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Abstract

Objective: Intracortical microstimulation (ICMS) in somatosensory cortex can restore sensation to people with spinal cord
injury. However, the recording quality from implanted microelectrodes can degrade over time and limitations in stimulation
longevity have been considered a potential barrier to the clinical use of ICMS. Our objective was to evaluate recording
stability of intracortical electrodes implanted in the motor and somatosensory cortex of one person. The electrodes in motor
cortex had platinum tips and were not stimulated, while the electrodes in somatosensory cortex had sputtered iridium oxide
(SIROF) tips and were stimulated. Additionally, we measured how well ICMS was able to evoke sensations over time.

Approach: We implanted microelectrode arrays with SIROF tips in the somatosensory cortex (SIROF-sensory) of a human
participant with a cervical spinal cord injury. We regularly stimulated these electrodes to evoke tactile sensations on the hand.
Here, we quantify the stability of these electrodes in comparison to non-stimulated platinum electrodes implanted in the
motor cortex (platinum-motor) over 1500 days with recorded signal quality and electrode impedances. Additionally, we
quantify the stability of ICMS-evoked sensations using detection thresholds.

Main results: We found that recording quality, as assessed by the number of electrodes with high-amplitude waveforms (>
100 pV peak-to-peak), peak-to-peak voltage, noise, and signal-to-noise ratio, decreased over time on SIROF-sensory and
platinum-motor electrodes. However, SIROF-sensory electrodes were more likely to continue to record high-amplitude
signals than platinum-motor electrodes. Interestingly, the detection thresholds for stimulus-evoked sensations decreased over
time from a median of 31.5 pA at day 100 to 10.4 pA at day 1500, with the largest changes occurring between day 100 and
500.

Significance: These results demonstrate that ICMS in human somatosensory cortex can be provided over long periods of time
without deleterious effects on recording or stimulation capabilities. In fact, the sensitivity to stimulation improved over time.
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1. Introduction

Brain-computer interfaces (BCIs) can be used to restore functional motor control by connecting the brain to an effector or
assistive device and bypassing the spinal cord and limbs. Indeed, in recent years intracortical implants in motor cortex have
enabled high-performance BCI control [1-5]. Additionally, electrical microstimulation through intracortical implants in
somatosensory cortex can generate tactile percepts in people with spinal cord injury [6—8]. As these devices must be
implanted surgically, microelectrode arrays need to function for long periods of time to be clinically practical.

The stability of microelectrode arrays in the motor cortex has been well-studied in non-human primates [9-11].
Additionally, there are several reports on signal quality and stability for electrodes implanted in human motor cortex [3,12—
14]. Although intersubject variability is high, signals can be reliably recorded for up to 3-5 years when devices do not fail,
although the quality of these recordings deteriorates over time. However, whether electrodes primarily used for intracortical
microstimulation (ICMS) can record and stimulate effectively over clinically relevant timelines is unknown in humans,
especially given that stimulation itself may have detrimental effects on the electrodes and the surrounding neural tissue [15—
18].

In order to study the sensations evoked by ICMS in human somatosensory cortex, we implanted intracortical
microelectrode arrays into the somatosensory cortex of a participant with C5/C6 spinal cord injury. With these devices, ICMS
can elicit tactile percepts localized to the hand on the majority of implanted electrodes. Prior to this clinical study, a series of
experiments in non-human primates were performed to establish safe stimulation limits using microelectrode arrays. These
studies demonstrated that frequent microstimulation over six months did not appear to cause more damage to the cortex than
what could be expected from implanting the devices themselves, that there were minimal effects on the characteristics of the
electrode-tissue interface, and that that there were no detectable behavioral changes in the animals’ abilities to perform
dexterous behaviors that require somatosensory feedback [19,20]. Other studies have also demonstrated that signals can be
reliably recorded and that sensations can be reliably evoked over long periods of time in animals when using stimulation
amplitudes up to 300 pA [17,20-22].

Given the absence of long-term human work, it is necessary to demonstrate that stimulation can be effective over long
periods of time in people. Here, we present results on the stability of Utah microelectrode arrays with sputtered iridium oxide
film (SIROF) electrodes used for ICMS in the somatosensory cortex of a human participant over 1500 days and compare
signal quality to non-stimulated platinum electrodes implanted in the motor cortex.

2. Materials and Methods

Data for this study were collected for the first 1500 days after implantation. Experiments were typically conducted in four-
hour long sessions three days a week, although stimulation was not used in every session or for all four hours. Across the
1500 implant days, experiment sessions were performed on 510 days, 378 of which involved stimulation.

2.1 Participant and Implants

This study was conducted under an Investigational Device Exemption from the U.S. Food and Drug administration,
approved by the Institutional Review Boards at the University of Pittsburgh (Pittsburgh, PA) and the Space and Naval
Warfare Systems Center Pacific (San Diego, CA), and registered at ClinicalTrials.gov (NCT0189-4802). Informed consent
was obtained before any study procedures were conducted. A single subject was implanted with two microelectrode arrays
(Blackrock Microsystems, Salt Lake City, UT) in somatosensory cortex. Each electrode array consisted of 60 electrodes in a
6x10 grid, 32 of which were wired and functional. The remaining electrodes were not wired due to technical constraints
related to the total available number of electrical contacts on the percutaneous connector. Electrode tips were coated with
SIROF [6,23,24]. The participant also had two microelectrode arrays implanted in motor cortex. Each electrode array
consisted of 88 wired electrodes distributed throughout a 10x10 grid. Electrode tips in motor cortex were coated with
platinum. Throughout the text, we typically refer to the stimulated electrodes in somatosensory cortex as “SIROF-sensory”
electrodes and the non-stimulated electrodes in motor cortex as “platinum-motor” electrodes.

2.2 Stimulation protocol

Stimulation was delivered using a CereStim R96 multichannel microstimulation system (Blackrock Microsystems, Salt
Lake City, UT). Pulse trains consisted of cathodal phase first, current-controlled, charge-balanced pulses delivered at
frequencies from 20-300 Hz and at amplitudes from 2-100 pA. The cathodal phase was 200 ps long, the anodal phase was
400 ps long, and the anodal phase was set to half the amplitude of the cathodal phase. The phases were separated by a 100 ps
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interphase period. At the beginning of each test session involving stimulation, we sequentially stimulated each electrode first
at 10 pA and 100 Hz for 0.5 s and then at 20 pA and 100 Hz for 0.5 s. During these trials, the interphase voltage on each
electrode was measured at the end of the interphase period, immediately before the anodal phase [25]. If an electrode’s
measured interphase voltage was below -1.5 V, the electrode was disabled for the day. This step was performed to minimize
stimulation on electrodes that might potentially experience high voltages, which could result in irreversible damage.
Typically, 2 to 8 electrodes were removed from the test set each day. The electrodes that were removed tended to change
from day to day suggesting that the high interphase voltage was due to poor contact between the percutaneous connector and
the stimulation cable. On any given day, tactile sensations localized to the hand were elicited on 50-60 of the 64 electrodes
with stimulation. All electrodes, except those exhibiting high interphase voltages, were stimulated at suprathreshold
amplitudes, typically 60 pA, at least once a month during a monthly survey of elicited tactile sensations. We additionally
limited stimulation on individual electrodes to a maximum of 15 seconds of stimulation at 100 Hz, at which point stimulation
would be disabled for an equivalent amount of time, which is thought to help reduce neuronal loss [26]. Some electrodes
were used more frequently for other tasks involving stimulation. One electrode in particular, electrode 19, was used more
than any other electrode for stimulation tasks and additional analysis was conducted on this electrode. This electrode was
selected because it consistently evoked salient percepts even at lower stimulus amplitudes.

We conducted experiments exclusively at the participant’s home from day 364 to 498 for reasons unrelated to the study.
Experiments conducted in the home used a duplicate version of the lab hardware and were subject to different environmental
noise characteristics than the laboratory. Stimulation experiments were not conducted during this time because of clinical
regulatory requirements. However, we did record neural data from electrodes in somatosensory cortex during this time and
these data are included here. After implant day 498, stimulation experiments continued both at home and in the laboratory
after regulatory modifications had been approved.

To calculate how much total charge was injected through each electrode, we summed the charge from every pulse
delivered to each electrode across all stimulation experiments using the charge delivered during the cathodal phase.

2.3 Stability metrics

To quantify the stability of stimulated SIROF electrodes in somatosensory cortex and non-stimulated platinum electrodes
in motor cortex, we measured recorded signal quality, electrode impedances, and stimulation detection thresholds over time.
Signal quality and impedance were compared between stimulated SIROF electrodes in somatosensory cortex and non-
stimulated platinum electrodes in motor cortex. Recording quality was evaluated using four metrics: (1) the number of
electrodes with high-amplitude recordings, (2) peak-to-peak voltage, (3) noise, and (4) signal-to-noise ratio. Ideally, a clinical
device would be able to record many neurons with large peak-to-peak voltages, have low noise levels, and therefore, a high
signal-to-noise ratio for the duration of the implant.

Another key metric of electrode stability, particularly for stimulated electrodes, is the electrode impedance. Increases in
the impedance could result in higher required voltages at the electrode-tissue interface for constant-current stimulation pulses,
resulting in potentially irreversible reduction and oxidation reactions [25]. Therefore, it is necessary for electrode impedances
to remain stable over the length of the implant.

Finally, the ability to elicit sensations with ICMS must necessarily be maintained. We used detection thresholds as a
sensitive metric of perception to determine the minimum charge required to induce tactile percepts. Since increasing the
stimulus charge has a direct effect on safety [18], detection thresholds should not systematically increase over the length of
implantation. Increasing thresholds could result in an inability to evoke tactile percepts with parameters that have been shown
to be safe.

2.4 Neural recordings

At the beginning of each session, we recorded neural data while the participant was at rest in a quiet room. These data
were processed offline and used to assess signal quality. Neural signals were recorded using the NeuroPort data acquisition
system (Blackrock Microsystems, Salt Lake City, UT) and were sampled at 30 kHz with a 750 Hz first order high pass filter
[27]. Each time the voltage crossed a pre-defined threshold of -4.5 times the baseline root-mean-square on each electrode, the
time of the crossing and a 48-sample (1.6 ms) snippet of the signal, starting 11 samples before the crossing, was saved for
offline analysis.
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2.5 Signal quality

Neural activity recorded at rest was processed offline in MATLAB (Natick, MA). The peak-to-peak voltage was calculated
individually for every snippet. Only the snippets with peak-to-peak voltages within the top 2% on a given electrode were used
for analysis. This method was used to isolate the largest amplitude neural recordings and provide an unbiased estimate of the
capacity of each electrode to record signals. More typical single-unit based analysis, especially over the long time periods of
this study, could be subject to biases introduced by manual spike sorting [28]. We therefore selected analysis methods that did
not require spike sorting. The largest 2% of the snippets for each electrode were averaged and the peak-to-peak voltage was
calculated. If the firing rate of all the snippets on any electrode was less than 1.67 Hz, or the peak-to-peak voltage of the
averaged signal was less than 30 pV, the electrode was excluded from analysis. We used 1.67 Hz because it ensured we
would have at least two isolated waveforms for analysis when using only the top 2% of snippets across one minute of
recording. Electrodes containing snippets which had peak-to-peak voltages over 100 uV were considered to be high-
amplitude recordings. The noise metric was calculated as three times the standard deviation of the first five time samples of
all action potential snippets. As the first five values of each snippet capture time points prior to the threshold crossing event,
they provided a window of data representing noise in the recordings. A similar method for calculating noise was used in a
previous publication examining single-unit recording stability in motor cortex [13]. Signal-to-noise ratio was calculated as the
magnitude of the peak of the averaged waveform divided by the calculated noise.

The filter applied to the recorded neural data was changed at day 200 from a fourth order 250 Hz high-pass Butterworth
filter to a first order 750 Hz high-pass Butterworth filter to reduce the effects of stimulus artifact. The increased cut-off
frequency resulted in an overall decrease in noise and, therefore, an increase in SNR [27]. Because of this, we separated data
into pre-and post- filter change epochs for all signal quality analysis. All reported statistical results for signal quality are from
data collected after the filter change.

2.6 Impedances

Electrode impedances at 1 kHz were measured at the beginning of each test session for every electrode. Impedances were
measured using the impedance mode built into the NeuroPort patient cable data acquisition system (Blackrock Microsystems,
Salt Lake City, UT), which involves delivering a 1 kHz, 10 nA peak-to-peak sinusoidal current for 1 s to each implanted
electrode.

2.7 Detection thresholds

Detection thresholds were calculated on at least two electrodes each day that stimulation was provided. One of these two
was electrode 19 while the other electrode tested was taken sequentially from a list of seven electrodes (electrodes 8, 11, 28,
34, 40, 54, and 57). These electrodes were selected because they spanned both arrays and consistently generated perceptible
sensations. Detection thresholds were calculated using a three-down, one-up staircase method [29]. This involved a two-
alternative forced choice task in which the participant was presented with a stimulus pulse train during one of two 1 s
intervals separated by a 1 s delay period and had to select which interval contained the pulse train. The amplitude of the
stimulus was increased by 2 dB after an incorrect response and decreased by 2 dB after three correct responses. After five
changes in direction, the trial was stopped and the threshold was calculated as the average of the last ten values before the end
of the trial.

2.8 Data analysis and statistics

We tested for changes in signal quality, impedance, and detection thresholds over time using linear regression. Data points
that had values more than three scaled median absolute deviations away from the median were excluded from analysis as
outliers. Impedances and detection thresholds followed an exponential decay so the regressor, days post-implantation, was
log-transformed prior to regression. Median data on SIROF-sensory electrodes were compared to data on platinum-motor
electrodes using ANCOVA. We used ANCOVA because it allowed us to assess significant differences between mean values
on SIROF-sensory and platinum-motor electrodes by accounting for changes over time as a covariate, producing an
ANCOVA adjusted means comparison. Additionally, we were able to assess the interaction of the two factors, time and
stimulation condition, to determine if the changes over time were significantly different between SIROF-sensory and
platinum-motor electrodes, producing an ANCOVA interaction term. We also compared the amount of charge injected
through each electrode to signal quality metrics using linear regression. All p-values reported are for the coefficient of the
regression slope unless otherwise indicated.
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For detection thresholds measured across all electrodes at specific time points, we analysed the differences between blocks
using Kruskal-Wallis tests and Tukey’s honestly significant difference (HSD) post-hoc tests. A non-parametric test was used
because the detection data across electrodes were non-normal at each time point, as determined with an Anderson-Darling
test. We quantified the spatial clustering of detection thresholds on the arrays using Moran’s I which is a method to assess
spatial autocorrelation [30]. The weighting scheme considered only adjacent electrodes as neighbors. The significance for
Moran’s I was determined using a z-test comparison to the predicted outcome of a random distribution. For visual clarity,
interquartile ranges (IQRs) shown in figures were smoothed with a nine-point moving average filter with a triangular kernel.
All statistical analysis was performed in MATLAB (Mathworks, Natick, MA). P-values < 0.05 were considered to be
significant. Exact p-values are reported throughout unless the p-value was very small, in which case it is reported as P <
0.001.

3. Results

3.1. Recording stability

The number of electrodes with high-amplitude recordings decreased significantly over time on both platinum-motor and
SIROF-sensory electrodes (P < 0.001, linear regression, figure 1(a,b)). Interestingly, the number of SIROF-sensory electrodes
with high-amplitude recordings decreased less over time (slope = -5 electrodes/year) than the number of platinum-motor
electrodes with high amplitude recordings (slope = -23 electrodes/year). This difference was highly significant (P < 0.001,
ANCOVA interaction) and reflects a 47% loss of high-amplitude signals on SIROF-sensory electrodes and a 72% loss of
high-amplitude signals on platinum-motor electrodes from day 200 to 1500. Early in the study, between days 200 and 300,
we recorded high-amplitude signals on 30+£3 SIROF-sensory electrodes and 101£10 platinum-motor electrodes. Late in the
study, between days 1400 and 1500, we recorded high-amplitude signals on 17+4 SIROF-sensory and 38+9 platinum-motor.
There were 64 SIROF-sensory electrodes and 176 platinum-motor electrodes in the arrays, which favours recording a larger
number of high-amplitude signals from the platinum-motor electrodes. However, on a percentage basis, more of the SIROF-
sensory electrodes recorded high-amplitude signals at the end of the study period (figure 1(b)).

There were significant differences in the changes in the peak-to-peak voltages, noise, and SNR on both the SIROF-sensory
and platinum-motor electrodes (P < 0.001, ANCOVA interaction). Interestingly, the peak-to-peak voltage on the SIROF-
sensory electrodes decreased less over time (slope = -10.6 uV/year, P < 0.001, linear regression, figure 1(c)) than on the
platinum-motor electrodes (slope = -14.2 uV/year, P < 0.001, linear regression, figure 1(c)) and the SIROF-sensory
electrodes maintained a higher adjusted mean peak-to-peak voltage (P < 0.001, ANCOVA adjusted means). The noise on the
platinum-motor electrodes also decreased more over time (slope = -1.0 uV/year, P < 0.001, figure 1(d)) than on the SIROF-
sensory electrodes (slope = -2.9 puV/year, P < 0.001, figure 1(d)) but the SIROF-sensory electrodes maintained a lower
adjusted mean noise (P < 0.001, ANCOVA adjusted means).

These changes in peak-to-peak voltage and noise resulted in the SNR decreasing more over time on SIROF-sensory
electrodes (slope = -0.2 a.u./year, P < 0.001, figure 1(e)) than on platinum-motor electrodes (slope = -0.1 a.u./year, P <0.001,
figure 1(e)) due primarily to differences in how noise changed over time. This difference (P < 0.001, ANCOVA interaction)
represents a decrease in SNR of 23% on the SIROF-sensory electrodes and 15% on the platinum-motor electrodes from day
200 to 1500. However, SIROF-sensory electrodes maintained a higher adjusted mean SNR than platinum-motor electrodes
throughout the study period (P < 0.001, ANCOVA adjusted means). Early in the study, between day 200 and 300, the SNR
was 2.940.3 on SIROF-sensory electrodes and 2.5+0.1 on platinum-motor electrodes. Later in the study, between day 1400
and 1500, the SNR had dropped by a small, but statistically significant amount to 2.4+0.5 on SIROF-sensory electrodes and
2.2+0.1 on platinum-motor electrodes. Even though there were significant differences between the SIROF-sensory and
platinum-motor electrodes in terms of how SNR changed over time, this did not translate into practical differences in SNR,
and SIROF-sensory electrodes maintained a higher SNR over time than platinum-motor electrodes.

One possibility is that changes on SIROF-sensory electrodes are related to the amount of charge delivered through that
electrode. To address this issue, we also investigated how the amount of charge injected through SIROF-sensory electrodes
correlated with signal quality (figure 2). We examined the effect of the total charge injected through each electrode (figure
2a) on the number of high amplitude waveforms and the median peak-to-peak voltage from post-implant days 1400 to 1500.
We found that there was no significant relationship between injected charge and median peak-to-peak voltage (P = 0.84,
figure 2b) or the number of high amplitude waveforms recorded (P = 0.82, figure 2¢). Additionally, we examined how the
signal quality metrics of a single electrode that received the most stimulation (electrode 19, figure 2a) compared to other
SIROF-sensory electrodes. For reference, this electrode was stimulated during 255 out of 378 test sessions in which
stimulation was used and received 13284 pC of charge, while most electrodes were stimulated in less than 100 test sessions
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and had a median charge of 960 uC. The detection threshold for this electrode was tested during most stimulation sessions
and this electrode was additionally the most used electrode for bidirectional BCI tasks. Although the intersession variance
was much larger for this electrode than the median data, neither the peak-to-peak amplitude (P = 0.92, ANCOVA interaction,
figure 2(d)) nor SNR (P = 0.22, ANCOVA interaction, figure 2(f)) were significantly different over time compared to all
SIROF-sensory electrodes. However, the baseline noise decreased more on electrode 19 than the rest of the SIROF-sensory
electrodes (P < 0.001, ANCOVA interaction, figure 2(e)). This resulted in an adjusted mean noise that was significantly
lower and an adjusted mean SNR that was significantly higher (P < 0.05, ANCOVA adjusted means) than the adjusted mean
of the median noise and SNR for all SIROF-sensory electrodes. While significant, these differences were very small.

Next, we compared electrode 19 to the platinum-motor electrodes and found that the magnitude of the decrease in noise on
electrode 19 over time (the slope) was not significantly different than the decrease in the median noise on the platinum-motor
electrodes over time (P = 0.7786, ANCOVA interaction). However, the noise itself on electrode 19 was significantly lower
than the median noise on platinum-motor electrodes (P < 0.001, ANCOVA adjusted means). While the noise on platinum-
motor electrodes decreased more quickly than the noise on SIROF-sensory elecrodes (figure 1(d)), this effect was not more
prominent on the electrode receiving the most stimulation, suggesting that the differences in noise between platinum-motor
and SIROF-sensory electrodes may have been driven by other factors such as electrode material or impedance, rather than
stimulation itself.

3.2 Impedance Stability

There was a large increase in the impedances at 1 kHz immediately following implantation on both platinum-motor
electrodes (median pre-implant impedance: 447.5 kOhms; median day 7 impedances: 1396 kOhms) and SIROF-sensory
electrodes (median pre-implant impedance: 74.5 kOhms; median day 7 impedances: 533 kOhms). After this increase, we
assessed whether there was a significant change in the electrode impedances over 1500 days using linear regression (figure
3(a)). Electrode impedances decreased over time on both the SIROF-sensory and platinum-motor electrodes (P < 0.001).
Additionally, there was a significant difference in the changes in impedance between SIROF-sensory and platinum-motor
electrodes (P < 0.001, ANCOVA interaction) with a greater decrease in impedance over time on the platinum-motor
electrodes. Over 1500 days, the impedance on the SIROF-sensory electrodes decreased by 79% while the platinum-motor
electrode impedances decreased by 85%. The median impedances on the platinum-motor electrodes were initially much
higher than the SIROF-sensory electrodes [23].

We also examined the effect of the total charge injected though individual SIROF-sensory electrodes on the median
impedances from the same electrode measured from post-implant days 1400 to 1500. We found that there was no significant
relationship between total charge and median measured impedances (p = 0.09, figure 3(b)), but electrodes with more total
charge were more likely to have lower median impedances. Impedance measurements on individual electrodes, including
electrode 19, were often highly variable from day to day (figure 3(c)), making the comparison of individual electrodes to
group median values uninformative. These variable impedances may have been due to the connector and headstage used to
measure impedances which were different than the connector and cable used to provide stimulation.

3.3 Detection Threshold Stability

Detection thresholds were measured in four different time ranges: near day 100, 500, 1000, and 1500. Due to limits on the
participant’s time in the lab for each test session, these measurements were typically taken across multiple test sessions.
Nearly all of the implanted electrodes (n=64) were tested within each time range with 54 electrodes tested around day 100, 61
electrodes around day 500, 58 electrodes around day 1000, and 53 electrodes around day 1500. Some electrodes were
excluded due to high voltages during the interphase period at the beginning of the test session.

Over the course of the study, the median detection thresholds decreased by about two-thirds, from 31.5 pA at day 100
(IQR: 22.8-49.6 pA), to 15.8 pA at day 500 (IQR: 9.0-24.9 pA), 12.4 pA at day 1000 (IQR: 8.1-18.0 pA), and 10.4 pA at day
1500 (IQR: 7.4-16.6 pA) (figure 4(a)). The detection thresholds around day 100 were significantly higher than the other time
periods (P < 0.001, Kruskal-Wallis test with Tukey’s HSD post-hoc test) but other sessions were not significantly different
from each other (P > 0.05, Kruskal-Wallis Test with Tukey’s HSD post-hoc test). We also assessed whether the detection
thresholds were spatially organized on the arrays (figure 4(b)) and found that for all test ranges except day 100, there was
significant clustering (P < 0.05, Moran’s I with z-test). This indicates that for most of the implant duration, the detection
thresholds were not randomly distributed across the array and that electrodes with similar thresholds tended to be near each
other.
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Finally, we measured the detection thresholds on a subset of electrodes more frequently throughout the study. These
electrodes spanned the two somatosensory arrays but were otherwise chosen arbitrarily. Changes over time were quantified
with regression of the individual electrode detection thresholds using a log-transformed time axis. Of the eight tested
electrodes, the detection threshold on four electrodes decreased significantly over time (P < 0.05, figure 4(c), indicated with
*) while no electrode had significant increases. The analysis of the group data in figure 4(a) showed that after day 500 there
was no further decreases in detection thresholds. To examine whether this was true on the eight electrodes where we had
considerably more measurements, we performed linear regression for data collected after day 500. We found that on five
electrodes there was a significant change in detection thresholds after day 500 (P < 0.05). Four of these were significant
decreases in thresholds and one was a significant increase. However, these changes were all small, with slopes of -5.4, -4.2, -
3.2,-2.2,and 2.0 pA/year.

4, Discussion

Microstimulation in the somatosensory cortex of a person using SIROF-coated Utah microelectrode arrays can evoke
detectable sensations for 1500 days. We found that SIROF-sensory electrodes maintained a higher SNR than platinum-motor
electrodes throughout the length of the implant, although the SNR on SIROF-sensory electrodes declined at a slightly faster
rate. In fact, SIROF-sensory electrodes were far more likely to retain the capacity to record high-amplitude signals after 1500
days than platinum-motor electrodes. Indeed, 50% of SIROF-sensory electrodes recorded high-amplitude signals within the
first 100 days and 25% recorded high-amplitude signals in the last 100 days, representing a 50% loss. However, on platinum-
motor electrodes, 70% recorded high-amplitude neurons within the first 100 days, but just 20% recorded high-amplitude
neurons in the last 100 days, representing a 70% loss. The impedances of SIROF-sensory electrodes were lower overall and
decreased by a smaller amount over time compared to platinum-motor electrodes. Finally, and perhaps most importantly,
stimulation detection thresholds continually decreased for 1500 days, indicating an improvement in the ability to elicit
sensations with ICMS.

4.1 Stimulation safety limits

The safety limits on the stimulus parameters used in this study, such as pulse amplitude and frequency were based on a
series of studies in non-human primates investigating the effects of stimulation on safety at the electrode tissue interface
[19,20]. However, these pulse parameters have not always been shown to be safe [17,18,24,26,31-35]. Of particular note, a
study of chronic microstimulation in the cat cortex by McCreery et al. showed that continuous stimulation at just 4 nC/phase
(equivalent to a stimulation amplitude of 20 pA with the 200 ps pulse width we used in this study), led to a loss of neurons
around the electrode tips [26]. While we regularly exceeded this stimulation amplitude and used stimulation amplitudes up to
100 pA, we limited the duty cycle to a maximum of 15 seconds of stimulation at 100 Hz, at which point stimulation would be
disabled for an equivalent amount of time. Limiting the duty cycle can help reduce neuronal loss [3,9-11,13,14], however the
effect of duty cycle is not well understood. The limited duty cycle may have contributed to lack of measurable deleterious
effects on electrodes or evoked sensations.

4.2 Recording signal quality

It is well known that signal quality deteriorates on recording electrodes over long periods of time [26,36,37]. In our study
across 1500 days, we saw a 37% decrease in the peak-to-peak voltage on SIROF-sensory electrodes, while the peak-to-peak
voltage on platinum-motor electrodes decreased by 46%. For comparison, Chestek et al. 2011 reported a 28.2% and 47%
decrease in single-unit amplitude in two implanted non-human primates within the first two months after implant while
Barrese et al. 2013 showed an average decrease in the signal amplitude of about 12% across 27 implanted non-human
primates over 1000 days on viable electrodes. However, about half of electrodes were excluded from analysis because they
were considered not viable, meaning the peak-to-peak voltage fell below 40 pV. Our results are broadly consistent with these
and other studies showing that signal quality decreases over time. Our findings of greater decrease in signal quality on
platinum-motor electrodes provide evidence that, at a minimum, ICMS did not additionally contribute to decreases in
recording quality over time. Additionally, we found that on SIROF-sensory electrodes, increased total charge did not
correlate with significant changes in peak-to-peak voltage or the number of high amplitude waveforms recorded, further
indicating that stimulation did not contribute to decreases in recording quality.

Previous work has posited that stimulation can rejuvenate the electrode-tissue interface, resulting in increased SNR
through an improvement in signal amplitude and decreased impedances [38]. This rejuvenation effect could be related to the
preservation of high amplitude recordings on stimulated electrodes that we observed. However, our results showed a steeper
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decline in SNR over time on stimulated SIROF-sensory electrodes compared to non-stimulated platinum-motor electrodes
even though the SNR itself was higher on stimulated SIROF-sensory electrodes than non-stimulated platinum-motor
electrodes. Furthermore, we saw that the impedance on stimulated SIROF-sensory electrodes declined at a slower rate than
the impedances on non-stimulated platinum-motor electrodes. Impedances however were difficult to compare between
SIROF-sensory and platinum-motor electrodes since these electrodes contained different materials with different impedance
properties, and stimulated electrodes maintained lower impedance values throughout. We did find that the SIROF-sensory
electrodes that experienced more charge had lower median impedances, but this effect was not significant.

The previous work suggesting a rejuvenation effect was focused on the short-term effects of stimulation on signal
properties, with a maximum tested duration of eight days. Changes in the signal and impedance over this time scale may not
reflect expected changes over many years. Additionally, the neural recordings used here were acquired at the beginning of
sessions, prior to stimulation on a given day, to remove the impact of transient changes caused by stimulation on recording
quality and impedances. Another substantial difference between the previous work and this current study is the stimulus
protocol. In the previous work, stimulation was held constant at 1.5 V for four seconds, and this pulse was only delivered
once prior to all signal and impedance measurements. Here, our stimulus parameters consisted of more typical stimulation
protocols, including charge-balanced biphasic pulses with an initial cathodic phase lasting 200 ps. Stimulus trains were
delivered at a maximum of 300 Hz for up to 15 seconds at a maximum amplitude of 100 pA over many years. The substantial
differences in our stimulus protocols makes it difficult to assess similarities or differences in the results. Lastly, there are
differences in the cellular composition of motor and somatosensory cortex, most notably the presence of large Betz cells in
motor cortex which can produce larger signal [9,31-33]. Differences in recordings could then be affected by cortical
differences regardless of stimulation. Overall, these data suggest that stimulation may have improved neural recordings over
time, but additional studies will be required to confirm this observation and disentangle the potential effects of electrode
material and cortical area.

4.3 Impedances

Electrode impedances have been shown to increase immediately after implantation but the decrease over long periods of
time [23]. Here, the impedances of the platinum-motor electrodes decreased more than SIROF-sensory electrodes. One
possible explanation relates to the different material properties of the electrodes. SIROF electrodes have considerably lower
impedances than platinum electrodes as a result of their larger surface area, due in large part to the sputtering deposition
process [25]. As a result, the impedances on the SIROF-sensory electrodes were much lower than the platinum electrodes
shortly after implantation and therefore did not have as much range to decrease. Additionally, we found that there was no
significant relationship between total charge and median measured impedances (p = 0.09, figure 3(b)), but electrodes with
more total charge were more likely to have lower median impedances. Whether this is effect would become significant or not
requires further investigation across more electrodes and participants.

Increased total charge could result in decreases in impedances in a few different ways. If stimulation was driving material
changes in the metal tips or insulation, this could result in increased surface roughness or electrode leakage pathways, which
could both result in decreases in impedances [39,40]. Additionally, stimulation results in transient decreases in impedance
which typically recover by the next test session [37,41]. We measured impedances at the beginning of test sessions to account
for this effect, but it is possible that delivered stimulation could affect the recorded impedances in the next session as well.
Increasing impedances, potentially as a result of electrode damage resulting from stimulation itself, would result in higher
voltages at the electrode-tissue interface which could damage tissue [19,31-33,35,42], or exceed the compliance voltage
limits of the stimulator itself. However, SIROF-sensory electrodes in our study maintained a lower impedance than platinum-
motor electrodes. This is most likely due to differences in material. Importantly more charge injection did not increase the
impedance.

4.4 Detection thresholds

Perhaps the most supportive demonstration of the long-term utility of microstimulation in somatosensory cortex was the
observation that that sensory percepts could be consistently evoked over the length of implantation, with detection thresholds
decreasing over time. Non-human primate studies have demonstrated that sensations can be evoked over periods of months
without behavioral deficits using stimulation parameters higher than those used in this experiment [43]. This is, however, the
first time that a human participant has been studied with this protocol and it is promising for bidirectional BClIs that percepts
can be reliably evoked and that detection thresholds themselves decrease over long periods of time. Improvements in
detection thresholds could have occurred for a variety of reasons. Stimulation over many years could have induced neural
plasticity resulting in stronger sensitivity to stimulation [44,45]. Additionally, the participant’s familiarity with the stimulus
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detection task could have resulted in increased behavioural sensitivity. We also demonstrated that the detection thresholds
were spatially clustered on the electrode arrays. There are several possible explanations for this effect. First, if the arrays were
not perfectly perpendicular to the cortical surface, or if the cortical surface was curved under the electrode, individual
electrode tips on different parts of the array could be at different depths in the cortex, a factor which is known to have an
effect on detection thresholds [46]. Additionally, localized tissue reactions could potentially affect the microenvironment
around individual electrodes and adjacent electrodes or different locations in somatosensory cortex could be differentially
responsive to stimulation. Further work is needed to explore the mechanisms of increased stimulus sensitivity as well as
spatial clustering of thresholds.

4.5 Study limitations

Although these results are supportive of the long-term utility of microstimulation in the somatosensory cortex as a
component of bidirectional BCIs, we have only tested this in one participant. Future implantations will need to be similarly
evaluated to determine if signal quality and detection thresholds are stable over long periods of time. Another possible
limitation is that the stimulation delivered as part of this experiment may be much less than what would be provided in a
deployable BCI system. However, as stated previously, we have not seen any notable differences between electrodes based
on the amount of stimulation they have received. Another factor in this study is that the stimulation electrodes in
somatosensory cortex were coated in SIROF, while the recording electrodes in motor cortex were coated with platinum. If
there are differences in how these materials are affected in the body over time regardless of stimulation, comparisons between
the two could be difficult to make. To minimize this effect, future experiments could examine the recording quality on both
stimulated and non-stimulated electrodes with iridium oxide coated tips. Lastly, we only tested four electrode arrays.
Variability in the production and insertion of these arrays could potentially lead to differences in recording and stimulating
abilities. More arrays across more implanted participants will need to be assessed in the future.

4.6 Conclusion

This study demonstrates that SIROF electrodes used for intracortical microstimulation in somatosensory cortex can
maintain recording quality as well as, if not better than, non-stimulated platinum electrodes in motor cortex and can elicit
sensory percepts over 1500 days. While this time frame may still be a relatively short in the context of a life-long
implantation, demonstrating stability at these time points is a necessary step to support the continued development of these
systems. These findings are promising for the field of neural prostheses and sensory restoration specifically and indicate that
implanted microelectrodes to restore somatosensory feedback is plausible in clinical application.
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Figure 1. Signal quality over time. Blue points represent signal quality metrics from SIROF-sensory electrodes and red
points represent platinum-motor electrodes. Dotted lines represent regression before and after day 200. Shaded areas
represent the smoothed interquartile range for each data set. The dotted vertical line marks day 200, when the filter order was
changed. (a) The number of electrodes on the motor and sensory arrays with high-amplitude recordings on each test day. (b)
The percentage of electrodes on the motor and sensory arrays with high-amplitude recordings on each test day. There were 64
SIROF-sensory electrodes and 176 platinum-motor electrodes. (¢) Median peak-to-peak voltage. (d) Median background
noise. (e¢) Median signal-to-noise ratio.
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Figure 2. Relationship between total charge injected and signal quality. (a) Histogram showing the amount of charge each
electrode received over 1500 days. (b-¢) Signal metrics measured from day post-implant 1400 to 1500 plotted against total
charge injected through each electrode. The x-axis is log-transformed. The blue-dotted line shows the log-transformed linear
regression fit. (b) Median Vpp vs. charge. (¢) The number of high amplitude waveforms recorded vs. charge. (d-f) Signal
quality on a single electrode that received the most stimulation. Data points for all the SIROF-sensory electrodes (blue)
represent median values from test days. Data points for the single electrode (red) are the measured values for each metric on
each day. Dotted lines show regression across all data. Shaded areas represent the smoothed interquartile range for each for
all SIROF-sensory electrodes. The dotted vertical line marks day 200 when the filter order was changed. (d) Peak-to-peak
voltage. (e) Background noise. (f) Signal-to-noise ratio.
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Figure 3. Electrode impedances over time. (a) Median impedances of all electrodes plotted against days since implantation
for the SIROF-sensory arrays (blue) and the platinum-motor arrays (red). Thick dotted lines represent the linear regression of
the data with log-transformed days. Thin dotted lines represent the median pre-implant impedances. Shaded areas represent
the smoothed interquartile range for each data set. (b) The median impedance recorded from day post-implant 1400 to 1500
plotted against total charge injected by day 1500 for each electrode. The x-axis is log-transformed. The blue-dotted line
shows the log-transformed linear regression fit. (¢) Heatmaps of electrode impedances plotted against days since implantation
for the motor arrays (left) and somatosensory arrays (right). The color axis is log transformed to highlight changes over time.
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Figure 4. Detection thresholds for stimulated electrodes since implantation. (a) Box plots of the median detection
threshold values from four different time points. (b) Detection thresholds for each electrode are shown on the stimulation
arrays as a heat map. Black spaces represent electrodes that were not tested. Grey spaces represent electrodes that were not
wired due to technical constraints. The color bars show the detection threshold values in microamperes. (¢) Detection
thresholds for eight electrodes over time. Each point represents an individual threshold for a single electrode and the color
represents a specific electrode as indicated in the legend. Asterisks on the legend identify electrodes with statistically
significant changes over time. Lines were fit to the data for each electrode using regression of the log-transformed data. The
fits were reverse transformed for plotting. The dotted black line shows the regression for the aggregate detection data.
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