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Abstract

Objective. Microstimulation via electrodes that penetrate the visual cortex creates visual
perceptions called phosphenes. Besides providing electrical stimulation to induce perceptions, each
electrode can be used to record the brain signals from the cortex region under the electrode which
contains brain state information. Since the future visual prosthesis interfaces will be implanted
chronically in the visual cortex of blind people, it is important to study the long-term stability of
the signals acquired from the electrodes. Here, we studied the changes over time and the
repercussions of electrical stimulation on the brain signals acquired with an intracortical
96-channel microelectrode array implanted in the visual cortex of a blind volunteer for 6 months.
Approach. We used variance, power spectral density, correlation, coherence, and phase coherence to
study the brain signals acquired in resting condition before and after the administration of
electrical stimulation during a period of 6 months. Main results. Variance and power spectral
density up to 750 Hz do not show any significant trend in the 6 months, but correlation coherence
and phase coherence significantly decrease over the implantation time and increase after electrical
stimulation. Significance. The stability of variance and power spectral density in time is important
for long-term clinical applications based on the intracortical signals collected by the electrodes.
The decreasing trends of correlation, coherence, and phase coherence might be related to plasticity

changes in the visual cortex due to electrical microstimulation.

1. Introduction

Microelectrode arrays, such as the Utah electrode
array (UAE) which contains 100 penetrating
microneedles, have been widely used to record and
stimulate different brain areas [1-3]. The neural sig-
nals collected with UAEs inserted in the motor cortex
have been successfully used to build brain—-machine
interfaces that decode motor intention and are able to
control robotic platforms [4-8]; and in combination
with functional electrical stimulation to control body
parts in tetraplegic patients [9-11]. Furthermore,
UAEs might form the foundation for the restora-
tion of a useful visual sense in the blind [12, 13] and
contribute to a better understanding of visual inform-
ation processing in the brain [14]. In addition, it has

© 2022 The Author(s). Published by IOP Publishing Ltd

been recently demonstrated that recorded activity
with UEA in a visual brain area (V4), can be used to
predict thresholds for phosphene perception when
the primary visual cortex is stimulated [15], which
suggests that a closed-loop approach could help to
improve the performance, safety and long-term sta-
bility of electrical stimulation in the brain.

The signals collected with UEA can be divided
into two categories: local field potentials (LFPs,
frequency smaller than 400 Hz) and action potentials
(multi-unit activity or single-unit activity, high-
frequency signals). LFPs are the result of the sum-
mation of voltage changes generated by the neural
activity in the surrounding of the electrode [16-18].
The synchronized activity of surrounding neurons
produces oscillations in the LFP signal [19]. The
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frequency of these oscillations provides insights into
cognitive activity and brain state [20]. Likewise,
the signals recorded through UEA provide specific
information about local neural networks [21, 22],
source locations of specific components of visual
evoked potentials [23], and brain plasticity [24].

With the aim of building a permanent visual
prosthesis, it is important to understand how the
brain tissue reacts to the insertion of the elec-
trodes, the stability of the decoding accuracy with
time, and the stability of LFPs signals recorded with
UAEs [25]. Moreover, neuronal recordings can also
provide information about the possible deleterious
effects of chronic intracortical microstimulation on
the electrode—tissue interface [26, 27]. Thus, the long-
term characterization of aspects such as time stabil-
ity, and connectivity analysis of action potentials and
LFPs is of seminal relevance in this field. These kinds
of studies are scarce, especially in humans, and to the
best of our knowledge have not been performed in the
primary visual cortex of a blind subject.

Sharma et al [28] described the trend of signals
acquired from a UEA inserted in the motor cortex of a
macaque over a 7.5 months period. They showed that
the power spectral density at frequencies lower than
1000 Hz does not change with time while at frequen-
cies higher than 1000 Hz it decreases with time due to
a reduction in the number of recorded action poten-
tials. On the other hand, Kellis et al [29] described
the signals recorded from a UEA inserted in human
motor cortex in terms of synchronization between
LFPs acquired by the different electrodes using cor-
relation, coherence, and phase coherence. However,
these results were limited to a 10 min intraoperative
measure, which does not give insights into how these
measures could change in a chronically implanted
device.

In this study, we implanted an intracortical 96-
channels array (UEA) in the primary visual cortex
of a blind subject and performed electrical stimula-
tion and neural recordings over a period of 6 months.
We consistently obtained LFP recordings from visu-
ally deprived populations of neurons and evaluated
measures that describe single channel features in time
and frequency (variance and power spectral dens-
ity), as well as channels synchronization in time (cor-
relation), frequency (coherence), and phase (phase
coherence). Our results show that the recorded sig-
nals remained consistently stable over time. The syn-
chronization between channels is higher immediately
after electrical stimulation, and it decreases over the
6 months, which could be related to plastic changes
in response to intracortical microstimulation.

2. Methods

2.1. Implant and recordings
The methods are described in greater detail in a
previous paper [30] and are only summarized here.

2
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An intracortical microelectrode array consisting of
96 microelectrodes (UEA) has been implanted in
the visual cortex of a 57 years old person with
complete blindness for the last 16 years, during a
period of 6 months (figure 1(a)). Reference and
ground electrodes were uninsulated platinum wires
and they were positioned in the brain tissue, near
the implanted UEA. Procedures were approved by
the Hospital General Universitario de Elche Clinical
Research Committee and registered at ClinicalTri-
als.gov (NCT02983370). The participant gave con-
sent to participate in the experiments which were con-
ducted in accordance with recognized standards.

Electrical stimulation and neural recordings ses-
sions were generally performed 5 d per week (Monday
to Friday) for up to 4 h per session (the timeline
of recording days in the 6 months is depicted in
figure 1(b)) and each experimental session was pre-
ceded and concluded by a 1-2 min period of spon-
taneous neural recordings (figure 1(c)). The length
of stimulation experiments varied from day to day,
but no delay occurred between the before stimula-
tion recording and the stimulation experiments, and
between the stimulation experiments and the after
stimulation recording. Before starting a recording, we
always asked the participant to relax and be comfort-
able, and we only started the recordings when she was
ready.

Current stimulation was delivered using a Ceres-
tim 96 multichannel microstimulation system (Black-
rock Microsystems Inc., Salt Lake City, UT) and
customized software was used to deliver multiple
stimulation patterns to different subsets of electrodes.
Neural recordings were acquired using the Neuro-
Port data acquisition system (Blackrock Microsys-
tems Inc., Salt Lake City, UT). Data were sampled
at 30 kHz. The analogue signals were amplified and
filtered (1st order high-pass at 0.3 Hz and 3rd order
low-pass at 7500 Hz) with the line noise cancellation
filter at 50 Hz. No other hardware filters were applied.

In this work, the 96 channels spontaneous signals
acquired before and after stimulation protocols dur-
ing the 6 months of the clinical trial have been stud-
ied in terms of variance and power spectral density to
check the signals’ stability during the 6 months, and
in terms of correlation, coherence, and phase coher-
ence to evaluate the network synchronization and
connectivity. Although high-quality recordings were
obtained from the day after the surgery, we included
in the analysis only the recordings acquired at the uni-
versity, after the volunteer was dismissed by the hos-
pital to maintain uniformity in the recording condi-
tions. The experiments were very simple in the initial
sessions and increased with complexity over time. In
the first months, the task was based on single/group
electrodes stimulation followed by the answer of the
participant about the perception experience. Once
the distinction between spontaneous and induced
phosphenes was clear, the stimulation experiments
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Figure 1. (a) UEA position in the visual cortex. (b) Six months distributions of the recording sessions. Each black vertical line
represents a recording day. (c) Time organization of a recording day.

became more complex (distinction between shapes,
brightness levels, behavioural tasks). The experi-
ments performed and the electrodes used to stimu-
late changed every day, however, every day each elec-
trode was used to stimulate at least one time during
the impedance measurement (1 kHz using the ‘test
electrodes’ function of the CereStim 96 multichannel
microstimulation system).

Before any analysis, the recordings were segmen-
ted to assure that all the signals were lasting 60 s. Then
a 2nd order Butterworth filter was used to remove the
50 Hz line noise and all the harmonics up to 400 Hz.

2.2. Variance and channel exclusion criteria

For each recording channel, we calculated the voltage
variance in 2 s non-overlapping time windows (30
windows for recording lasting 60 s). The variance
for each channel on a particular day was then estim-
ated as the mean of the variances among the different
windows.

Variance measures the variability of a signal with
respect to its mean and can be used to identify the
noisy channels. In each recording, we excluded from
the analysis the channels that presented a variance
bigger than the mean plus three times the standard
deviation of the variance of the signals acquired in
the first three included days of recording (day post-
implantation 23, 24, and 28).

2.3. Power spectral density

Power spectral density has been estimated using the
Welch method (2 s Hann window, 1 s overlap)
[31]. We divided then the spectra into frequencies of
interest, in particular from 0.1 to 4 Hz (delta band),
from 4 to 8 Hz (theta band), from 8 to 12 Hz (alpha
band), from 12 to 30 Hz (beta band), from 30 to 80 Hz
(gamma band), from 80 to 200 Hz (high gamma
band), from 200 to 400 Hz (very high gamma band),
from 400 to 750 Hz, and from 750 to 1500 Hz (mul-
tiunit activity band).

2.4. Correlation

Correlation is a measure of linear relationships
between two signals. It can be evaluated at different
time shifts between the signals to highlight the delay
between them. Given the signals acquired from two
electrodes (s; with mean g, and standard deviation
o1 and s, with mean p, and standard deviation o)
the correlation at different time shifts (/) is defined
as:

E{:l:_om_l(sl,n-%; ; w1)(s2,0 — p2) 1>0
p5152 (l) = 1o
pis, (=1), I<0

(1)

Ps,s, assumes values between —1 and 1 (1: signal
perfectly correlated s; = const X s;, 0: no correlation
between s; and s,, —1: signal perfectly anticorrelated
sp = —const X s).

After downsampling each recording to 1 kHz, we
calculated the correlation between all possible com-
binations of electrodes at time shift / spanning from
—2sto+2s (1 msstep). These calculations were per-
formed in 2 s non-overlapping windows, which were
subsequently averaged to give a more precise estimate
of the correlation between two electrodes.

2.5. Magnitude of coherence

The magnitude of coherence (also referred to as
coherence for simplicity in the following) is a measure
of the linear relationship between signals at different
frequencies. For two signals s; and s, it can be evalu-
ated at the frequency f as:

|SS|Sz (f) |2

CeD =g s @
where S5, (f) and S,,s, (f) are the power spectra dens-
ity of s; and s, respectively, and S, (f) is the cross-
spectrum between s; and s;. Cy5, (f) =0 when s
and s, are not correlated at frequency f, Cy,,, (f) = 1,
when a linear relation between s; and s, at frequency
f exists.
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We calculated the magnitude of coherence
between each possible combination of electrodes
using the Welch method to estimate the power spec-
tral density (2 s Hann window, 1 s overlap). We aver-
aged then the magnitude of coherence inside the fre-
quency bands already defined for the power spectral
density (from delta to very high gamma).

2.6. Phase coherence

After having explored the relationship between sig-
nals in terms of time (correlation) and frequency
(coherence), we evaluated the signal phase relation-
ship using the phase coherence [32]:

R:

Zei(%(fk)*@z(fk)) (3)

1

Zl=

N
k=

where ¢;, (#) and ¢, (#;) are the phases at time #; of
the signals s; and s, respectively.

In order to calculate the instantaneous phase of a
signal s(¢), we calculated its Hilbert transform s (),
and we used the following formula [33]:

¢ (t) = arctan (ng) . (4)

If the phase difference between s; and s, is con-
stant at every time f, the signals are perfectly phase-
locked and R = 1, if instead the phase difference is
randomly distributed, R = 0.

After downsampling each recording to 1 KHz, we
calculated the phase coherence between all possible
combinations of electrodes. The calculation was per-
formed in 2 s non-overlapping time windows. The
resulting phase coherence values were subsequently
averaged to give a more precise estimate of the phase
coherence between the two signals.

To test the significance of the estimated R, we
repeated the calculation of R for phase-shifted sur-
rogate data [34]. For each 2 s time window, we created
100 surrogate phase signals by applying a circular time
shift (selected randomly in the range 0.5-1 s) to one of
the two signals. We then compared real data and sur-
rogate data using the Wilcoxon rank-sum test. Indeed,
with a circular shift, the phase relation between the
signals is removed and we can assess whether the R
value obtained from the real data, could have been
obtained from the phase-surrogate data.

2.7. Signal analysis over time

In order to check if a linear trend exists in the sig-
nals recorded through the 6 months, we calculated
the mean across channels of each characteristic (vari-
ance, power spectral density, correlation, coherence,
phase coherence) for each recording day using the
data before and after stimulation separately. We then
fitted a line through the average across channels of
each characteristic along the 6 months and we tested
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if the slope of the line was significantly different from
0 (Wald test).

For correlation, coherence, and phase coherence
we checked if the linear trend was different at dif-
ferent electrode distances, by averaging in each day
only the channels at a certain distance. Moreover, we
checked the influence of different time lags in the
6 months trend of correlation, and the influence of the
frequency bands in the 6 months trend of coherence.

2.8. Signal evaluation before and after stimulation
For each recording day, we divided the characteristics
extracted from recordings before and after the stimu-
lation grouping together all the channels for variance
and power spectral density and all the channel pairs at
0.4 mm distance for correlation, coherence, and phase
coherence. We then checked if the data before and
after stimulation were significantly different using the
Paired t-test (if the groups’ distributions were nor-
mal) or the Wilcoxon signed-rank test (if the groups’
distributions were not normal). The normality of
the data was tested using the Kolmogorov—Smirnov
test. For the correlation, we checked the differences
between before and after stimulation at different time
lags, for the power spectral density and the coherence
we checked it in the different frequency bands. In case
the statistical test resulted in a significant difference
between before and after stimulation, we checked if
this was related to an increase or a decrease of the
characteristic and if this change was consistent among
the recording days.

3. Results

3.1. Variance stability and electrode selection
Figure 2 shows the mean and standard deviation of
the voltage variance across channels on the different
recordings before stimulation. No significant increase
or decrease of mean variance was observed (aver-
age = 912 uV, p = 0.23) along the 6 months; show-
ing, therefore, good stability of the recorded signals
in time, which represents an important factor for the
development of any long-term application based on
arrays of penetrating electrodes. Although a linear
trend is not present in the overall 6 months, figure 2
shows that the variance is constant till day 40, then it is
constant between day 50 and day 65 (but higher than
in the first days), and again it does not show trends
from day 100 to the end.

The number of channels that had to be excluded
from the analysis due to variance bigger than the
mean plus three times the standard deviation of the
variance in the first 3 d of recordings, were on average
11 (range from 0 to 76). None of the channels had
to be consistently excluded, meaning that none of the
electrodes failed over the whole 6 months period and
that all electrodes were able to reliably record high-
quality LFPs.
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Figure 2. Mean (white circles) and standard deviation (bars) across channels of the variance in the 6 months. No significant

increase or decrease can be observed.

3.2. Power spectral density trend

Figure 3(a) reports the power spectral density
obtained with the recording before stimulation 107
and 162 d after implantation. The power trend in
the 6 months for each frequency band is depicted in
figure 3(b). On each day the mean and standard devi-
ation of the power spectral density across all channels
is shown.

The slope of the line fitted on the channel’s aver-
ages power in the 6 months gives a value significantly
different from 0 only in the frequency bands 30-80 Hz
(p = 0.04, r = 0.35), and 750-1500 Hz (p = 0.0006,
r = —0.56).

Even with a slope significantly different from 0,
the line fit in the 30-80 Hz bandwidth has a very low
|r| value (Pearson correlation coefficient), meaning
that there is not a strong linear relationship between
the implant days and the power in these bandwidths.
The |r| value in the 750-1500 Hz band instead is
higher, confirming a linear decrease of the power in
this bandwidth with time. The same decrease at very
high frequency was observed in the signal collected
with a Utah array in the motor cortex of monkeys and
might be related to a decrease in the number of detec-
ted spike units [28].

The power spectral density in some frequency
bands significantly change up to 40 d post-surgery:
it decreases in 1-4 Hz (p = 0.017, r = —0.724),
and it increases in 8—12 Hz (p = 0.0002, r = 0.92),
12-30 Hz (p=7.78 x 107, r =0.979), and 30-80 Hz
(p = 0.024, r = 0.70). After day 40 post-surgery the
only significant change in power spectral density is
the decrease in the 750—1500 Hz bandwidth, while no
significant change can be seen in all the others fre-
quency bands. All the significant line fits are depicted
in figure 3(b) as blue lines.

3.3. Correlation trend
Figure 4 shows the results obtained with correla-
tions using the data before stimulation. The trend in

a single recording day with respect to time lag and
distance is very similar to the one obtained with a
Utah array inserted in the human motor cortex [29].
In particular, the correlation decreases rapidly with
the increase of time lag and distance between the
electrodes.

Figure 4(a) shows the average correlation at differ-
ent distances with respect to time lag after 23 d from
the implantation day (left) and after 121 d from the
implantation day (right). The decrease in correlation
with time lag is sharper after 121 d (correlation = 0.5
at 0.03 s of time lag), with respect to 23 d post-surgery
(correlation = 0.5 at 0.1 s of time lag).

Figure 4(b) shows the correlation at different time
lags with respect to the distance between the elec-
trodes after 23 d from the implant (left) and after
121 d from the implant (right). The decrease in cor-
relation with distance is bigger after 121 d (correla-
tion = 0.5 at 3.5 mm of distance for time lag = 0.01s),
with respect to 23 d post-surgery (correlation >0.5
even at the biggest distance between electrodes for
time lag = 0.01 s). The effect of distance between
the electrodes can be seen spatially in the electrode
array in supplementary figure 1. The highest cor-
relation values (yellow in the figure) are for the
electrodes located close to each other. The same spa-
tial organization can be seen at 23 and 121 d post-
surgery, but the correlation values decrease faster as
we move further away from the electrodes after 121 d.
The decrease in correlation shown between day 23
and day 121, can be generalized to all the recording
days. Figure 4(c) shows that the average correlation
decreases for time-lags smaller than 0.1 s during the
6 months, figure 4(d) shows that the decrease in cor-
relation in the 6 months is independent of the elec-
trode distance considered. Significance, statistics, and
slopes of the line fits shown in figures 4(c) and (d)
can be found in table 1. The same results have been
obtained using after-stimulation recordings (supple-
mentary figure 3).
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lines represent the line fit of the points at different distances.

3.4. Magnitude of coherence trend
Figure 5 shows the results obtained for the analysis
of the magnitude of coherence in the 6 months dur-
ation of the implant using before stimulation record-
ings. Also in this case the results are very similar to
the ones shown for the UEAs inserted in the human
motor cortex in [29].

Figure 5(a) shows the change of coherence with
frequency at different electrodes’ distances. The peak

of coherence is in the 830 Hz band, and then it
decreases towards 0 for high frequencies. The trend
of coherence with respect to frequency is shown for
the data recorded at 23 and 107 d post-implant. The
coherence peak is higher on day 23 compared to
day 107.

Figure 5(b) shows the coherence in different fre-
quency bands with respect to the distance between the
electrodes after 23 d from the implant (left) and after

7
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Table 1. Significance of the decrease in correlation in the 6 months.

Lag (s) P value R value Slope (1d™1)
0 462 x 1071 —0.883 26 —0.002 43
0.01 1.01 x 10713 —0.893 48 —0.002 47
0.1 0.000 656 —0.534 42 —0.000 91

1 0.000 214 0.572 399 0.000 38

2 0.627 217 0.082 536 4.46 x 107°
Dist. (mm) P value R value Slope (1d™1)
0.4 5.84 x 1071° —0.818 94 —0.001 89
1.2 2.68 x 10712 —0.87013 —0.002 26
2.8 1.26 x 107° —0.809 96 —0.002 42

4 5.58 x 1077 —0.791 21 —0.002 41

107 d from the implant (right). Coherence decreases
with the increase in distance between the electrodes.
The decrease in coherence with distance is bigger after
107 d (coherence = 0.5 at 2.5 mm of distance in the
12-30 Hz band), with respect to 23 d post-surgery
(coherence bigger than 0.5 even at the biggest dis-
tance between electrodes in the 12-30 Hz band). The
effect of distance between the electrodes can be seen
spatially in the electrode array shown in supplement-
ary figure 1. The highest coherence values (yellow
in the figure) are for the electrodes closer to each
other. The same spatial organization can be seen in
23 and 107 d post-surgery, but the coherence values
get smaller after 107 d getting further away from the
electrodes.

The general trend of coherence in the 6 months
can be seen in figure 5(c) (average across channel
pairs in different frequency bands) and figure 5(d)
(average across channels at the same distance in the
8-12 Hz frequency band). A significant decrease in
the coherence can be observed for the frequency up
to 80 Hz, and this decrease happens independently
from the distance between the electrodes included in
the average. Table 2 reports the significance and the
slope of the linear fit that describes the change of
coherence in the 6 months shown in figures 5(c) and
(d). The same results have been obtained using after-
stimulation recordings (supplementary figure 4).

3.5. Phase coherence trend

The average phase coherence among channels is equal
to 0.75 after 23 d from the implant, and it is equal
to 0.57 after 107 d (figure 6(a), before stimula-
tion recordings). In both cases, the phase coherence
extracted from the signals is significantly bigger than
the one extracted from the surrogate data (p < 0.001
both 23 and 107 d post-implant). Figure 6(b) shows
that the phase coherence decreases with the increase
of the distance between the electrodes, reaching smal-
ler values for the recording acquired 107 d post-
implant with respect to 23 d post-implant. The spatial
distribution of phase coherence in the Utah array can

be seen in supplementary figure 1. The highest phase
coherence values (yellow in the figure) are for the elec-
trodes close to each other. The same spatial organiza-
tion can be seen in 23 and 107 d post-surgery, but the
phase coherence values get smaller after 107 d getting
further away from the electrodes.

The decrease in phase coherence between day 23
and day 107 post-implant can be generalized to the
6 months. Figure 6(c) shows the phase coherence
decrease in the 6 months, while figure 6(d) shows the
decrease for electrodes grouped according to the dis-
tance. The significance and slope of the phase coher-
ence decrease can be found in table 3. The same results
have been obtained using after-stimulation record-
ings (supplementary figure 5).

3.6. Changes induced by the stimulation

We compared the variance, power spectral density,
correlation, coherence, and phase coherence between
the signals acquired before and after the stimula-
tion each day. The analysis included a total of 26
recording days in which less than 30 channels were
excluded by the variance criteria. Figure 7 shows the
comparison between before and after stimulation for
each characteristic extracted 30 d post-implantation.
The significance of the difference and the number
of values included in the comparison are repor-
ted in table 4 (N and P-value columns). Although
showing significant differences for the day shown,
many of the characteristics do not show a consist-
ent increase (or decrease) in all the recording days.
The column number increase/decrease/equal in table 4,
reports how many recording days each characteristic
was increasing/decreasing or remaining the same after
stimulation.

Variance and power spectral density do not showa
consistent increase or decrease after stimulation. Only
the power spectral density in the 4-8 Hz bandwidth
is consistently increasing (20 out of 26 d). Instead, we
can observe a consistent increase in the synchroniza-
tion measures and in particular in the correlation up
to 0.01 s lag (0 s lag, 22 out of 26 d, 0.01 s lag, 21 out
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Figure 5. Change of coherence in the 6 months implant period. (a) Coherence after 23 d (left) and 107 d (right) from the implant
with respect to frequency. Different colours represent the average of electrode couples at the same distance. (b) Coherence after
23 d (left) and 107 d (right) from the implant with respect to the distance between the electrodes. Different colours represent
coherence in different frequency bands. (c) Six months trend of the coherence in different frequency bands. The crosses represent
the average across all the channel pairs on a certain day, and the lines represent the line fit of the points in different frequency
bands. (d) Six months trend of the coherence (frequency band = 8-12 Hz) grouping electrodes at different distances. The crosses
represent the average across all the channel pairs at a certain distance on a certain day, and the lines represent the line fit of the
points at different distances.

of 26 d), in the coherence up to 80 Hz (1-4 Hz, 22 out
of26d,4-8 Hz, 22 outof 26 d, 8—12 Hz, 24 out of 26 d,
12-30 Hz, 24 out of 26 d, 30—-80 Hz, 22 out of 26 d),
and in the phase coherence (23 out of 26 d).

We then studied this increase in network syn-
chronization over the 6 months (figure 8). The
decreasing trend observed for correlation, coherence,
and phase coherence in the 6 months for before

stimulation recordings (continuous lines), is present
also for after stimulation recordings (dashed lines).
However, the figure shows that the line fits obtained
from after stimulation recordings (dashed lines) are
higher than the ones obtained with before stimulation
recordings (continuous lines) for correlation up to
0.01 s of time lag (figure 8(a)), coherence up to 80 Hz
(figure 8(b)), and phase coherence (figure 8(c)).
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Table 2. Significance of coherence decrease in the 6 months.

Freq. (Hz) P value R value Slope (1d™1)
<4 2.11 x 1078 —0.772 68 —0.002 56
4-8 480 x 1071 —0.88299 —0.002 87
8-12 1.47 x 10710 —0.8339 —0.002 62
12-30 1.25 x 107° —0.810 13 —0.002 61
30-80 7.07 x 107° —0.6652 —0.001 61
80—200 0.554 462 —0.100 37 —0.000 29
200-400 0.719 737 —0.061 03 —0.0002
Dist. (mm) Pvalue R value Slope (1d71)
0.4 3.72 x 1077 —0.72576 —0.001 75
1.2 5.31 x 1077 —0.791 88 —0.0022

2.8 9.87 x 10710 —0.812 88 —0.002 94

4 2.04 x 1078 —0.773 13 —0.002 84

Therefore, the increase in network synchronization
shown in figure 7 is independent of the day in which
it was evaluated.

The spatial distribution in the UEA of correlation,
coherence, and phase coherence 58 d post-implant
is shown in supplementary figure 2, distinguishing
between signals acquired before and after the stim-
ulation. The highest network synchronization values
(yellow in the figure) are for the electrodes close to
each other both before and after stimulation. The
stimulation, therefore, does not affect the spatial syn-
chronization. However, the results show that after
stimulation there is a larger spread of high synchron-
ization values around each electrode (larger yellow
area).

4, Discussion

In this work, we showed the trend of LFP signals
acquired by a UEA implanted in the visual cortex of a
blind subject for a period of 6 months. We showed the
signals in terms of variance and power spectral dens-
ity which represent the energy captured by each single
UEA channel, and correlation, coherence, and phase
coherence which represent the synchronization and
connectivity between channels. Other studies have
already shown these measures coming from UEAs
implanted in the motor cortex, but using animal
models for long-term recordings and human models
in intra-surgical recordings [28, 29, 35]. To the best of
our knowledge, this is the first time that these meas-
ures are shown during a 6 months period in a human
and with the electrode positioned in the visual cortex.
Moreover, previous studies have used the UEA only
for recording purposes, while during this experiment
the UEA was used to stimulate the visual cortex [30],
opening the possibility to check the effects of intra-
cortical microstimulation in the neural activity reflec-
ted by the LFP.
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The average variance among channels does not
significantly increase or decrease over the 6 months
period (figure 2), meaning that the time signals
acquired with the UEA are stable over time, thus
offering the long-term stability required for a chron-
ically implantable device used to record brain signals
in the visual cortex.

Power spectral density significantly decreases dur-
ing the 6 months period for very high frequen-
cies (f > 750 Hz, figure 3), which are related to
neural action potentials. The same reduction in high-
frequency components in the signals collected with
long-term implanted UEA has been described in
monkeys’ motor cortex [28] and other studies have
reported a decrease in the number of action poten-
tials recorded with chronically implanted electrodes
[36, 37]. Therefore, our results in humans are con-
sistent with previous studies on animals.

Frequency components up to 80 Hz show a signi-
ficant increase or decrease during the first weeks post-
implantation but do not show any significant change
after this first period. This finding could be related to
changes in the electrode—tissue interface following the
implantation [38, 39]. One of the consequences of the
implantation of UEA in the cortex is the encapsula-
tion of the electrodes in fibrotic tissue which increases
the impedance seen by the electrode. The electrode—
tissue impedance can be modelled as the parallel
between a resistor and a capacitance in series to the
impedance of the biological tissue around it [40].
The capacitive component makes that the imped-
ance depends on the frequency, therefore the effect
of fibrotic tissue growing around the electrode’s tips
will affect differently the different frequency bands
[41]. The change in power spectral density up to
40 d post-implantation (for frequencies smaller than
80 Hz) could therefore be explained by the growth
of some fibrotic tissue around the electrode’s tips.
In this framework, the mean electrode impedance
also increased, particularly during the first 15 d, and
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Figure 6. Variation of phase coherence in the 6 months implant period. (a) Phase coherence after 23 d (left) and 107 d (right)
from the implant and related surrogate phase coherence (average across all combinations of channels). (b) Phase coherence after
23 d (left) and 107 d (right) from the implant with respect to the distance between the electrodes. (c) Six months trend of phase
coherence. The crosses represent the average across all the channel pairs on a certain day, and the lines represent the line fit of the
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Table 3. Significance of phase coherence decrease in the 6 months.

— P value R value Slope (1d™ D)
All 4.11 x 10712 —0.866 69 —0.001 97
Dist. (mm) P value R value Slope (1d71)
0.4 1.52 x 1071° —0.833 52 —0.001 72
1.2 2.95 x 10712 —0.869 36 —0.001 96
2.8 421 x 1078 —0.762 26 —0.001 76
4 6.73 x 1077 —0.714 71 —0.001 55
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Figure 7. Change in variance (a), power spectral density (b), correlation (c), coherence (d), and phase coherence (e) due to
stimulation 30 d post-implantation. The graphs depict the mean and standard deviation across all channels for variance and
power spectral density, and across channel pairs at 0.4 mm distance for correlation, coherence, and phase coherence. * means that
the difference between before and after stimulation is significantly different (p < 0.05).

Table 4. Difference between pre and post-stimulation recordings. N and P-value are respectively the number of values included in the
comparison and the significance of the difference for the data shown in figure 7 (30 d post-implant). Number of increase/decrease/equal
is the number of days in which we measured a significant increase/decrease/no difference of the characteristic post-stimulation with
respect to pre-stimulation. The cells highlighted in blue represent a consistent change among days between pre and post-stimulation.

Number Number
— N P value increase decrease Number equal
Variance 91 0.87 12 12 2
Power spectral 1-4 Hz 91 6.66 x 1077 11 13 2
density 4-8Hz 91 6.05 x 107" 20 5 1
8-12 Hz 91 4.65 x 1071 16 10 0
12-30 Hz 91 479 x 1071 15 9 2
30-80 Hz 91 2.16 x 1077 6 19 1
80-200 Hz 91 4.65 x 1071 4 19 3
200—400 Hz 91 4.02 x 1071 5 19 2
400-750 Hz 91 1.66 x 10712 7 18 1
750-1500 Hz 91 3.92 x 107" 9 15 2
Correlation 0s 154 1.33 x 107! 22 2 2
0.01s 154 5.45 x 107° 21 3 2
0.1s 154 6.51 x 107 11 14 1
s 154 6.48 x 1072 17 7 2
2s 154 1.90 x 1072¢ 13 12 1
Coherence 1-4 Hz 154 8.30 x 1071° 22 2 2
4-8Hz 154 1.45 x 107V 22 3 1
8-12 Hz 154 4.40 x 10~° 24 0 2
12-30 Hz 154 6.07 x 1071 24 0 2
30-80 Hz 154 6.09 x 1071° 22 1 3
80-200 Hz 154 1.07 x 1074 17 6 3
200-400 Hz 154 2.83 x 107! 13 9 4
Phase coherence 154 230 x 10710 23 0 3

then decreased to baseline values starting from 30 to
40 d post-surgery [30], suggesting that the change
observed in the power spectral density in the first
month could be related to changes in impedances.
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Correlation decreases with the increase of time
lag in the signals and with the distance between the
electrodes (figure 4). The peak of coherence is in
the 8-30 Hz frequency band, then it decreases with
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the increase of the frequency. Coherence and phase
coherence also decrease with the distance between the
electrodes (figures 5 and 6). These results are sim-
ilar to the results found in human motor cortex [29].
Therefore, no appreciable difference seems to exist in
terms of correlation, coherence, and phase coherence
of LFP signals recorded from motor and visual cortex.
On the other hand, correlation, coherence, and phase
coherence, which are measures of signal synchron-
ization, decreased over the 6 months period, which
could reflect adaptive changes of the neural network
under the electrode over time [42—-44]. Correlation,
coherence, and phase coherence could be influenced
by the implantation angle of the UEA with respect
to the brain surface. Unfortunately, this angle is not
known as we could not acquire a magnetic resonance
image scan of the UEA inserted in the brain. How-
ever, we believe that the synchronization measures are
not influenced by this angle as we are not observing
two separate regions of synchronization (if the two
extremities of the UEA were capturing different cor-
tical layers signals, this could be visible in supple-
mentary figure 1 as a two separates region distribu-
tion, instead the distance trend is uniform inside the
UEA map).

The second part of the study concerned the com-
parison of variance, power spectral density, correla-
tion, coherence, and phase coherence before and after
stimulation. The variance and power spectral dens-
ity do not change regularly in the different recording
days between before and after stimulation. Therefore,
the changes that can be observed in different days are
not related to the stimulation. On the other hand, the
synchronization between signals acquired by different
channels significantly increases after electrical stim-
ulation (figures 7(c)—(e)) and during the 6 months
is always higher with respect to before stimulation
(figure 8).

One of the study’s limitations is that all the
data were collected on a single subject. There-
fore, we cannot generalize the observed effects and
more studies are still needed. During the 6 months
of implantation, the participant’s medical and
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psychological conditions were constantly monitored.
The subject was in good health and with the willing-
ness to collaborate in the experiments. Indeed, the
performance in executing psychometric experiments
remained constant during the 6 months (see figure
3(F) in [30]), and there were no appreciable differ-
ences between the performance of the tasks done in
the morning or in the afternoon. However, we are
planning to measure how fatigue could influence the
recorded data through questionnaires to the next par-
ticipants in the experiment. The kind and duration
of experiments and electrical stimulation provided
to the participant changed from day to day, making
it impossible to correlate the stimulated electrodes
with the change in synchronization measures. How-
ever, each electrode was used to stimulate at least
one time each day during the impedance measure-
ment and the recording procedure for the data used
in this analysis is consistent over the 6 months. About
1-2 min of neural data were acquired before stimu-
lation experiments (early morning) and 1-2 min of
data were acquired at the end of the daily session (late
afternoon).

Neural data are always affected by noise, and par-
ticular care has to be taken when drawing conclu-
sions [45]. At the same time, intracortical neural
data coming from human subjects are quite diffi-
cult to obtain due to the invasiveness of the elec-
trodes. Here, we tried to maintain the data as clean
as possible by filtering line noise and always estim-
ating each characteristic as the average on differ-
ent time windows. We decided to not perform com-
mon average re-referencing since this might remove
common useful signals among the electrodes. Indeed,
re-referencing the signals becomes counterproduct-
ive when there is no correlated noise between the ref-
erence (or ground) electrode and the recording elec-
trodes [46].

Previous findings [47, 48] report changes in
network synchronization after electrical stimula-
tion. Here, we are also observing an increase in
synchronization after stimulation and a decrease
through the 6 months of implantation. Through the
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6 months, the participant learned to distinguish phos-
phenes induced by the stimulation and started to
perform behavioural tasks guided by the induced
phosphenes. Hence, the decrease in synchronization
happened at the same time as the participant was get-
ting familiar again with light perception. However,
the spontaneous activity recorded with the electrodes
is not indicative of the participant’s behavioural per-
formance in a given task. To do this, it would be neces-
sary to use data from recordings linked to stimulation
in a given task, which nowadays, is technically very
complex given that the currently available technology
greatly limits the acquisition of recordings of neur-
onal activity in combination with simultaneous elec-
trical stimulation due to the masking generated by the
stimulation artefacts.

Although the data are still not enough to conclude
that the change in synchronization reflects plastic
changes in the neurons surrounding the electrodes
due to visual restoration, this could be a reasonable
explanation for the synchronization decrease. How-
ever, further investigations in more subjects and over
a longer period of time are still required.

5. Conclusions

Here we report the 6 months trend of LFP signals
recorded by a UEA inserted in the visual cortex of a
human blind subject. The results obtained are similar
to the ones obtained from recordings in animals’ and
humans’ motor cortex, which suggest a substantial
similarity in connectivity measures in different brain
areas.

Variance and power spectral density in low-
frequency bandwidths did not change significantly
over the 6 months. This finding suggests that pen-
etrating electrodes such as the UEA could provide
the stability required in a clinical device chronically
implanted in the visual cortex to stimulate and record
brain signals, but further studies are still required.
Our results also show that correlation, coherence, and
phase coherence of the LFP signals decrease over the
6 months, and increase after stimulation, implying
possible changes in the organization of the brain area
close to the electrodes in response to electrical stim-
ulation. However, experiments in more subjects and
over longer periods of time are still needed to gener-
alize the observed effects.

Data availability statements

The data that support the findings of this study are
available upon reasonable request from the authors.
The code used to extract the measures analysed is
available at https://github.com/fabriziograni/Time-
stability-and-Connectivity-Analysis-with-Intracortic
al-signals.git.
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