averaging the intensity values. The x axis represents the blind-sighted step
2 connectivity difference (from Fig. 3). The y axis represents the gene expression score. (C) The spatial distribution of the CREBZF gene (Top) and functional connectivity
changes in the indirect connectivity (Bottom) represented in cortical maps. (D) A histogram is displayed presenting the location of CREBZF and CREB3L1 among all
topological similarities between ∼20,000 genes and the map of indirect connectivity changes in blind subjects.
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Conclusions
Our study shows that neuroplastic reorganization in blind children
involves key multisensory integration regions. We demonstrate
significant relationships between the expression of neuroplasticity-
related genes and enhanced connectivity in blind children. These
findings present opportunities to understand neuroplastic changes
in the human brain and may improve future therapeutic treat-
ments for sensory deprivation.

Methods
Participants.We recruited 17blind children (8 girls and 9 boys;meanage= 9.4 y,
SD = 1.4; range = 7–12 y) and 18 sighted matched controls (10 girls and 8 boys;
mean age = 9.9 y, SD = 1.7; range = 8–12 y). Following subject exclusion due to
excessive head motion (see exclusion parameters below), the final cohorts for
analysis included 13 blind children (4 girls and 9 boys; mean age = 9.6 y, SD = 1.3)
and 15 sighted controls (9 girls and 6 boys; mean age = 10.3 y, SD = 1.4). All
children had a similar scholastic performance, educational level, and cultural
background. Causes of blindness are described in Table S1. Inclusion criteria for
the participants were (i) age between 7 and 12 y, (ii) actively participating in
school, and (iii) normal scholastic performance. Exclusion criteria were the
presence of (i) another sensorial deficit other than blindness, (ii) comorbid
neuropsychiatric conditions, and (iii) history of obstetric trauma with cerebral
hypoxia. The research protocol was approved by the Ethical Committee of the
Hospital Clínico Universitario San Carlos (Madrid) and was in full compliance
with the Declaration of Helsinki.

Each school was providedwithwritten information about the experiment. After
principals and teachers approved the research protocol, a formal presentation was
organized for all enrolled students, and parents and teachers were provided with
detailed information (verbal and written) about the nature and purpose of the
research study. Interested parents provided written consent following individual
information sessions. Children were also allowed to ask questions in the context of
group and individual sessions, and all participants provided assent.

Data Acquisition and Image Preprocessing. Data acquisition and image pre-
processing details are provided in Supporting Information.

Image Postprocessing.
Weighted-degree analysis. We used weighted-degree analysis to compare group-
level functional connectivity profiles between blind and control children and to
analyze within-group network correlations with age. Weighted-degree analysis
provided the first approximation toward the topological characterization of
functional connectivity adaptations in blind children. To obtain the functional
connectivitymatrices toperformawhole-braingraphanalysis, the following steps
were applied to the functional connectivity (fcMRI) data at the individual subject
level. First, the Pearson’s r correlation coefficient was computed between pairs of
voxels across the whole brain using the time course of low-frequency BOLD
fluctuations. We then used two complementary strategies for our data: For the
first strategy, we applied a false discovery rate correction [Benjamini and
Hochberg (42)] at the q = 0.001 threshold level to correct for false positives in the
association matrices. This method, which considers only positive correlations,
introduces a customized r threshold in each individual that allows for the
elimination of network links with low temporal correlation, which are likely to
be attributable to noise. For the second strategy, we used both positive and
negative correlations without introducing any cutoffs in the association matrices
(Fig. S2). Because there were nomajor differences between strategies, we report
the first method in the main text (3). Subsequently, we applied a Fisher trans-
formation to the Pearson’s r correlation coefficient for variance stabilization (4).
To evaluate the connectivity strength of each node, we calculated the weighted
degree (W; see Eqs. 1 and 2) of each subject by summing all Fisher-transformed
correlation values for the nodes in the association matrix (Fig. S2) (5). Finally, we
applied a Z-score normalization to the individual weighted-degree maps to gain
topological interpretability across the sample.

WZi =

Pn
j=1cði, jÞ− �Wffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n2

Pn
i=1

Pn
j=1

�
cði, jÞ− �W

�2q , [1]

where

�W =

Pn
i=1

Pn
i=j cði, jÞ

n2 , [2]

n is the number of nodes in the graph network, and c is the correlation
matrix used to calculate the weighted degree.

To compute the weighted-degree differences between blind children and
their matched controls, a two-sample t test was applied using age and mean
frame displacement as nuisance covariates (41) (Fig. 1). To correct for mul-
tiple comparisons, a clusterwise correction was applied. Monte Carlo simu-
lation (3dClustSim, Analysis of Functional Neuroimages, afni.nimh.nih.gov)
was performed with 10,000 iterations to estimate the probability of false
positive clusters with a P value <0.05 in the analysis. Only results beyond this
threshold were considered. To investigate age as a covariate of interest re-
lated to neuroplastic changes in blind children, a general linear model was
used to quantify its influence (β). Then the t statistic of the mean effect of
age in blind children and its P value were computed. Finally, a clusterwise
correction accounting for multiple comparisons was applied to detect sta-
tistically significant regions correcting for type I errors. Areas surviving
multiple comparisons correction (displayed as outlined by black lines in the
cortical maps) were selected to visualize the association between age and
individual Z-score weighted-degree values (Fig. 2).
Direct and indirect connectivity of sensory systems. To further characterize the specific
networks implicated in sensory andmultisensory connectivity adaptations in blind
children, we used a second graph theory-based approach, stepwise functional
connectivity analysis (7). Given that plastic changes are expected to occur in
multiple relay stations across perceptual systems, we used a method that detects
both direct and indirect voxel-level functional couplings for a given sensory re-
gion. First, we selected three seeds corresponding to unimodal A1, S1, and
V1 primary cortices [see Table S2 for Montreal Neurological Institute (MNI) co-
ordinates based on Sepulcre et al. (7), and see Fig. S5 for alternative seeds along
the primary cortices]. Then, we identified the position of the seed voxels in the
association connectivity matrices of each individual. We subsequently detected
and summed the weight of all of the links that were directly connected to each
seed region, or a combination of seeds, taking into account only closely con-
nected neighboring nodes showing connectivity with at least one other directly
connected node (Fig. S1 and Eq. 3). We then detected and summed all possible
weights of indirect connections starting from directly connected nodes (Fig. S1
and Eq. 4). Thus, for this study, we adapted the original stepwise connectivity
approach by removing connections that were not directly related to the
neighborhood of the sensory seed region within a distance of two links (Fig. S1).
Finally, we normalized the final direct and indirect connectivity maps of the
sensory modalities using a Z-score approach similar to the weighted-degree
approach. To highlight common connectivity effects, combined maps of A1,
S1, and V1 from direct and indirect connectivity analysis are presented in Fig. 3.
We also extracted the connectivity profiles of the most significant regions within
the direct and indirect connectivity maps to better visualize the amount of
connections taking place at the regional level. The same regions chosen from
indirect connectivity maps were also evaluated in direct connectivity maps to
visualize changes in functional connectivity patterns (column charts in Fig. 3).

For the direct connectivity (DC) approach, we applied the following:

DCðrÞ=
XS
s=1

cðseeds, rÞ
" Xn

i=0

cðseeds, iÞcði, rÞ
!
> 0

#
. [3]

A whole-brain voxel-level analysis was computed, where r is each one of the
voxels of the brain, c is the connectivity matrix, seeds is the position of
the voxel of the selected seed (A1, S1, or V1) inside the matrix, s represents
the seed selected where the stepwise analysis begins, and S is the total
number of seeds.

For the indirect connectivity (IC) approach, we applied the following:

ICðrÞ=
XS
s=1

 Xn
i=1

cðseeds, iÞcði, rÞ
" Xn

j=1

cðr, jÞcðj, iÞ
!
> 0

#!
[4]

Multimodal integration network. Base on Sepulcre et al. (7) and Driver et al. (43),
our use of the term “multimodal integration network” includes the DLPFC
[Brodmann area (BA) 46], frontal eye fields (BA6), AI, vPM cortex (BA6op),
OP1/OP2 (BA40), OP3/OP4 (BA40/43), TPJ (BA39), SMA (BA6), dorsal anterior
cingulate cortex (BA 24–32), superior parietal cortex (BA7), and lateral oc-
cipital cortex (BA19).
Relationship between gene expression and increased brain connectivity in blind
subjects. We used the Allen Human Brain Atlas, which provides whole-brain
genome-wide expression patterns for six human subjects (44), to investigate
whether genetic transcription profiles underlie the ability of some brain areas to
display adaptive changes after sensory deprivation. In particular, we used a
previously generated surface anatomical transformation of the transcription
profiles of 20,737 protein-coding genes, based on 58,692 measurements of gene
expression in 3,702 brain samples obtained from the 6 adult human subjects of
the Allen Human Brain Atlas (45). This anatomical transformation, based on the
68 cortical regions of the Desikan–Killian atlas (46) covering the entire cortex,
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used individual vectors of the median expression of genes across prespecified
cortical brain regions. In a priori analysis, we first selected genes previously in-
volved in brain plasticity (12, 13) (i.e., CREB family genes; list of genes is displayed
in Fig. 4). Second, we computed the cortical spatial similarity among them using
the magnitude of cortical expression profiles throughout the Desikan–Killian
areas and a Pearson correlation approach. Third, we performed a hierarchical
clustering analysis of all spatial associations of the CREB family genes to identify
clustered genes with related cortical patterns. Fourth, we investigated the spatial
cortical similarity between these CREB family genes and the map of significant
functional connectivity changes observed in blind subjects. We used again
Pearson coefficients to correlate the cortical expression profiles of genes and the
functional connectivity map after its conversion from voxel-level to 68 Desikan–
Killian regions, using the average intensity. Finally, we calculated the spatial
similarity between the significant functional connectivity map and all 20,737
genes transcription cortical maps of the Allen Human Brain Atlas (histogram in

Fig. 4D). Therefore, we built a null distribution to validate the associations be-
tween the CREB gene family cortical expression and the observed connectivity
changes in the blind group. We considered 2 SDs (above and below) as the
statistically significant cutoff.
Network and cortical visualization. Cortical data were visualized on the brain
surface using the population-average landmark- and surface-based surface of
CARET software (47, 48). Surface images were displayed using a color scale
based on t values in Figs. 1–4. Regions surviving multiple comparisons testing
were outlined by a black line in the cortical maps. The rest of the image rep-
resents the uncorrected values allowing for the inspection of trend connectivity.
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