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Abstract: Electrophysiological studies reveal significant organizational and functional differences in
the cortex of blind individuals compared to sighted individuals. These differences result from the
nervous system’s reorganization to adapt to new sensory modalities used in daily life. Cortical visual
prostheses offer a means to restore visual sensations in blind individuals by generating phosphenes,
luminous perceptions that provide information about their surroundings. This study investigates
the cortical changes associated with the use of a visual neuroprosthesis, focusing on how the brain
adapts to the restored visual input. Our findings aim to contribute to understanding neuroplasticity
in sensory restoration processes.
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1. Introduction

Human evolution has prioritized the integrated processing of multisensory informa-
tion, facilitated by dynamic neural networks that are continuously modulated by experience
and neurobiological development. This multisensory integration enhances the accuracy and
relevance of perception, providing redundancy in sensory inputs for a more comprehensive
understanding of the environment [1-3]. Moreover, this integrative organization underlies
compensatory behaviors observed after sensory loss. For instance, blind individuals exhibit
neurocognitive adaptations, reorganizing brain areas to optimize other sensory modalities
and improve interaction with their surroundings [4,5].

Evidence from human and animal studies indicates that these adaptations occur at
multiple levels of the brain, affecting regions associated with the remaining senses and
those traditionally linked to the lost modality [6]. In blind individuals, neurophysiological
changes include modifications in somatosensory and auditory processing, as well as the
functional recruitment of the occipital cortex for non-visual tasks [7-9]. These adaptations
often enhance the efficiency of information processing, highlighting the brain’s remarkable
plasticity [10].

Visual neuroprostheses are emerging technologies designed to restore visual process-
ing in individuals with vision loss by electrically stimulating intact visual structures in
the brain [11]. Cortical visual neuroprostheses can evoke the perception of phosphenes—
luminous sensations that convey visual information [11]. Despite significant technological
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advances, these devices require further research to understand their interaction with the
brain’s adaptive mechanisms [12]. Prolonged visual deprivation in blind individuals fosters
optimized multimodal sensory processing. Consequently, the reintroduction of visual infor-
mation through neuroprostheses often results in initially limited meaningful perception [13].
However, psychophysical tests, training therapies, and repeated cortical stimulation can
progressively enhance the brain’s ability to process artificial visual inputs [11].

The success of functional vision restoration depends on the neuroprosthetic technol-
ogy and the brain’s capacity for readaptation. Research suggests that intermodal brain
reorganization in blind individuals can be partially reversed even after extended periods of
blindness [14]. However, neuroplasticity is a gradual process, and the quality of recovered
perception varies widely.

This study explores cortical connectivity changes in users of cortical visual neuropros-
theses. Using resting-state electroencephalography over a six-month period, we analyzed
connectivity patterns to investigate how the brain adapts to restored visual inputs. Resting-
state activity provides insights into neural organization, cognitive functions, and sensory
processing [15,16]. We hypothesize that brain readaptation to the restored sensory modal-
ity involves gradual changes in resting-state connectivity, reflecting neuroplasticity. This
longitudinal analysis lays the foundation for understanding multimodal sensory integra-
tion dynamics and fostering the development of therapies to enhance neuroplasticity and
optimize sensory restoration mediated by neuroprosthetics.

2. Methods

This study was conducted on two blind subjects (males aged 65 and 61 years) who
were implanted with an intracortical microelectrode array (Utah Electrode Array, UEA) con-
sisting of 96 electrodes in the visual cortex for a 6-month period. These implants are part of
the procedures adopted for the implementation of a cortical visual neuroprosthesis, which
is still under research and development within the CORTIVIS project (www.cortivis.org).
In both users, the UEA was implanted in the right occipital cortex, near the occipital pole
and close to the boundary between V1 and V2 (Figure 1a). All experimental, surgical, and
pre-surgical procedures were conducted according to a protocol approved by the Clinical
Research Committee of the General University Hospital of Elche and registered in Clinical-
Trials.gov (NCT02983370). Furthermore, all relevant ethical guidelines pertaining to clinical
trial regulations (EU No. 536/2014, repealing Directive 2001/20/EC), the Declaration
of Helsinki, and European Commission Directives (2005/28/EC and 2003/94/EC) were
followed. Written informed consent was obtained before any procedures were performed
as part of this study.

UEA implants were performed on different dates, ensuring that the experimental
periods for both subjects did not overlap. Over the six months of experimentation, the
users underwent various microstimulation protocols at a frequency of 5 times per week,
with sessions lasting 4 h each. The electrical microstimulations were administered using
a multichannel current stimulation system, Cerestim (Blackrock Microsystems Inc., Salt
Lake City, UT, USA). The stimulation primarily consisted of trains lasting 166 ms, with
biphasic pulses (—/+) of 0.4 ms per phase, at a frequency of 300 Hz. The amplitudes of
the applied stimuli ranged from 5 pA to 160 pA. In some experimental sessions, these
parameters varied. Many of the methods and experimental procedures implemented in
these two volunteers are described in greater detail in [11].

Electroencephalogram (EEG) signals were recorded in the resting state for 2-5 min
before and after daily experimentation. These sessions were conducted at least once every
30 days over the six-month period. EEG recordings were obtained using a 64-channel
NeuroScan SynAmps acquisition system (Compumedics, Charlotte, NC, USA) (Figure 1b)
with a sampling rate of 1000 Hz. The electrode impedances were maintained below 25 k().

EEG signals were preprocessed using the EEGLAB toolbox on the MATLAB (version
R2024a) platform [17]. First, the channels were resampled to 500 Hz, filtered with a FIR
band-pass filter of 0.5-45 Hz, and re-referenced to the average. Finally, an Independent
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Component Analysis (ICA) was performed solely to remove blink artifacts (Figure 1c). This
procedure was applied to each of the recordings obtained across all sessions.

Cortical connectivity was studied through spectral coherence determined between
all possible pairs of EEG channels. Because electrode pairs spaced close together are
subject to significant volume conduction effects [18], first, we focused the analysis on
the electrode pairs spaced farther than 10 cm apart from one another. Differences in
resting-state connectivity patterns, before the implantation of the stimulation electrode
and after its explantation, were analyzed in both users. To perform a longitudinal analysis
of connectivity pattern changes, the study focused on assessing local connectivity within
distinct cortical regions. This analysis was conducted by calculating spectral coherence
between all possible pairs of EEG channels within each cortical region. The temporal
evolution of these local coherence values was then evaluated to identify changes over
time. The statistical error in coherence estimates depends on both the coherence of the
stochastic neural activity and the number of epochs used in the coherence estimate. Here,
the coherence estimates are based on more than 120 epochs, well above the minimum of
40 epochs required to obtain reasonable coherence estimates [19].

Raw EEG signals
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Figure 1. Experimental setup. (a) Approximate region where UEA was implanted in both subjects.
(b) Location of EEG recording electrodes. Notably, Fp1 position was omitted from analyses due to
high levels of noise and artifacts found in signal during recordings. (c) Pipeline used for removing
blink artifacts.

3. Results

Figure 2 shows the results of the analysis of global connectivity changes in the
two users. This analysis is based on the average coherences between cortical positions
separated by at least 10 cm. Before implantation, User 1 had an average coherence value of
approximately 0.4 £ 0.15 in the 7-13 Hz band (solid blue line, Figure 2A), whereas after
UEA explantation, coherence significantly decreased to an average of 0.28 £ 0.07. These
values represent significant changes (p < 0.01) in approximately 65% of the analyzed con-
nections (solid green line, Figure 2A), mainly observed in the frontal and occipital regions.
Figure 2B shows, in general terms, a reduced number of nodal connections after UEA
explantation compared to the reference state (before implantation). This is also observed in
terms of the average coherence amplitude.

The percentage change in connectivity exceeded 60% in the 7-45 Hz band for User 2,
resulting in significantly lower coherences in the post-explantation UEA condition in the
15-30 Hz band (Figure 2C). In terms of global average coherence, the differences observed
in the alpha band are not as pronounced as those in User 1; however, the high rate of
change exceeds 70%. This is evident in Figure 2D, where differences are observed both in
the number of nodal connections and in the strength of interconnections.
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The common factor in both subjects is a generalized decrease in average coherence
across all analyzed frequency bands. This connectivity pattern resulted in reductions
in both the number of nodal connections and the strength of interconnections following
UEA extraction.

B

Before implant
—— After explant 80 7—13 Hz
713 Hz Before After
~ 70 =
=
60 9
[ =
&
32 -45Hz2150 8 -\
A = -‘\_;
40 3 | I | .
2 | | |
30 @
o
20 =
- ..
i " " " 10 1102030
10 20 30 40 connections
Frequency (Hz)
7-13 Hz D <05 >0.5 & <0.6 =——>0.7
= 180
7—=13 Hz
|70 £ Before After
60 §
=
&
15-30Hz 150 g
) {40 @
(=]
=
©
i =
o
-‘59‘

120

10

0

10 20 30 40

Frequency (Hz)

Figure 2. Changes in global connectivity in resting state. (A) User 1. Average coherence of all possible
comparisons. Solid blue line represents global cortical coherence 1 d after UEA implantation, while
solid red line represents global cortical coherence 6 months postimplantation. Shading around means
indicates standard deviation. Solid green line represents percentage changes (p < 0.01) between
resting states 1 d after implantation vs. 6 months postimplantation. (B) Global connectivity pattern
in alpha band (7 to 13 Hz). Node size is related to number of significantly established connections
(coherence > 0.5). Color and thickness of connectivity lines are directly related to average coherence
value in analyzed band. (C) Same as (A) but for User 2. (D) Same as (B) but for User 2. In all cases,
only pairs between cortical locations separated by more than 10 cm were considered.

The previously described changes are temporally separated by at least 180 days. A
longitudinal analysis of such changes in User 1 reveals linear and decreasing trends in
spectral coherence values in the 7-13 Hz band in the left frontal (FR, R? = 0.32), right
temporal (TM, R? = 0.78), and right parietal central (CP, R? = 0.43) regions over time
(Figure 3). In User 2, the most significant trend in coherence value changes was observed
in the left parietal central (CP) region (R? = 0.48) in the 7-13 Hz band.
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Figure 3. User 1. A longitudinal analysis of coherence in the 7-13 Hz band within predefined cortical
regions: PF: Pre-frontal; FR: Frontal; CE: Central; TM: Temporal; CP: Centro-parietal; PR: Parietal;
and OC: Occipital. Due to significant interference on some days, the average coherence in the left
pre-frontal region (Fp1) is not represented in this figure. Coherence in the occipital region was
determined between channels O1 and Oz for the left occipital region and between O2 and Oz for the
right occipital region. The dotted lines in each graph represent linear trends obtained from a linear
regression fit. R? is the coefficient of determination resulting from that linear fit.

4. Discussion

Blind individuals implanted with a Utah Electrode Array (UEA) participated in this
study aimed at developing a cortical visual neuroprosthesis. Over six months, the sub-
jects underwent cortical electrical stimulation to evoke phosphenes, used as a source of
visual sensory information about the environment. Initial psychophysical tests determined
stimulation thresholds and assessed parameters such as frequency, intensity, and dura-
tion [11,20,21]. Subsequently, functional evaluations included navigation in controlled
environments [22], closed-loop stimulation techniques to optimize device performance [21],
and an analysis of eye movements related to phosphene perception [23]. These activities
aimed to integrate artificial visual information into multimodal processing.

Phosphene perception constitutes a recovered sensory modality that, initially, the brain
processes in a fragmented manner. Over time, changes in resting-state cortical connectivity
patterns reflect the brain’s neuroplastic adaptation to this new input [13]. In this study,
significant changes in connectivity were observed, particularly in the 7-13 Hz frequency
band for User 1 and 15-30 Hz for User 2. These alterations involved specific cortical
regions, including the right frontal, temporal, and left central—-parietal areas, with linearly
decreasing coherence trends within and between these regions. Notably, User 2 exhibited
less pronounced changes within regions, suggesting connectivity modifications primarily
between cortical areas with lower coherence values (<0.4).

These findings support the hypothesis that resting-state connectivity changes reflect
adaptive dynamics associated with the integration of artificial vision into multimodal
processing. If multimodal perception were systematic and stable, cortical connectivity in
the resting state would remain relatively unchanged (REF). Instead, the observed trends
suggest a flexible and adaptive perceptual process required to integrate phosphenes into
the sensory framework.
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The potential for enhancing neuroplasticity emerges as a critical avenue for improv-
ing sensory integration. Factors such as age, blindness duration, and etiology may in-
fluence these processes. Tailored therapeutic strategies could accelerate the integration
of artificial visual information, with efficacy measurable through resting-state cortical
connectivity analysis.

5. Conclusions

This study reveals significant changes in cortical connectivity before UEA implan-
tation and after its explantation. Connectivity trends—both increasing and decreasing—
demonstrated adaptive dynamics in response to artificial visual input, with specific fre-
quency bands (7-13 Hz for User 1 and 15-30 Hz for User 2) showing marked differences [13].
These findings highlight the cortical regions involved in integrating phosphenes into mul-
timodal sensory processing and underscore the potential for designing therapies that
enhance neuroplasticity, improving outcomes for users of cortical visual neuroprostheses.
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