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Sensory deprivation prompts extensive structural and functional reorganizations of the
cortex resulting in the occupation of space for the lost sense by the intact sensory
systems. This process, known as cross-modal plasticity, has been widely studied in
individuals with vision or hearing loss. However, little is known on the neuroplastic
changes in restoring the deprived sense. Some reports consider the cross-modal
functionality maladaptive to the return of the original sense, and others view this as a
critical process in maintaining the neurons of the deprived sense active and operational.
These controversial views have been challenged in both auditory and vision restoration
reports for decades. Recently with the approval of Luxturna as the first retinal gene
therapy (GT) drug to reverse blindness, there is a renewed interest for the crucial role of
cross-modal plasticity on sight restoration. Employing a battery of task and resting state
functional magnetic resonance imaging (rsfMRI), in comparison to a group of sighted
controls, we tracked the functional changes in response to auditory and visual stimuli
and at rest, in a group of patients with biallelic mutations in the RPE65 gene (“RPEB5
patients”) before and 3 years after GT. While the sighted controls did not present any
evidence for auditory cross-modal plasticity, robust responses to the auditory stimuli
were found in occipital cortex of the RPE65 patients overlapping visual responses and
significantly elevated 3 years after GT. The rsfMRI results showed significant connectivity
between the auditory and visual areas for both groups albeit attenuated in patients at
baseline but enhanced 3 years after GT. Taken together, these findings demonstrate
that (1) RPEGS patients present with an auditory cross-modal component; (2) visual
and non-visual responses of the visual cortex are considerably enhanced after vision
restoration; and (3) auditory cross-modal functions did not adversely affect the success
of vision restitution. We hypothesize that following GT, to meet the demand for the newly
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established retinal signals, remaining or dormant visual neurons are revived or unmasked
for greater participation. These neurons or a subset of these neurons respond to both
the visual and non-visual demands and further strengthen connectivity between the

auditory and visual cortices.

Keywords: low vision, sight restoration, RPE65 gene, cross-modal plasticity, auditory, resting state functional
connectivity, functional magnetic resonance imaging

INTRODUCTION

In the long-term absence of our main sensory system, the brain
areas dedicated to these functions may undergo structural and
functional changes to host other intact senses. This process is
referred to as cross-modal plasticity. To compensate for the loss
of a sense, the brain creates or strengthens corticocortical or
subcorticocortical connections between the deprived and intact
senses (Klinge et al., 2010; Beer et al., 2011; Collignon et al., 2013).
The primary visual cortex in low-vision and blind individuals
is known to process non-visual information such as auditory
signals (Sadato et al., 1996; Roder et al., 1999; Weeks et al., 2000;
Bavelier and Neville, 2002; Voss et al., 2004; Gougoux et al,,
2005, 2009; Collignon et al., 2007, 2009, 2011a,b, 2013; Ptito
et al,, 2008; Bedny et al., 2010; Klinge et al., 2010; Frasnelli et al,,
2011; Watkins et al., 2013; Kupers and Ptito, 2014; Cecere et al.,
2014; Heimler et al., 2014; Renier et al., 2014; Jiang et al., 2016;
Dormal et al., 2016) and tactile (Sadato et al., 1996, 2002, 2004;
Zangaladze et al., 1999; Burton et al., 2002; Merabet et al., 2004;
Pietrini et al., 2004; Goyal et al., 2006; Amedi et al., 2007, 2010;
Bonino et al., 2008; Reich et al., 2011; Leo et al., 2012), while
also controlling speech comprehension and semantic processing
(Roder et al., 2002; Burton, 2003; Noppeney et al., 2003; Raz
etal., 2005; Bedny et al., 2011; Pasqualotto and Proulx, 2013). Just
as the visual system undergoes cross-modal plasticity to process
non-visual senses, other sensory systems, such as the auditory
system, can also undergo cross-modal plasticity to process vision
(Doucet et al., 2006; Sharma et al., 2007; Kral and Sharma, 2012;
Campbell and Sharma, 2014; Cattaneo et al., 2014; Almeida et al.,
2015; Stropahl et al., 2015; Dewey and Hartley, 2015; Bola and
Borchardt, 2016; Anderson et al., 2017; Glick and Sharma, 2017).

While much of these studies have focused on identifying
cross-modal plasticity in the absence of a sensory input, little
has been reported about whether these neuroplastic changes of
the brain have an adaptive or maladaptive effect on restoration
of the deprived sense. On the one hand, cross-modal plasticity
is reported as an adaptive process for the enhancement of the
remaining senses in blind or deaf individuals. On the other hand,
this process has been considered maladaptive for the optimal
success of reinstating the original sense (vision or auditory,
reviewed by Heimler et al., 2014). The maladaptive aspect of
the cross-modal plasticity has largely transpired from studies on
restoration of the auditory function [through cochlear implant
(CI)] rather than studies on visual recovery. Although Cls
have technologically advanced over time and currently comprise
the most widespread and successful neuroprosthesis available
(Wilson and Dorman, 2008; Kral et al., 2019), patients with early
or late onset of deafness have presented with mixed responses

not interfere with the success of hearing restoration through Cls
(Land et al., 2016).

Unlike the CI reports, studies on vision restorations and the
fate of cross-modal components are scarce, however, the role of
cross-modal plasticity for vision restoration in patients with low
vision or complete blindness faced similar opposing arguments.
On the one hand, the takeover of the visual cortex by other
senses such as auditory or tactile functions has been considered
to have enormous adaptive advantage in the everyday lives of
visually deprived individuals (Saenz et al., 2008; Roder et al.,
2013). On the other hand, such cortical reorganizations have
been anticipated to play a maladaptive role for possible sight
restoration techniques, such as retinal prosthetic devices, stem
cell transplantation gene therapy (GT), cataract removal surgery,
and so on, particularly for older patients who have passed the
critical window for vision development (Legge and Chung, 2016).
While a range of sensory functions including auditory can be
altered as a result of blindness or low vision, because of close
interactions between vision and hearing, this report will focus
primarily on the impact of vision restoration on auditory cross-
modal plasticity. One of the earlier studies demonstrating the
persistence of auditory cross-modal function after vision reversal
was reported by Saenz et al. (2008). This study reported auditory
motion responses within the MT/V5 area, known to be dedicated
to visual motions (cross-modal), in two subjects (MM and MS)
who had been blind since childhood and regained partial vision
in adulthood. Normal-sighted controls performing the same task
did not show similar auditory responses (Saenz et al., 2008).
Authors concluded that auditory and visual responses coexist
after sight recovery even after a long period of blindness. This
study also concluded that colonization of the MT area by the
motion sensitive auditory stimuli may indeed have played a
critical role in preserving the neuronal connectivity of the MT
area to in turn respond to visual stimulation. In another study,
Roder et al. (2013) employed electro-encephalograms to study
selectivity of responses to faces compared to objects in a group
of individuals who were born with congenital cataracts. These
individuals then regained partial vision through bilateral cataract
removal surgery at different ages (Roder et al., 2013). The authors
demonstrated that despite a long period of blindness (14 years)
and the natural formation of the cross-modal functions as a
consequence of such a long period of visual deprivation, visual
brain areas were successfully recruited for visual processing.
The study reported that such brain behavior may be due to
partial reversal of a cross-modal component. Alternatively, the
formation of cross-modal plasticity may have in fact contributed
to the maintenance of the visual neurons (Roder et al., 2013).
A separate report by Dormal et al. (2015) studied a single subject
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(KL) before and 1.5 and 7 months after vision restoration. The
authors reported an increase in auditory activations overlapping
the visual responses in the primary visual areas 7 months after
surgery. However, these auditory cross-modal responses were
reported to be decreased in the extrastriate occipital regions after
surgery. Overall, the study concluded that the primary visual
cortex maintained its involvement in the processing of non-
visual information despite sight restoration (Dormal et al., 2015).
A recent report by Jiang et al. (2016) compared an individual
subject (MM) who acquired vision at the age of 46 years after
becoming blind at age 3 years with a group of early and late
blind as well as a group of sighted controls to study auditory
motion processing. The authors reported enhanced auditory
motion responses in the MT area and reduced functionality
in the right planum temporale among blind subjects and the
sight-recovered individual. The study concluded that the cortical
plasticity that occurs as a result of early blindness is permanent
and is not reversed even after vision is restored (Jiang et al.,
2016). The persistence of the auditory cross-modal component
after vision recovery was also supported in a study that compared
a group of six individuals who had been born blind due to dense
bilateral cataracts and regained sight when they were treated at 5-
24 months of age to a group of normally sighted participants and
an additional group of individuals who had had pattern vision
in childhood but later developed visual impairments (Guerreiro
etal,, 2016). The study reported that cataract-reversal individuals
showed significant auditory motion responses as compared to
the other two control groups. These results confirm the previous
findings reported for the persisting cross-modal reorganization
of MT/V5 area in sight-recovered individuals (Saenz et al., 2008;
Jiang et al., 2016).

Recently, a successful clinical trial at the Children’s Hospital of
Philadelphia (CHOP) and University of Pennsylvania (UPenn)
on low-vision patients has led to Luxturna, the first US Food
and Drug Administration (FDA)-approved retinal GT drug.
Luxturna aims to reverse blindness in patients with Leber
congenital amaurosis (LCA) caused by biallelic RPE65 mutations.
Leber congenital amaurosis is a rare ocular disease characterized
by severe visual impairments from birth or early infancy, night
blindness, poor or absent pupillary light responses, mild to
severe nystagmus, and abnormal electroretinogram (Kumaran
etal, 2017). The RPE65 gene, which encodes the retinal pigment
epithelium-specific 65-kDa protein, is the most common form of
LCA, called LCA type 2 (Redmond et al., 1998; Jin et al., 2005;
den Hollander et al., 2008). Because of its favorable properties
with respect to slow degenerative process (and thus presence
of treatable cells through childhood) and reports of efficacy in
animal models, RPE65 patients (LCA2) have been subject to the
most clinical trials'. Further details on the CHOP/Penn RPE65
clinical trials are provided in section Materials and Methods.

With the approval of Luxturna, there is renewed interest in
studying the crucial role cross-modal plasticity may play on sight
restoration. Having access to a group of patients before and
after receiving retinal GT provides a unique opportunity to shed
light on the highly debated controversial views that have been

Lwww.clinicaltrials.gov

challenged in both the auditory and vision restoration reports for
decades. The main goals of this study were threefold. First, we
aimed to evaluate whether RPE65 patients present with auditory
cross-modal plasticity. Second, we aimed to investigate the fate
of cross-modal plasticity when these patients undergo retinal GT
and regain their vision. Lastly, we aimed to identify the adaptive
or maladaptive role of cross-modal plasticity in sight restoration.
Based on the previous literature regarding cross-modal plasticity
and vision restoration, we hypothesize that RPE65 patients who
partially regained their vision through retinal GT would preserve
their cross-modal plasticity long after their vision reversal. To
evaluate our hypothesis, we assessed cortical activations in
response to visual and auditory stimulation, as well as in a
group of RPE65 patients before and 3 years after their second
(contralateral eye) retinal GT to compare with a group of
demographically matched sighted controls. Furthermore, resting
state functional magnetic resonance imaging fMRI (rstMRI)
data were collected for both groups to compare the functional
connectivity of the primary auditory and visual areas using the
primary visual (BA17) and the primary auditory (BA41) areas as
anatomical seed points.

MATERIALS AND METHODS
GT Clinical Trials

Leber congenital amaurosis is a rare ocular disease, usually
inherited in an autosomal recessive fashion. Leber congenital
amaurosis has been associated with at least 20 different genetic
mutations (Bowne et al, 2011). The gene encoding retinal
pigment epithelium-specific protein 65 kDa (RPE65) is involved
in one of the more common forms of LCA called LCA type 2
(LCA2) (Redmond et al., 1998, 2005; Jin et al., 2005; Moiseyev
et al., 2005). One of the first presentations of LCA that may
occur in infancy is the lack of visual responsiveness and fast
eye movement known as roving eye or nystagmus. The disease
is most prominent in dim or no light environment (night).
While patients may see in bright light early on in their lives,
due to degenerative nature of the disease, their visual functions
worsen over time. RPE65 patients (LCA2) are good candidates
for gene transfer therapy as the degeneration of retinal cells
is relatively slow. There are several clinical trials that have
carried out GT for individuals with RPE65-mediated disease'.
The CHOP/UPenn is the first GT program to carry out a
clinical trial where pediatric and adult subjects with mutations
in the RPE65 gene received GT to their worse-seeing eye
(Clinical Trial no. NCT00516477). According to the results
from the first clinical assessment of these patients, published
shortly after receiving unilateral subretinal injection in one eye
(Maguire et al., 2008), each patient had a modest improvement
in measures of retinal function on subjective clinical tests such
as visual acuity and visual fields (Maguire et al., 2008). In 2011,
the same subjects underwent retinal GT in their contralateral
eye in a follow-on (FO) study of phase 1 (Clinical Trial no.
NCT01208389) (Bennett et al., 2012). After injection, results
from light sensitivity (red, blue and white), pupillometry, and
other clinical tests, as well as fMRI, showed that each of
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these “second” eyes became far more sensitive even though
they had been severely impaired for more than 2.5 decades
(and more than 4.5 decades in one individual) (Bennett et al.,
2012). Clinical testing and brain imaging results consistently
showed favorable response to the retinal GT, particularly after
receiving FO subretinal injection in their contralateral eye. A 3-
year clinical follow-up of these patients showed GT to the
contralateral eye to have strong and stable visual improvement
(Bennett et al., 2016). Parallel to the clinical results, a 3-year
follow-up fMRI results provided a complementary information
on these patients (Ashtari et al., 2017), attesting to the success
and durability of the retinal GT. Although, retinal GT did not
bring the degree of visual functions to the level of normal-
sighted individual, the significance in visual augmentation in
RPE65 patients and its continuous success for this clinical
trial and the final phase 3 clinical trial eventually resulted
in receiving FDA approval for this revolutionized therapy in
December of 2018.

Study Participants

A subset of FO patients (8/12) participated in a separate
neuroimaging study. Additionally, eight demographically
matched normal-sighted controls were recruited. As shown in
Table 1, all RPE65 patients received their FO subretinal injection
in the left eye, except for one patient who received the FO
treatment in the right eye (Bennett et al., 2016). Subjects with a
current or past psychiatric diagnosis, history of alcohol or drug
abuse, known neurological disorders, history of head injury, or
current use of psychotropic medications were excluded from
the study. All study participants provided written informed
consent (if 18 years or older) or written assent and parental
permission (if younger than 18 years). This study was Health
Insurance Portability and Accountability Act of 1996 compliant
and approved by the internal review board at CHOP and UPenn.
RPE65 patients and controls did not significantly differ in age,
gender, and handedness (Table 2).

Neuroimaging Protocol

All fMRI experiments were carried out at CHOP on a research
dedicated 3T Siemens Verio system (Siemens Campus Erlangen,
Erlangen, Germany) using a 32-channel head coil. A single

TABLE 1 | RPEG5 patient demographics.

Subject Age (years) at Readministered RPE65 mutation(s)
ID readministration and Eye

baseline fMRI
NPO1 30 Left E102K/E102K
NPO2 30 Left E102K/E102K
CH08 12 Left F530fs/F530fs
CH09 Ihl Right R124X/K297del1aggA
CH10 14 Left IVS1 + 5g > a/F530del1ttc
CH11 27 Left V473D/N473D
CH12 46 Left K303X/W431C
NP15 14 Left D167W/H313R

operator carried out all scans, and each subject’s head motions
were monitored using the Siemens’ proprietary real-time fMRI
monitoring software (Ashtari et al., 2014). Prior to and 3 years
after the FO clinical trial, all RPE65 patients underwent
auditory, visual, and rsfMRI using the blood oxygenation level-
dependent (BOLD) imaging sequences and three-dimensional
(3D) structural MRI. Sighted controls underwent the same
imaging protocol at baseline. For both the auditory and rsfMRI
acquisitions, all light sources were turned off or powered down to
eliminate other possible sources of visual stimulation.

Auditory and Visual fMRI Acquisitions

The auditory and visual task data were acquired in axial
orientation parallel to the anterior-posterior commissure (AC-
PC) plane. The following sequence parameters were employed:
3,000 ms time to repetition (TR), 30-ms echo time (TE), 90° flip
angle (FA), 3 mm slice thickness, 64 x 64 matrix size, and 46
number of slices with a total acquisition time of 3:12 min for
auditory and 4:33 min for the visual tasks. The auditory and visual
tasks consisted of 62 and 90 brain volumes, respectively. Three
brain volumes, used to reach T1 equilibrium, at the beginning of
each fMRI task were discarded. A transistor—transistor logic pulse
was used to automatically start the stimuli in sync with the start
of fMRI acquisition (Ashtari et al., 2011; Bennett et al., 2012).

rsfMRI Acquisition

Resting state fMRI is characterized by the low-frequency BOLD
signal components that significantly correlate within or between
multiple remote brain regions, forming specific functional
connectivity networks. Resting state is acquired while the subject
is lying inside the magnet with no sensory stimulation applied
(Biswal et al., 1995; Lowe et al., 1998). In addition to the
visual and auditory paradigms, all participants underwent an
rsfMRI experiment with the same acquisition parameters as the
task-based fMRI paradigms. A total of 91 brain volumes were
acquired in the axial orientation parallel to the AC-PC plane with
a total acquisition time of 4:33 min. Subjects were instructed

TABLE 2 | Statistical comparison of the RPE65 patients and sighted controls.

Controls Patients p
n 8 8
Age at baseline
Mean (SD) 23.3 (12.0) 23.0 (12.4) 0.97*
Range (11.0-44.0) (11.0-46.0)
Gender 1.00f
Female 2 (25.0%) 3 (37.5%)
Male 6 (75.0%) 5 (62.5%)
Race 1.00f
Caucasian 7 (87.5%) 7 (87.5%)
Indian 0(0.0%) 1(12.5%)
More than one race 1(12.5%) 0 (0.0%)
Handedness 1.00"
Left 0(0.0%) 1(12.5%)
Right 8 (100.0%) 7 (87.5%)

*Equal variance t-test. TFisher exact.
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to relax while remaining still. Similar to the auditory task, all
other light sources were turned off to eliminate confounding
visual stimulation.

3D Anatomical Acquisition

T1-weighted images of the whole brain were obtained using the
32-channel head coil at 0.8 mm isotropic resolution using the 3D
magnetization prepared rapid acquisition gradient echo sequence
with the following sequence parameters: 1,200 ms inversion time;
2,080 ms TR; 2.54 ms TE; 90° FA; 192 slices; 320 x 320 matrix;
and a total acquisition time of 7:04 min.

Auditory Paradigm

Subjects were presented with pairs of sounds and asked to press
a button if sounds were the same and not respond if they were
different. Sound stimuli were randomly selected from a library
of 72 sound pairs that were generated in-house using MATLAB
program (MathWorks, Natick, MA, United States). Each sound
in a pair consisted of two sinusoids with a frequency range of
500-1,800 Hz, and a mean frequency of 1,174 £ 300 Hz and
1,253 & 327 Hz for the first and second sound, respectively. The
duration for one sound pair discrimination epoch including the
time for subject response was 2,000 ms with a 1,000 ms interval
between consecutive sound pairs. Each active block contained 10
sound pairs and lasted 30 s. The auditory paradigm consisted of a
total of four sound blocks interleaved with three 15 s rest blocks
for total task duration of 4:12 min (Figure 1). A 3 s instructional
block appeared at the beginning to instruct the participants
and account for spin equilibrium. No auditory stimuli were
presented during the rest blocks other than the background
scanner noise. Subjects were asked to relax and close their eyes
during the whole experiment period. Stimuli were presented
through a desktop computer and an MRI-compatible audiovisual
system (Northridge CA, United States)’. Special silicone gel
cushions adhered to the headset attenuated ambient noise by
~30 dB. The headset was specially designed with suspended
ceramic transducer enhancing delivery of a full audio frequency
response to the subject. The suspension mechanism prevented
the transducer’s membrane to resonate with RF or gradient pulses
as opposed to piezo technology that is applied to hard material
such as brass. Task programming was carried out using E-Prime
(Pittsburgh, PA, United States)°.

Visual Paradigm

The visual paradigm consisted of 15 s active blocks of contrast-
reversing (8 Hz) checkerboards with low-, medium-, and high-
contrast checkers interleaved with 15 s of blank, black screens as
control blocks (Figures 2A,B; Ashtari et al., 2011). Additionally,
subjects were asked to press a button as soon as they could
detect checkerboard patterns. Each participant completed two
runs with stimuli presentation limited to either the left or the
right eye. Single eye stimulation was performed electronically
via the VisuStim goggle system (Resonance Technology Inc.,
Northridge, CA, United States), allowing the stimuli to be

2www.mrivideo.com

3www.pstnet.com/ eprime.cfm
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FIGURE 1 | Schematic block diagram of the auditory paradigm. The auditory
task consisted of four active sound blocks interspersed with three 15-s rest
blocks. Each sound block was 30 s long containing 10, 2,000 ms long sound
pairs with 1,000 ms between the two sound pairs to allow for subject
response. There were a total of 40 randomly selected sound pairs, from a list
of 72 wave forms, presented in each experiment.

presented to each eye separately. Stimuli were presented through
a desktop computer and an MRI-compatible audiovisual system.
Task programming was carried out using E-Prime.

Preprocessing of Functional Data

All fMRI data were processed using Brain Voyager 21.4 (BV21.4;
Maastricht, the Netherlands)*. Preprocessing of data included
slice scan time correction, 3D motion correction, high-pass
temporal filtering, and spatial smoothing. Sinc interpolation
was used for scan time correction to ensure that all voxels in
the volume represented the signal simultaneously. A high-pass
temporal filter with a cutoff frequency of two cycles per run
was applied to remove a drift. Spatial smoothing was performed
using a 4 mm full-width at half-maximum Gaussian filter.
In addition to monitoring the subjects’ motions in real time,
additional uncorrected subject motions were corrected using an
algorithm implemented in BV21.4, calculating six translational
and rotational motion parameters in relation to the first acquired
volume using sinc interpolation.

Preprocessing of Resting State Data

In addition to the aforementioned typical data preprocessing,
rsfMRI time series required additional preprocessing to exclude
coherent fluctuations that are unrelated to the neural processes
of interest. Removal of cardiac and respiratory confounds
was performed by obtaining regions of interest (ROIs) for
the white matter and ventricular volumes using the BV21.4
software segmentation algorithm. The final residual resting state
time series excluded subject motion, breathing, and cardiac
function; this was obtained by the regression of the time courses
attributed to these physiological confounds from the original
rsfMRI time course.

PREPROCESSING OF THE ANATOMICAL
DATA

All anatomical data were preprocessed using BV21.4 with
the processing steps of intensity inhomogeneity correction,
resampling from 0.8 to 1 mm isovoxel and spatial transformation
to AC-PC and Talairach (TAL) space. The final TAL transferred
brains were extracted from surrounding head tissue and

“www.brainvoyager.com
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15 Second

—

15 Second

FIGURE 2 | Schematic block diagram of the visual stimuli. The checkerboard paradigm consisted of 15 s active blocks of contrast-reversing (8 Hz) checkerboards
interleaved with 15 s presentation of a blank screen as rest blocks (R). Active blocks were comprised of 3 blocks for each contrast that were randomly presented for
high (H), medium (M), and low (L) contrasts interspersed with 9 rest blocks (Ashtari et al., 2011).

segmented to define the gray matter/WM boundary to
reconstruct a folded surface representation for the left and
right hemisphere (Kriegeskorte and Goebel, 2001). The
individual cortex meshes were used to represent a 3D projection
of the functional data time course, as well as performing a more
accurate cortex-based group analysis (Goebel et al., 2006).

Cortex-Based Alignment Group

Registration

To improve the spatial correspondence mapping between
subjects’ brains beyond TAL space matching, cortex-based
alignment (CBA) was performed to align the reconstructed
folded meshes, as implemented by BV21.4 (Fischl et al., 1999).
This method matches gyri and sulci locations across the brains
of each individual subject in order to bring major cortical
landmarks into alignment beyond standard normalization. The
time course of functional data in volume space for each subject
is then attached to the corresponding vertices of the aligned
folded cortex resulting in a mesh time course (MTC) for each
run of each subject’s functional data. Furthermore, the CBA
transformation matrix allows for a more precise alignment
of subject specific ROIs, or Brodmann areas, such as the
primary auditory (BA41) and primary visual (BA17) cortical
labels. This step was performed for a more reliable group-level
rsfMRI analyses.

fMRI Statistical Analysis

Using BV 21.4 for each functional run of an individual subject,
a protocol file (PRT) was created representing the duration
and timing of each condition for the auditory and visual tasks.
A design matrix was then constructed using the defined PRT and
data dispersion due to hemodynamic response with a double-
gamma function (Friston et al, 1998). Task-based auditory
and visual paradigms for each subject and separate runs were
then analyzed using the general linear model (GLM), which is
mathematically similar to a multiple regression analysis and is
based on a univariate statistic for each voxel of the acquired brain

volumes. The auditory experiment was analyzed by contrasting
the active blocks of sounds with silent blocks (rest periods);
the visual task was analyzed by contrasting only high-contrast
checkerboard blocks with the rest blocks. To account for the
multiple-comparisons problem caused by the thousands of t-tests
(one per voxel) performed per slice for each brain volume,
we used the false discovery rate (FDR) approach (Genovese
et al.,, 2002). Given a desired FDR, the algorithm calculated a
single-voxel threshold, which ensured that the voxels beyond
that preset threshold contained no more than the specified
proportion of false positives approximately. A conservative
FDR threshold of at least 5% (q = 0.05) was chosen for all
fMRI analyses. The corresponding p-values reported for each
subject and condition were automatically calculated by BV21.4.
The multiple comparison problem was further controlled by
restricting the final results to a greater than 100 contiguous
voxels that individually met the GLM contrast and FDR criteria.
Using the cortically aligned MTC data as input, the fixed-effects
(FFX) and random-effects (RFX) GLMs at the group level were
computed in a similar fashion for all functional data.

rsfMRI Statistical Analysis

There are two widely used approaches for analyzing an rstMRI
dataset: seed-based ROI correlation or independent component
analysis (Calhoun et al., 2003; Weissenbacher et al., 2009). Based
on our “a priori” hypotheses of assessing functional connectivity
between the two brain regions of the primary auditory and
primary visual cortices, rsfMRI were analyzed using region-
based correlation analysis. This was accomplished by choosing
ROIs common across subjects from atlas-derived anatomical
locations such as Brodmann atlas positions of BA41 and BA17
as the anatomical seed ROIs for the primary auditory and
vision, respectively. Using these seed regions and the residual
rsfMRI data, a corresponding time series of each seed network
and the whole brain was obtained. Prior to performing group
comparison, each subject’s resting state data were then transferred
from the time space into a different domain as recommended
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by Iraji et al. (2016) to ensure each value at a specific time
point represents the same effect across subjects. This step was
accomplished by normalizing the extracted time course for
each region using the GLM model and z-transformation as
implemented in BV 21.4. The new normalized time courses were
then stored as new region-specific design matrix as input to
the second-level multisubject FFX and RFX GLM analyses. In
principle, this analysis can be performed in both volume and
surface levels. However, for a more accurate mapping, the region-
specific normalized time courses were obtained in the surface
space using the information obtained from CBA for an improved
anatomical mapping.

RESULTS

Auditory Cross-Modal Plasticity in

RPEG65 Patients

The cortex-based fixed-effects (FFX) and random-effects (RFX)
group GLM analyses for overall auditory stimulation vs. rest
conditions in sighted controls showed activity within and around
Heschl’s gyrus, bilateral superior temporal sulcus, sensorimotor
cortex, and inferior frontal gyrus, at FDR-corrected p < 0.02
for FFX effect (Figure 3A). At an uncorrected p < 0.007 for

RFX, greater attenuated activation levels in and around Heschl’s
gyrus were observed (Figure 3A). Group analyses for sighted
controls did not reveal cortical activations of the occipital
cortex; however, single-subject analysis shown in Supplementary
Figure S1 showed slight activity in the occipital cortex of
only one sighted control. As shown in Figure 3A, particularly
in the FFX effect group analysis, sighted controls showed
expected areas of cortical deactivations in the visual cortex
and within the default mode network. In response to the
same auditory stimuli and statistical threshold for both FFX
and RFX group analyses, the RPE65 patients showed similar
patterns of auditory cortical activation to those observed in
sighted controls, with the exception of the significant cortical
activations in both the left and right primary visual cortices
(Figure 3B). Similar default mode network deactivations for
BA31 and BA10 areas were observed for RPE65 patients
(Figure 3B). Compared to baseline, FFX effect analyses at the
same group statistical threshold showed more enhanced and
widespread cortical activations in and around Heschl’s gyrus,
as well as the bilateral occipital cortices in RPE65 patients
3 years after FO GT (Figures 3B,C). The RFX group analysis
confirmed similar results for areas of activations albeit with
attenuated magnitude. Compensatory areas of activation were
primarily distributed along the bilateral calcarine sulci and

similar cortical activation patterns that were significantly enhanced.

FIGURE 3 | Functional magnetic resonance imaging response to auditory stimulation. The results from the task-based auditory fMRI are presented for (A) sighted
controls, (B) RPEBS patients before gene therapy, and (C) RPEGS patients 3 years after GT. The FX effect group analyses were processed at FDR corrected

p < 0.02 (q < 0.05), with an extent threshold of >100 mm?, and the RFX analyses were performed at an uncorrected p < 0.007 with an extent threshold >100
mm?. Sighted controls showed the expected cortical activations in and around the bilateral Heschl’'s gyrus, the inferior frontal gyrus (IFG), and the somatosensory
cortex and deactivations in the visual cortex and within the default mode network. Compared to sighted controls, baseline RPE65 patients had similar patterns of
auditory cortical activation, yet significant cortical activations within the bilateral visual cortices. Three years after retinal gene therapy, RPEG5 patients showed the
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occipital poles, and the magnitude of cortical activations for
these areas for both the FFX and RFX analyses is quantified
to further demonstrate the differences between the levels of
auditory cross-modal component before and 3 years post-retinal
GT (Table 3). RPE65 patients consistently presented with the
expected cortical deactivation in the default mode areas. As
shown in Supplementary Figures S2 and S3, single-subject
analysis for both baseline and 3 years after FO GT of RPE65
participants showed that all patients, except for CH12, presented
with visual cortex activations while performing the auditory
fMRI task experiments. To test the significance of the enhanced
cortical activations, observed at 3-year FO GT, particularly in the
visual cortex, direct group comparisons were performed between
baseline and FO auditory time courses using group-level analyses.
Significant bilateral visual cortex activations at FDR corrected
p < 0.002 for FFX effect analysis attesting to the presence of
significant compensatory auditory cross-modal activation 3 years
after FO GT (Figure 4A).

Visual Functions in RPE65 Patients 3
Years After Retinal GT

In addition to the auditory stimulations, visual stimulation
experiments were performed to assess visual functions for both
the left and right eyes of sighted controls, RPE65 patients at
baseline, and 3 years after receiving retinal GT. The cortex-
based FFX and RFX effect group GLM analyses for the right
and left visual stimulation for high-contrast checkerboard vs.
rest conditions showed symmetrical bilateral activations in
the primary visual areas at FDR corrected p < 0.007 for
FFX effect and with diminished activation levels for RFX at
an uncorrected p < 0.007 (Figure 5A). The sighted control
group presented cortical deactivations in the right hemisphere
around the auditory cortex and bilaterally within the parieto-
occipital sulci (Figure 5A). Group analyses for the left eye visual
stimulation of the RPE65 patients at baseline (untreated in 7/8
patients) depicted an asymmetric cortical activation within the
visual cortex (Figure 5B). The FFX and RFX effect group results
for the right eye stimulation of the RPE65 patients at baseline
showed nearly symmetrical bilateral activation of the visual
cortex (Figure 5B). The FFX and RFX group results for the same
RPE65 patients at 3-year time point after retinal GT, in response
to the same visual stimulation protocol, showed significantly
enhanced symmetrical bilateral visual cortex activations for both
left and right eyes (Figure 5C). The cortical deactivation areas

TABLE 3 | Quantification of the auditory induced visual cortex activations (auditory
cross-modal plasticity presented in Figure 3), at baseline and 3 years post-retinal
gene therapy for both the fixed- and random-effects analyses.

Auditory fMRI task FFX*(LH) FFX(RH) RFX' (LH) RFX (RH)
results (Figure 3) mm? mm? mm? mm?
Baseline 2,938 3,236 197 648

3 years 3,235 4,180 516 1,039

“FFX = fixed effect. TRFX = random effect. LH, left hemisphere; RH, right
hemisphere.

observed for sighted controls in the auditory and the parieto-
occipital sulci were not observed in either FFX or RFX effect
group analyses of the RPE65 patients at baseline or 3-year FO
analyses (Figures 5B,C).

To demonstrate the significance of the enhanced visual
functions observed at 3-year FO time point, direct group
comparisons were performed between the visual responses at
the two time points. The FFX effect group analyses revealed
significant bilateral visual cortex activations at FDR corrected
p < 0.004 and p < 0.002 for the right and left eyes, respectively.
These results are consistent with our earlier reports on the efficacy
of the FO GT treatment (Bennett et al., 2016; Ashtari et al., 2017)
and further confirm the presence of significant visual functions
in both the right and left eyes of the RPE65 patients long after
receiving retinal intervention.

Connectivity of the Primary Auditory
Areas (BA41) to the Visual Cortex

The surface representation of the functional connectivity of
the auditory cortex to other brain regions using BA41 is
presented in Figure 6. Locations for the left and right Brodmann
primary auditory areas (BA41) as anatomical seed points are
depicted in Figure 6A. Sighted controls presented with significant
connectivity between the BA41 seed and the rest of the
brain, including the bilateral primary visual areas along the
calcarine and parietal-occipital cortices, particularly for the fixed-
effects analysis, although much of this connectivity pattern is
preserved in the RFX analyses (Figure 6B). Sighted controls
also presented with negatively active areas involving the default
mode. Similar to the sighted controls, RPE65 patients, for both
baseline and 3 years after FO GT, presented highly significant
connectivity between the BA41 seed areas and other brain
regions, particularly the bilateral calcarine cortex and parietal-
occipital areas (Figures 6C,D). Comparing RPE65 patients at
baseline to 3-year FO after GT, much more enhanced connectivity
pattern is observed for the 3-year time point along the calcarine
sulci and within the parieto-occipital areas. Table 4 shows the
quantified areas of functional connectivity activations along these
areas for both the FFX and RFX analyses before and 3 years
after retinal GT.

Connectivity of the Primary Visual Cortex
to the BA41 Areas

To examine the degree of reciprocity for the functional
connectivity of the visual and auditory areas, BA17 was used as
the anatomical seed areas to assess the functional connectivity of
the primary visual cortex to the rest of the brain. Figure 7A shows
the anatomical ROIs for BA17 for both hemispheres. The FFX
and RFX rsfMRI group results for the sighted controls showed
significant functional connectivity between the left and right
BA17 areas and other brain regions, in particular BA41 (circled
in yellow) and other cortical areas dedicated to the auditory
functions (Figure 7B). As compared to sighted controls, the
RPE65 patients at baseline did not show extensive connectivity
between BA17 and the rest of their brains, which was particularly
evident in the FFX effect group results (Figure 7C). However, at

Frontiers in Neuroscience | www.frontiersin.org

May 2020 | Volume 14 | Article 291


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Mowad et al.

Cross-Modal Plasticity and Sight Recovery

3YR -

Auditory Stimulation

q(FDR) < 0.050 Q(FDR) < 0.050

800 -

942)
p<0.001993

FIGURE 4 | Pre— and post—-gene therapy comparison for auditory and visual stimulations. Direct group comparisons of pre— and 3 years post-retinal gene therapy
were performed using the FX group-level analysis in response to (A) auditory and (B,C) visual stimulations. Group results are presented at an FDR-corrected

p < 0.002 and p < 0.005 for auditory and vision, respectively (g < 0.05). In response to the same auditory stimulation, RPE65 patients showed increased bilateral
auditory activation within the auditory cortex, as well as significant level of cross-modal activations along the bilateral calcarine sulci for their 3-year time point. The
group comparison of the visual stimulation results between the baseline and 3 years post-gene therapy time points showed significantly more activations in and
around the visual cortex for both the left and right eyes (left > right) 3 years after retinal gene therapy.
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the same statistical thresholds, 3 years following the subretinal
injection of their second eye, RPE65 patients presented with
increased connectivity within the primary visual areas, as well
as increased connectivity between BA17 and BA41 (circled
in yellow) (Figure 7D). Overall, the rsfMRI results showed a
significant increase in the connectivity of the visual cortex to
BA41 3 years after FO GT compared to baseline.

DISCUSSION

Performing task-based fMRI and rsfMRI on a group of visually
impaired patients who regained their sight by means of retinal
GT, we found that vision restoration resulted in enhancement
rather than elimination of the cross-modal auditory processing.
Furthermore, occupation of the visual cortex by the auditory
functions did not prevent the newly recovered visual functions
from occupying the same brain regions. The findings are novel
because of our unique access to a group of RPE65 patients with
newly recovered vision (Maguire et al., 2008; Bennett et al,
2016; Ashtari et al., 2017), not previously available to other
research centers. The findings are important for understanding
the mechanisms of brain plasticity and for decision to undergo
retinal intervention to reverse blindness, despite the persistence
of cross-modal plasticity, which has been previously cautioned to
affect the success of sight restoration (Dormal et al., 2015; Legge
and Chung, 2016).

The first question to address was whether the auditory cross-
modal component was present in the low-vision RPE65 patients,

taking into account that these patients are not completely
blind at birth. Comparison of the auditory fMRI results from
sighted controls (Figure 3A) to those of the RPE65 patients
(Figures 3B,C) clearly demonstrates that, in line with previous
reports on the early- and late-blind subjects, RPE65 patients
did engage a compensatory mechanism for processing auditory
stimuli. Further examination of the results from individual
subjects (Supplementary Figures S1, S2) showed that auditory
stimulations significantly activated the visual cortex in all but one
patient (CH12) and none but one control individual (SC02 with
slight visual cortex activation).

Interestingly, CH12, who was the oldest participant (44 years
old), had severely impaired (near blind) vision for the ~15 years
preceding her enrollment in the study due to the retinal
degenerative component of the disease. With visual function
resembling that of the blind patients, CH12 was expected to show
a greater participation of the visual cortex in auditory processing,
as a compensatory mechanism for the vision loss. The absence
of the cross-modal auditory processing in CH12 indicates that
the takeover of the visual cortex by other senses may indeed
require the presence of viable visual neurons, which may have
been absent in this patient. Therefore, in RPE65 patients who
were born with some residual visual capabilities, unlike in
individuals who were born completely blind, the auditory cross-
modal plasticity alone is not strong enough to support viability
of visual neurons.

The second question to address was whether the auditory
cross-modal component survives the vision restoration in
RPE65 patients. Three years after receiving retinal GT to the
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FIGURE 5 | Functional magnetic resonance imaging response to visual stimulation. The visual stimulation tasks were presented either to the left or right eye of (A)
normal-sighted controls, (B) RPEG5 patients before GT, and (C) RPEGS patients 3 years after GT. All task-based cortical activations were processed using FX
analyses at FDR corrected p < 0.007 (g < 0.05), with an extent threshold of >100 mm? and RFX analyses at an uncorrected p < 0.007 with an extent

threshold > 100 mmZ. Sighted controls showed significant bilateral cortical activations in the visual cortex. At baseline, RPE65 patients expressed asymmetric and
attenuated hemispheric activations in the left eye because the left eye was untreated in seven of eight patients. However, visual stimulation of the right eye in RPE65
patients displayed nearly symmetrical bilateral activation of the visual cortex. Three years post-FO clinical trial when RPE65 patients’ contralateral eye was treated,
symmetrical bilateral visual cortex activations were observed for both left and right eyes.
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contralateral eyes, the same group of RPE65 patients underwent
fMRI performing the same visual and auditory tasks. The
purpose was to evaluate the lasting effects of GT on the
patients’ visual functions, as well as the fate of cross-modal
plasticity upon the return of vision to the visual cortex.
Surprisingly, the cross-modal component not only persisted
3 years after vision restoration in RPE65 patients, but also the
cortical activations of the visual cortex increased in intensity
(Figure 3C). This increase was highly significant within the
auditory (unimodal) and visual cortex (cross-modal), when

comparing auditory task performances of the RPE65 patients
across time (Figure 4A).

Next, an important question to address was whether the
persistence of the auditory function in visual cortex would
have an adaptive or maladaptive effect on the success of vision
restoration. In other words, would the auditory cross-modal
nature be detrimental to the success of retinal GT 3 years after
initial administration? As previously reported (Ashtari et al,
2017), and also based on comparison of fMRI responses to
visual stimulation before and 3 years after GT (Figures 5B,C)
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FIGURE 6 | Functional connectivity of the primary auditory areas. Anatomical locations for both the left and right Brodmann primary auditory areas (BA41) (A). The
functional connectivity group results for FX and RFX analysis are presented for (B) sighted controls, (C) RPEGS patients at baseline, and (D) RPE65 patients 3 years
post-gene therapy. All fixed-effects group analyses were performed at FDR corrected p < 0.02 (g < 0.05), with an extent threshold of >100 mm?, and all RFX
analyses were performed at an uncorrected p < 0.05 with an extent threshold >100 mm?. Sighted controls showed significant bilateral functional connectivity
between auditory, sensorimotor, frontal, and visual cortices. At baseline, compared to controls and post-gene therapy time point, RPE65 patients expressed similar,
yet attenuated connectivity patterns particularly along the bilateral visual cortices. Three years after receiving their gene therapy, RPE65 patients’ connectivity of the
primary auditory areas to the visual cortex significantly increased, yet remained attenuated as compared to the observed connectivity of the sighted controls.
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and the group statistical differences between the two time
points (Figures 4B,C), the visual function in RPE65 patients
was robust and durable long after the retinal intervention. The
apparent increase in the level of visual activity 3 years after
GT, particularly for patients’ fMRI response from the newly
treated eye (left eye for 7/8 patients; FO clinical trial), is
thought to be due to an increase in the visual signals from
the surviving photoreceptors that were revived by retinal GT
(Bennett et al., 2016; Ashtari et al., 2017). The newly established
visual signals from the retina actively stimulated the visual cortex,
which in turn restored the functionality of the remaining viable
visual neurons or assisted in unmasking dormant visual neurons
to meet the greater demand on visual signal processing. This
hypothesis is based on the widely demonstrated notions of brain
malleability in reorganizing its circuitry in response to changes of
a sensory input (Sabel et al., 2018).

To further substantiate the results from our task-based fMRI
experiments, sighted controls at baseline and RPE65 patients
at two time points (before and 3 years after GT) underwent
rsfMRI to assess the effects of visual restoration on brain’s resting
state functional connectivity (RSFC) between the auditory and
visual cortices. The group results for sighted controls, using the
BA41 and BA17 as seed areas, showed significant connectivity
between the temporal and occipital cortex (Figure 6B) and

vice versa (Figure 7B). This was unexpected, as our earlier
results from the task-based auditory (Figure 3A) and visual
(Figure 5A) fMRI paradigms did not show any positively
correlated occipitotemporal activation for sighted controls. Here,
although the RSFC results showed bidirectional functional
connectivity between the auditory and visual cortices, no cross
activations were observed when the sighted control subjects
performed the task-based fMRI experiments (Figures 3A, 5A).
The results from the RSFC and the auditory task-based fMRI
presented here are consistent with those reported in a recent
study by Pelland et al. (2017). According to a report by Iurilli
et al. (2012) in sighted controls with no visual impairment, the
effect of auditory stimulation on the visual cortex is mediated by
a local GABAergic inhibitory circuit (Iurilli et al., 2012). Thus,
despite the observed significant RSFC between the auditory and
visual areas among sighted controls (Figure 6B), as depicted
in Figure 3A, auditory stimulation did not result in cortical
activations of the visual cortex (Iurilli et al., 2012). In support of
RSFC results, direct projections from the primary auditory to the
primary visual cortex areas have also been reported in normal
primates (Falchier et al., 2002; Rockland and Ojima, 2003),
normal-sighted cats (Fishman and Michael, 1973; Innocenti et al.,
1988), and retrograde tracer injection studies in congenitally deaf
cats demonstrating increased anatomic connectivity between
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TABLE 4 | Quantification of the resting state functional connectivity of the primary
auditory (BA41) and visual areas (presented in Figure 6), at baseline and 3 years
post-retinal gene therapy.

Resting state fMRI FEX*(LH) FFX(RH) RFX' (LH) RFX (RH)
connectivity results mm?2 mm?2 mm?2 mm?2
(Figure 6)

Baseline 1,507.65 1,672.08 97.97 162.06
3 years 2,5670.5 2,934.97 361 462.82

*FFX = fixed effect. TRFX = random effect. LH, left hemisphere; RH, right
hemisphere.

the auditory and visual cortex, as substrate for cross-modal
reorganization, which was not observed in normal-hearing
cats (Barone et al, 2013; Butler et al., 2017) and using the
diffusion tensor imaging in normal-sighted humans (Eckert
et al., 2008; Beer et al.,, 2011; Chen et al., 2013). Additional
support for the presence of a direct connectivity between the
auditory and visual areas comes from modeling how a non-
visual information reaches the occipital cortex in blind and
sighted controls using an auditory discrimination paradigm
(Klinge et al., 2010). Authors reported that the model that
assumes bidirectional connections between the medial geniculate
nucleus (MGN), primary auditory cortex (BA41), and primary

visual cortex (BA17) outperformed all other models in both
groups (Klinge et al, 2010). In addition, the corticocortical
connections from the BA41 to the BA17 were reported to be
much stronger as compared to the thalamocortical connections,
such as MGN to V1. As a final conclusion, we selected
direct cortical connections between the BA41 and BA17 to
be the most probable connection that facilitates the auditory
information evoking responses in the primary visual cortex
of blind individuals. Together, the existing reports on sighted
controls are suggestive of an intrinsic connectivity between the
occipital and temporal cortex, which is shown to be unmasked
upon demands from other sensory inputs. Examples for such
unmasking are the studies of artificially induced short-term visual
deprivation in sighted controls that have resulted in on-demand
but transient enhancement of other senses (Lewald, 2007;
Merabet et al., 2008).

Similar to the sighted controls, we observed significant RSFC
between the temporal and occipital cortex in the RPE65 patients,
albeit more attenuated than controls, particularly at baseline
than 3 years after retinal GT. Contrary to the sighted controls,
the auditory stimulation of the RPE65 patients showed highly
significant cross-modal cortical activations of the visual cortex
(Figures 3B), which were considerably enhanced after retinal
GT (Figure 3C). These results also are suggestive of the fact
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FIGURE 7 | Functional connectivity of the primary visual areas. (A) Left and right Brodmann primary visual areas (BA17) as anatomical seed points for functional
connectivity analyses. Results for the FX and RFX group analyses are shown for (B) sighted controls, (C) RPE6G5 patients at baseline, and (D) RPEG5S patients 3 years
post-gene therapy. All FX group analyses were performed at FDR-corrected p < 0.02 (g < 0.05), with an extent threshold of >100 mm?, and all RFX analyses were
performed at an uncorrected p < 0.04 with an extent threshold >100 mmZ2. Sighted controls presented significant extended functional connectivity between the left
and right BA17 areas and other brain regions, particularly for the primary auditory areas (circled yellow). Connectivity pattern for the RPEG5 patients at baseline
showed significant functional connectivity across the left and right visual cortex, but considerably reduced levels of connectivity between the primary visual and
primary auditory cortices (circled yellow). However, 3 years after gene therapy, functional connectivity between the primary visual to primary auditory cortices
significantly increased compared to baseline, but did not reach the same magnitude as observed in sighted controls.
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that the local GABAergic inhibitory circuit (Iurilli et al., 2012)
may be dysfunctional in these patients. We hypothesize that
in the absence of visually evoked responses of visual neurons
the sound-driven inhibition might have faded away because it
is of no use regardless of the direction or orientation tuning.
On the contrary, the excitation-mediated recruitment of visual
neurons potentiates the capabilities of auditory processing and
therefore might be reinforced by cross-modal plasticity. These
results further support the notion of on-demand unmasking and
perhaps strengthening of a preexisting connectivity between the
auditory and visual cortex for the low-vision RPE65 patients. We
also hypothesize that the posttherapy potentiation of auditory
fMRI activations in the visual cortex (Figure 4) resulted from
the revitalizing of the neurovascular coupling in response to the
increased energy demand by visual neurons (Sabel et al., 2018).
The enhanced RSFC after retinal GT is thought to be due to
increased availability of the visual neurons and increased blood
flow to these neurons set forth by the newly established visual
signals from the retina along with continuous stimulation of the
visual system over time.

Although the underlying process of the cross-modal plasticity
is largely unknown, a recent review by Kupers and Ptito (2014)
proposed two separate hypotheses for the formation of the cross-
modal plasticity. The first hypothesis assumes development of
new pathways within the deprived brain (visual cortex), and
the second one assumes the unmasking and strengthening of
existing connections. Based on the aforementioned evidence
and our preliminary results, we favor the second hypothesis
suggested by Kupers and Ptito as the basis for the auditory
cross-modal formation in the RPE65 patients. In addition,
our results show that upon the return of vision to the
visual cortex this connectivity has not only persisted but
rather enhanced.

CONCLUSION

Taken together, our results are suggestive of the fact that visually
impaired RPE65 patients, similar to blind individuals, develop
cross-modal plasticity for auditory functions and their visual
cortex successfully responds to both the visual and auditory
stimuli. Upon partial vision restoration, not only the auditory
cross-modal component persisted in the visual cortex of RPE65
patients, but also the connectivity between auditory and visual
cortices was significantly enhanced, supported by both the
RSFC and task-based fMRI experiments. More importantly,
our data supports the fact that the overall success of retinal
GT is not hindered by the presence of auditory cross-
modal plasticity, and the visual cortex remains sensitive to
both visual and auditory stimulations, even 3 years after the
return of vision.

Although some aspects of vision may be affected by
the occupation of the visual cortex by auditory cross-modal
plasticity, our experimental design was not sensitive to show
such effects. Additional studies evaluating low-vision patients
before and after retinal intervention to restore sight along with
more sophisticated auditory/visual stimulations are essential

in extending the findings presented here to further validate
the presence and persistence of cross-modal plasticity post
retinal intervention. Importantly, elaborate studies are needed
to identify the visual functions that are affected by other non-
visual cross-modal plasticity in the visual cortex. Our up-to-date
findings show that regardless of visual cortex lending itself to
non-visual auditory sense during long-term visual deprivation,
the retinal GT successfully recovers the visual functions in the
visual cortex.
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