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ABSTRACT: Implantable brain-computer interfaces
(BCIs) are on the verge of transitioning from the research
and investigational phase to clinical readiness stage.
Micro-electrocorticography (LEC0G) is one possible
choice of recording modality and shows promising long-
term results in both epi- and subdural implantations with
direct clinical translational impact. In this paper, we
present longitudinal data from epidural implantation in
non-human primates. The results show that neural
patterns stay comparable over the course of multiple
years, and that task- and condition-specific cortical signal
dynamics can be distinguished. The findings satisfy two
of the most important criteria for LEC0G-based chronic
BCls: long-term stability of neural signal quality and the
presence of potentially decodable information.

INTRODUCTION

Chronically implantable brain-computer interfaces
(BCls) are getting growing attention worldwide [1, 2, 3].
During the past 20+ years various technologies were used
to electrically interface with the brain, showing a broad
range of performance and longevity. The use of electro-
corticography (ECoG) as a recording modality has
become a viable option for long-term recordings from the
cortical surface. Its use has markedly increased in a
miniaturized form termed PECoG (usually considered
electrode arrays with inter-contact spacing smaller than
10 mm), due to the better trade-off between invasiveness,
spatial resolution and coverage, and without the need to
penetrate the cortex. In addition, UEC0G electrode arrays
may be placed below or above the dura mater, i.e., either
sub- or epidurally, the latter with the aim of further
minimizing the surgical intervention. While both epi- and
subdural HECoG electrode placement has advantages and
disadvantages regarding signal quality, implantation risk,
and long-term performance, the impact of electrode
placement remains to be fully characterized [4].

Here, we report on neural signals obtained with silicone
elastomer-based MEC0G electrode arrays implanted
epidurally in two non-human primates (NHPs) for up to
4 years, while experiments in one animal are ongoing.
We report on the reliability and robustness of the
recorded signals obtained while the animals performed a
task and during non-engagement and drowsy periods,
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thus demonstrating that the basic requirements for BCI
applications are met: longitudinal signal stability and
ability to capture neural cortical dynamics with high
fidelity and measurable differences between conditions.
These findings have direct implications for the use of
MECOG electrode arrays in preclinical and clinical BCI
research and applications.

MATERIALS AND METHODS

Design & Manufacturing of WECoG Grids: The
employed QUEC0G grids (arrays) were fabricated in
cleanrooms (CorTec GmbH, Freiburg, Germany)
applying a method first described in detail in [5] and
briefly explained in two modifications for the two
designs used here in the following paragraphs.

(1) Fetz Array: A 130pum layer of liquid MED1000
(Nusil, Carpinteria, USA) silicone diluted 1:1 with n-
Heptane was deposited to a mechanical carrier by spin-
coating. After onset of curing, a perforated 15um
Parylene-C foil (SCS, La haux-de-Fonds, Switzerland)
was laminated on top. Another 130 um layer of diluted
silicone was deposited by spin-coating, embedding the
parylene foil. A 25um of Pt90Ir10 foil (Goodfellow,
Cambridge, UK) was laminated to the stack and a laser
(picosecond pulse width, UV wavelength) was used to
cut the perimeter of electrode contacts, integrated
meandering tracks and weld pads. Excess Ptlr foil was
manually removed. A final silicone layer (130 um) was
deposited. This silicone layer was removed from the
electrode contact sites and the weld pads using the laser.
Subsequently, the outer contour of the grid was cut with
the laser. The Fetz Array (Fig. 1A) is a strip-like pECoG
grid of 2.5 mm width and 28 mm length. It has 8 electrode
contacts of 0.3 mm diameter and is about 0.4 mm thin.

(2) 4x8 Square 45°Grid: This grid was produced
similar to the Fetz Array, but instead of a parylene layer
another Ptlr metal layer was integrated that allows higher
contact density. The 0.4 mm thin grid covers an area of
24.5 mm x 20 mm and has 32 electrode contacts of 1 mm
diameter Fig. 1B).

(3) Interconnection/Wiring: The two electrode array
types were lifted from the mechanical carrier and 75 pm
diameter Pt90Ir10 wires with 7 pum polyesterimide
insulation (Alleima, Sandviken, Sweden) were spot-
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welded to the weld pads of the arrays. The welds were
sealed with MED1000 silicone and the wires were
grouped in a 1.8 mm diameter silicone tubing (R 401/60,
Deutsch & Naumann, Berlin, Germany) to form a 25 mm
long cable. A connector (type A79022-001 by Omnetics,
Minneapolis, USA) was soldered (Sn62Pbh36Ag?2) to the
proximal end of the cable and the solder joints were
sealed with epoxy (UHU Endfest 300, UHU, Buehl,
Germany).
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Figure 1: HECoG grids used in this study. (A) 8-contact
Fetz array. (B) 32-contact 4x8 Square 45° Grid.
Measures in milli-meters. Layouts are shown with
contact openings face up.

Animal Model & Cephalic Implant: This study was

carried out in strict accordance with the NIH Guidelines
for Use of Animals in Research, under a protocol
reviewed and approved by the Weill Cornell Medical
College Institutional Animal Care and Use Committee
(IACUC). The animals were cared for by the Research
Animal Resource Center (RARC) at Weill Cornell
Medicine (WCM).
We implanted two male Macaca mulatta (13 and 15kg)
non-human primates (NHP). In NHP1 (Fig. 2A), a Fetz
Array was implanted epidurally adjacent to the midline,
over the left prefrontal (areas 8B, 9L) and premotor
(areas 6DC, 6DR). In NHP2 (Fig. 2B), two of the 32-
contact arrays (4x8 Square 45° Grid) were placed
bilaterally and epidurally over prefrontal (areas 8B, 8AD,
9/46) and premotor (areas 6DC, 6DR, 6M) cortices. We
used a well-developed imaging and biophysical
modeling pipeline to accurately implant the electrodes;
surgical details can be found in prior studies [6, 7]. Pre-
and post-implant MR/CT imaging enabled modeling (3D
Slicer) of the animal’s skull and brain, which were co-
registered with whole-brain 3D morphological models of
NHP brain structures [8], as shown in Fig. 2. Although
not directly relevant to the interpretation of the results in
this work, it should be noted that the animals were
implanted with custom neuromodulation platforms that
rigidly held multiple segmented deep brain stimulation
(DBS) leads (Heraeus Medevio, Minneapolis, USA),
each scaled for the NHP, within rostral and caudal
aspects of the central lateral (CL) thalamus. These
animals are part of ongoing preclinical studies linked to
our longstanding clinical efforts to treat chronic cognitive
dysfunction in moderate-to-severe traumatic brain injury
(TBI) [9].

10.3217/978-3-99161-093-9-094

Figure 2: (A) Post-op reconstruction of the pECoG
electrode array contacts in NHP1 implanted with one 8-
contact Fetz Array (dimensions are in mm), placed
epidurally over the left prefrontal/premotor cortex.
Contacts are shown relative to the underlying prefrontal
(9L, 8B) and premotor (6DR, 6DC, 6M) cortical areas.
(B) Post-op reconstruction of the HECoG electrode
array contacts in NHP2 implanted with two 32-contact
Micro 4 x 8 Square 45° Grid, placed epidurally over the
left and right prefrontal/premotor cortices. Contacts are
shown relative to the underlying prefrontal (9/46, 8B,
8AD) and premotor (6DR, 6DC, 6M) cortical areas.

Behavioral Task, Recording Setup & Data Analysis:
The animals were trained to perform various visuomotor
reaction time tasks for liquid rewards, as done in prior
studies [6, 7]. Briefly, each trial of the vigilance task was
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Figure 3: (A-D) Spectrograms of the epidural pECoG signal recorded over more frontal (9L/8B, contact 2 in Fig.2A)
and more parietal/pre-motor areas (6DC/6M, contact 8 in Fig.2A) in NHP1, while the animal performed the vigilance
task (performing (P), subpanels A, C) and while the animal exhibiting periods of drowsiness, eye closures, and
disengagement from the task (drowsy (D), subpanels B, D), 221 days following implantation. (E-G) Average power
spectral profile for the data shown in A-D at 221, 689 and 1140 days after implantation. (H-K) The same as in A-D but
for NHP2, with electrode contacts at the transition of adjacent areas (9L/8B and 6DC/6M, respectively). (L-N) The same
as in E-G, but for NHP2 and for 176, 633 and 1361 days after implantation. For results shown in E-N, note the largely
consistent spectral profile patterns for each condition (P and D) across the implantation period, however, with varying
levels, especially on day 1361 for NHP2 in which the animal exhibited drowsiness in while performing the task.

initiated by the animal first touching and then holding its used to generate multi-taper estimates of the power
hand over an infrared (IR) switch (Crist Instruments spectral density (PSD) of the pECoG signals. Time-
Company Inc., Hagerstown, MD, USA). The switch, frequency spectra were created to detect qualitative and
attached to the front of the animal’s behavioral chair, was quantitative differences between task-related and
linked to custom behavioral task programs designed in engaged/fatigued conditions as shown in Fig. 3. Plots
MonkeyLogic [10]. This setup controlled the visual showing average PSD profiles for engaged task-related
appearance of a central gray-scale Gabor-patch (3 deg of and non-engaged/fatigued conditions were created for
visual angle) embedded in a 1/f noise pattern on an LCD three time points (NHP1: 221, 689 and 1140 days post
screen placed 100 cm in front of the animal. The animal implantation; NHP2: 176, 633 and 1361 days) as shown
had to maintain fixation on the Gabor within an invisible in Fig. 3.
constraint window as the spatial phase of the Gabor
changed (every 300 ms) for a variable number of phase RESULTS
transitions (lasting 1-5s) before changing orientation
(from 0 deg to 11.25 — 90 deg). The change in orientation Electrophysiology results: Viable signals were
was the ‘GO’ cue for the animal to remove its hand from recorded in both animals up to 4 years post-implantation
the IR switch, within 1s, to receive a liquid reward. and we obtained large-scale cortical PEC0oG activity
Experimental sessions typically lasted until the animal (Fig. 3 and Fig. 4) during the experimental sessions. The
was satiated (typically within 1 to 3h). Broadband animals typically performed well at the start of each
neuronal activity was recorded with an RZ2-4 data session (Fig. 3A, C, H, J) and then performance degraded
acquisition system (TDT — Tucker Davis Technologies as time on task increased, due to satiety and boredom
Inc., Alachua, FL, USA) at a sampling rate of 1-25kHz (Fig3B, D, I, K), at which time the animals exhibited
while running TDT’s Synapse software. A customized signs of fatigue and drowsiness, which included extended
vibration sensor (801S) was attached to the behavioral eye blinks and that proceeded full eye closures. As shown
chair to detect large body movements, which did at times in Fig. 3 for data snippets lasting ca. 15 minutes,
lead to motion artifacts that were recorded in the neuronal oscillatory power within the alpha band (ca. 9-16 Hz) was
signals (see Fig. 3B, D, I, K). Behavioral performance significantly increased during non-engaged/drowsy
data and body movements were simultaneously recorded conditions, as compared to when the animals were
along with neural signals. The Chronux toolbox [11] was engaged and performing the task correctly.
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Figure 4: Spatial distribution of alpha band (9-16 Hz) spectral power changes shown for the 3 investigated time points in
NHP2 (176, 633 and 1361 days after implantation) for left and right hemisphere ECoG electrode arrays an for (A)
performing condition, (B) drowsy condition and (C) the differential of performing and drowsy condition. Note the
varying levels of band power/activity across the left and right arrays, yet largely consistent spectral profiles and
differentials across the investigated time points. Alpha band spectral power was estimated from between 9-16 Hz
depicted by the gray-shaded area in Fig. 2L. Black rectangles depict dysfunctional electrode contacts. The orientation of
heatmaps corresponds to the orientation of electrode arrays on the cortex of NHP2 as shown in Fig. 2B.

PSD profiles for NHP1 (Fig.3E, F, G) show slightly
varying magnitude with a tendency of decreasing signal
power across the three time points, however, with clear
differences between the two investigated conditions
(alert/performing versus drowsy) preserved.

Results for NHP2 (Fig.3L, M, N) show similar variability
over time. Here, clear differences between the two
conditions are seen for the first two time points (176 and
633 days), but the difference is less pronounced for the
third time point (1361 days). Overall, the signal quality
and spectral content under the two conditions were stable
across the investigated time periods. The data shown in
Fig.3 were obtained from electrode contacts placed over
frontal (9L/8B) and pre-motor areas (6DC, 6M) and are
representative of the recording and signal quality across
both electrode arrays. Animal NHP1 tended to move
more in the behavioral chair. These movements were
captured by the motion sensor and also produced
broadband electrical disturbances as seen in the
spectrogram in Fig.3l, K (starting around 00:05). These
periods were excluded from the analysis.

To investigate signal stability and preservation of spatial
distribution of alpha band activity across the implantation
period and across the two PECoG arrays for NHP2,
activity was plotted as heatmaps for the performing and
drowsy conditions as well as the differential of the two
conditions (Fig.4). Despite varying activity levels for the
three investigated time points (176, 633 and 1361 days
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after implantation) a largely preserved spatial pattern for
the performing (Fig.4A) and drowsy condition (Fig.4B),
and most importantly a clear and robust preservation of
spatial pattern for the differential (Fig.4C) can be
identified for both left and right ECoG electrode arrays.
These results further demonstrate LECoG signal stability
on individual electrode contacts and across the footprint
of the whole HECo0G electrode arrays.

Technical results: Post-op reconstruction of the
MECOG electrode array contacts confirmed that they
were positioned in the epidural space. In NHP1, all 8
electrode contacts were functional and provided a good
electrical coupling to the brain until the animal was
euthanized according to the study protocol, and the array
was removed. Studies with NHP2 are ongoing and high-
quality neural signals are still being obtained from the
implanted WECo0G arrays, how more than 4 years post-
implantation. Notably, in NHP2, only one out of 64
implanted electrode contacts has stopped working (high
impedance) after ca. 14 months of implantation, with
another one being temporarily defective at time point 633
days after implantation. We anticipate a technical failure
in the one contact which will be further investigated after
study finalization, which is possibly related to an
experimental rejuvenation protocol applied to the
individual contacts, as described by O’Sullivan and
colleagues [12].
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DISCUSSION

For many applications, PEC0G grids provide an
alternative to penetrating intracortical electrode arrays,
for which multiple failure modes have been identified; a
loss of channels (capability of sensing unit activity) over
time is consistently reported in the literature [13] along
with local neuronal reconfiguration, which includes
neuronal death, glial scar formation, and persistent local
inflammation. The signal quality and longevity of the
brain interface provided by the LECoG electrode arrays
observed in this study is consistent with findings of other
groups using ECoG, e.g., that of Yang and colleagues
[14] who also used electrodes produced with the same
materials and methods. Although Yang et al. report data
from almost 2 years in a subdural setting from two NHPs,
our study demonstrates more than double the longevity
for similar electrode arrays, here implanted epidurally.
Davis and colleagues [15] reported on 5 years of stable
use of subdural silicone-elastomer ECoG strips in a
spinal cord injured patient and another study reported
that cortical modulations could be observed more than 18
months post-implantation with subdural ECoG arrays in
one NHP [16]. Vansteensel and colleagues [17] were able
to collect successfully data from an ALS patient over the
course of 7 years using the same implant technology as
Davis et al. [15]; however, signal quality declined
towards the end of the study which was associated with
brain atrophy, “although alternative explanations are
plausible” as suggested by [17]. Recently, longitudinal
data from a chronic epidural electrode-based BCI system
were reported [18]. The data from two patients implanted
for 32 and 14 months, respectively, showed high stability
over time regarding various metrics like RMS, SNR and
spectral distribution [18]. Other studies investigated the
impact of the dura mater on the signal amplitude and
concluded that the attenuation of signals is stronger for
smaller ECoG electrodes [19], similar to the electrode
arrays used in this study.

These and other studies were recently incorporated into a
comprehensive review by Branco and colleagues [4],
which investigated the differences between epi- and
subdural recordings in humans and non-human primates
(NHPs). The authors reveal considerable variability in
the results from the various studies, and concluded that
1) epidural recording signals attenuated more compared
to subdural signals; 2) they are both subject to issues of
complications and decodability of signals over time [4].
Similar to the meta-findings by Branco et al., the results
in this paper show a longitudinally stable and preserved
alpha band spatial pattern on the one hand and a varying
signal amplitude level with a tendency of decreasing
signal strength on the other. In addition, the human dura
is thicker compared to that of NHPs which has to be taken
into account when interpreting the results regarding
signal strength in general and longitudinal signal
behavior in the light of human BCI applications.
However, while the decodability of the signals collected
in this study were not assessed, our findings suggest that
the information content in the neural signals captured
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during the two behavioral conditions are different enough
to be decodable. This is supported by data from one of
the animals in this study where a linear classifier was
used to detect the drowsy state from the LECoG signals
and to then trigger central thalamic DBS that restored
performance [20]. Of note, the studies in NHP2 are
ongoing, and the complication rate is nearly zero, but
standard histology has yet to be conducted to examine
any potential tissue changes linked to surgical- or
implantation-related complications. Furthermore the
results shown in this study comprise only three days
within the almost 4-year period. Although data shown
across the whole PECoG arrays shows very well
preserved spatial patterns over the investigated time
points, a more comprehensive analysis will be necessary
to fully characterize the longitudinal behavior of HEC0G
signals in this dataset. In summary, the longitudinal
results presented in this work add to the available data in
the epidural implantation realm and demonstrate the
viability of implantation of PWECoG electrode arrays
above the dura as an alternative to subdural implantation
for chronic HECoG-based brain-computer interfacing
devices and applications.

CONCLUSION

Consistent with the experience collected in scientific
literature about implanted ECoG grids, the study here
used HECoG grids with 1.0mm and 0.3mm electrode
contact diameter provide a robust electrical coupling to
the cortex of two NHPs using epidural recordings. This
permitted neural signal sensing with high fidelity to
detect condition-specific brain oscillation changes
especially in the alpha band over the observation time of
ca. 4years. The results complement the existing
scientific literature reporting on chronic epidural
electrode array implantation and its suitability for long-
term PECoG-based implantable BCI devices.
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