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ABSTRACT

Implantable brain-computer interface (BCI) systems,
promising for neurological disorder treatment, often en-
counter high technical barriers. Our fully-implanted
CorTec BrainInterchange-BCI2000 ecosystem, aimed for
widespread open-source adoption, demonstrates func-
tionality through a year-post-implant canine study, us-
ing a brain surface electrocorticography (ECoG) con-
struct. Broadband power-spectrum increases have been
shown to track neural population activity in humans, and
we find that they reveal distinct functional representa-
tion for processing of visual, somatosensory, and audi-
tory reinforcement stimuli in the canine (captured at 65-
150Hz). Canine visual and somatosensory rhythms re-
semble human alpha and beta rhythms but at different fre-
quencies: a ~15Hz visual rhythm in the occipital analog
(marginal gyrus) suppresses with light exposure, and a
~24Hz somatosensory rhythm diminishes upon petting.
These findings indicate a unique canine neurophysiology
and confirm the BCI2000-BrainlInterchange ecosystem’s
robustness a year after the implantation. This ecosystem
holds promise for developing open-source BCI devices to
assist patients with neurological conditions.

INTRODUCTION

The technology behind practical brain computer interfac-
ing has an exclusivity problem arising from a number of
factors. Hardware that can record sufficient channels for
the coding brain activity requires a large infrastructure to
build, maintain, and troubleshoot. Engineers with the rare
expertise needed to manage these devices typically pro-
fessionally reside far from the clinical setting that patients
with neurological disorders present to for therapy. The
software skills and signal processing know-how needed
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to translate signals measured from the brain into closed-
loop commands for external applications or internal re-
cursive stimulation of the brain are similarly exclusive.
For this and other clinical reasons, we have been develop-
ing a combined hardware-software open source ecosys-
tem with the CorTec BrainInterchange (BIC) device [2]
and the BCI2000 software environment [3] that will serve
as a general purpose platform that can be easily applied
for clinicians focused on a specific patient need.

Our development of this ecosystem has begun with ca-
nine (canis familiaris) implants. For chronic studies, dogs
offer a viable model for cognitive and neurodegenerative
studies, attributable to their trainability, cooperative na-
ture, and neurophysiological similarities to humans [4,
5]. We are able to test the device on a daily basis with-
out any restrain of the dog and upon the completion of
the study the dogs can be adopted into homes. In this
demonstration, a series of basic sensory input tasks are
performed approximately a year after the time of implant.
While the implanted neurophysiology of the canine brain
is relatively unexplored, we expect that many aspects of
well-described phenomena in the human brain will gen-
eralize.

Broadband changes in the brain surface electrical poten-
tial have been shown to be a robust correlate of local neu-
ral activity and an effective control signal in brain com-
puter interfaces [6, 7]. However, these changes are often
obscured at low frequencies by coincident oscillations,
and so broadband changes must often be captured at fre-
quencies above ~50-60Hz, setting a performance thresh-
old that BCI devices must rise to. In this manuscript, we
demonstrate that the BrainInterchange-BCI2000 ecosys-
tem has this capability and, in the process, uncover func-
tional representation of somatosensory, visual, and social
reinforcement in the canine brain.
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Figure 1: Right hemisphere implant and anatomic segmentation (A) Electrode grid and ground electrode. (B) Schematic with
dimensions of grid (in mm). (C) Planned incision and craniotomy on scalp (left) with opening and craniotomy, showing epidural space
(right). White arrows correspond to same location on left and right. (D) Insertion and anchoring of electrodes. (E) Rendering of skull
and craniotomy with electrodes in situ, ground electrode in yellow. (F) Brain rendering showing three grids in situ, extracted from
pre-implant MRI and post-implant CT. (G) Top view of the canine cortex. (H) Color-map representation of canine right hemisphere
gyral anatomy [1]. (I) Sagittal view of canine right hemisphere and color-map representation of its gyral anatomy. (J) Schematic
placement of electrode grids over the canine cortex.
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MATERIALS AND METHODS (as determined by behavior, prior to data analysis) were
selected for further analysis. Each run consisted of 15
Surgical implant: A 2-year-old female beagle, “Belka”, repetitions of active & inactive task blocks.
was implanted with the 32-channel sensing-and- Somatosensory - The dog was positioned unrestrained
stimulation Cortec BrainInterchange device as previously within the examination room with the room lights on,
described [2], according to a public operative protocol next to the examiner. 3-second blocks of tactile stimula-
[8]. Three arrays (32 ECoG channels) were implanted tion (petting along the left side of the dog, encompassing
epidurally over the right hemispheric convexity with the the whiskers, front and hind limbs, and torso) were inter-
FDA-approved AirRay electrodes [9] (Fig. 1). leaved with 5s blocks of rest (Fig.2A).

Anatomic co-registration: A pre-implantation 3T MRI Visual - Examination took place in a closed room with all
and a post-implantation CT were obtained. The brain was external sources of light blocked. The dog was placed on
manually segmented from the MRI using 3D Slicer [10], a leash in the middle of the room, allowing her to move
and the CT was co-registered with electrodes aligned to within the reach of the leash. 5-second “lights OFF”
the anatomy using the CTMR package as previously de- blocks with the room lights turned off were interleaved
scribed [11], which was also used for subsequent plot- with 5s “lights ON” blocks, where the rooms lights were
ting. Anatomic segmentation of the brain surface was turned on. A laptop was in the room, with monitor light
determined manually with reference to the Stereotactic exposed, cuing the examiner to turn the room lights on
Cortical Atlas of the Domestic Canine Brain [1] (Fig. 1). and off.

The 3 grids were localized to the 1) frontal, precruciate Reinforcement with auditory encouragement and &
and postcruciate gyrus; 2) ectosylvian gyrus extending to face touching - The dog was positioned unrestrained in
the border of the suprasylvian & ectomarginal gyrus and the examination room next to the examiner with the room
the rostral composite; and 3) flanking the marginal and lights on and calming classical music playing at a low
ectomarginal gyri. volume. 5-second reinforcement blocks where the exam-

Canine tasks: Three types of tasks were performed - iner provided verbal reinforcement (“Good girl Belka!™)
somatosensory, visual, and reinforcement (auditory input & gently touched the left side of the face were interleaved
with face touching). For each task, the four best runs with rest periods.
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Figure 2: Somatosensory activation (A) Cartoon representation of the somatosensory stimulation task, where 3s blocks of tactile
stimulation (petting left whiskers, front and hind limbs, and torso) were interleaved with 5s blocks of rest. (B) Power spectral densities
(PSDs) of petting and rest blocks. Gray shaded regions highlight 4-6Hz, 20-26Hz and 65-150Hz frequency ranges. (C) For analysis,
PSDs for each task block were normalized by the average PSD over the whole experiment, and averaged normalized power was
quantified for each frequency range. Task-associated changes were quantified using a signed 7 metric (which can range from -1 to 1).
(D) Scaled activation maps (by signed r2) shows domains of change for the low frequency brain rhythms. Black circle outline indicates
task-induced significant change at p<0.05 (after Bonferroni correction, unpaired t-test in mean normalized power in band for each trial).
(E) Maps of local brain activity, reflected by broadband spectral change, is captured at (65-150Hz), showing engagement of the pre-
and post-cruciate, ectosylvian, and rostral composite gyri.

Electrophysiological measurements: Data were mea- (PSDs) up to 150Hz were calculated for each task block
sured using BCI2000 general-purpose software [12], using Welch’s averaged periodogram method [14] with
which provides a graphical user interface for data ac- 1s Hann windowing [15] and 50% window overlap.
quisition, online processing for closed-loop application Several data blocks were rejected (across all channels)
(though not used in this study), and stimulus presentation. due to significant transient artifact (4/6/0 blocks for
Data were sampled at 1000 Hz, with an amplification gain somatosensory/visual/reinforcement). Individual block
of 57.5dB / 1 uV, and initially referenced to the channel PSDs were normalized by the mean power at each
1 (Fig. 3). Missing samples due to the packet loss were frequency (mean calculated over each full task). Signed
replaced with the first valid sample preceding the packet r? cross-correlations comparing task conditions (Fig.
loss. This is a default setting for handling missing data 2C) were calculated across all the channels at each
packages in Cortec’s BIC device (see the work of Ayy- frequency, and plotted on featuremaps (Fig. 3) to
oubi et al. [13] for further packet loss discussion). characterize the spatial and frequency-specific structure

of neurophysiological changes associated with each task.
Based on the visual examination of the raw PSDs and the
featuremaps, three low-frequency narrow-band ranges
(4-6Hz, 14-16Hz [visual only], & 20-26 Hz) were cho-

Signal processing: Data were examined by raw trace
as well as relative signal power to identify bad chan-
nels, which were discarded prior to common-average
re-referencing of the data. Power spectral densities
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Figure 3: Task featuremaps (A) Segmentation of the canine right hemisphere gyral anatomy and electrode placement locations, with channel num-
bering that is referenced in (B-D). (B-D) P2 feature-maps for the somatosensory, visual, and reinforcement tasks.

sen for statistical analysis. Separately, a high-frequency
broadband range was chosen a priori at 65-150Hz to
capture the 1/f structure that has been shown in humans
to be a correlate of local population activity [6, 16].
Averaged power (after normalizing by the mean PSD)
was calculated across each frequency range for each
block. Blocks of each type within each task were then
compared with one another using a signed r*> metric
and an unpaired (2-sample) t-test (mean normalized
power in band for trials of petting vs. rest, lights on
vs. lights off, and reinforcement vs. rest). Maps of 72
values were projected onto the rendered brain to show
task-associated brain activity (Figs. 2,4), with chan-
nels that reached threshold significance (p<0.05 after
Bonferroni correction), were marked with a black outline.

Ethics statement: This research is conducted under
Mayo Clinic IACUC protocol A00001713-16-R19. We
maintain our canines in an IACUC-approved environ-
ment. In addition, according to State of Minnesota statute
135A.191, the canines will be made available for adop-
tion at the conclusion of research. In the event of seri-
ous illness or decline, the animals may be humanely eu-
thanized by the veterinary team according to an IACUC
mandated protocol. The canine subject, Belka, is a 3 year
old female (implanted at 2 years old). She is housed in a
communal environment, and receives daily social interac-
tions with veterinary staff as well as open time with other
canines. The intent of this animal research is to test and
develop a platform for novel human therapeutics.

RESULTS

Somatosensory - Somatosensory petting stimulation
contralateral to the side of implantation showed robust
activation (as revealed by broadband spectral power in-
crease) over the pre- and post-cruciate gyri, as well as the
ectosylvian / rostral composite gyri (Figs.2—4). A nar-
rowband rhythm (oscillation) that was observed with a
peak of ~24Hz (20-26Hz) decreased in power over these
same regions during petting.

Visual - Visual task stimulation showed a significant ac-
tivation (as revealed by broadband spectral power in-
crease) over the marginal and ectomarginal gyri (Fig. 3C,
4A). There was a very prominent oscillation, peaked at
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~15Hz, that emerged over most of the sampled sites dur-
ing the lights off period, and diminished when the room
lights were turned on (Fig. 3C, 4B).

Reinforcement with auditory encouragement and &
face touching - During reinforcement with coincident
verbal praising and stroking of the left cheek, we found
robust activation (broadband spectral increase) of the an-
terior measurement sites of the ectosylvian gyrus. Ad-
ditionally, there was an increase in the rhythm centered
around ~24Hz, present over the pre- and post-cruciate,
marginal, and ectomarginal gyri (Fig. 3D, 4).
Comparison across tasks Comparison of local repre-
sentation, as reflected by 65-150Hz broadband spectral
change, shows clear functional representation in the ca-
nine brain, with visual representation in the marginal
gyrus, somatosensory representation in the pre- and post-
cruciate gyri, and reinforcement (both tactile and audi-
tory) in the ectosylvian gyrus. Notably, there was also:
1) An oscillation/rhythm peaked at ~5Hz (4-6Hz) that
increased in power at all measured sites when lights were
turned on in the visual task (with rf,m=0.43), and selec-
tively increased in the ectosylvian sites during the so-
matosensory (r2,,,=0.44) and reinforcement (r2,,,=0.28)
tasks. 2) A ~15Hz rhythm was only seen with the lights
off blocks of the visual task and was not seen during any
other tasks. 3) Although not modulated in the visual task,
an oscillation peaked at ~24Hz was present over much of
the brain surface - it was selectively depressed during so-
matosensory input and augmented during reinforcement
input (Figs. 3A&C, 4C).

DISCUSSION

These simple sensory tasks demonstrate for the first time
that, as in humans [6, 16], local neural activity can be
captured by broadband spectral change from the surface
of the canine brain (here captured at 65-150Hz, Fig. 4).
In agreement with emerging canine fMRI studies [17],
clear functional representation for somatosensory pro-
cessing was found most robustly surrounding the cruciate
sulcus, which is the canine homolog of the human cen-
tral sulcus, and also the ectosylvian & rostral composite
gyri. The ectosylvian gyrus has previously been impli-
cated in canine somatosensory function using peripheral-
stimulation evoked brain potentials (SSEPs) [18]. Com-
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Figure 4: Graphical summary of the obtained results. (A) The functional representation of the canine brain, revealed by broadband
increase in the power spectrum (65-150 Hz), shows distinct representation for each modality. (B) A clear ~15Hz brain rhythm emerges
in the dark that is suppressed when the lights are turned on (rfnax=0.36), and is not seen in either of the other 2 tasks. (C) Interestingly,
there is an oscillation with peak at ~24Hz was present over much of the brain surface that is selectively depressed during somatosensory
input and augmented during reinforcement input. Note that rest condition PSDs are approximately equal at this frequency range for
both tasks (solid and dashed black lines in middle gray square), but that petting/reinforcement selectively suppresses/augments it. White

arrows in (B)&(C) show sites where PSDs are from.

parison of lights-on to lights-off brain activity localized
visual processing to the marginal gyrus, which agrees
with fMRI localization [19], and the removal of which
has been shown to blind dogs [20]. Combined light tac-
tile and auditory reinforcement selectively activated only
at sites in the ectosylvian gyrus and nowhere else, loosely
agreeing with fMRI measurement [21].

Alongside broadband power spectral changes, we also
observed a number of prominent oscillatory rhythms be-
low 50Hz (Figs. 2-4). For example, a canine analog of the
human occipital “alpha” rhythm emerged when the dog
was in the dark, with a peak at ~15Hz that is most promi-
nent in the marginal gyrus, and is slightly higher in fre-
quency than the 8-13Hz range reported by Lopes da Silva,
et. al. [22]. Oddly, there was an increase in power at an
~5Hz oscillation where Kujala et al. found a visually-
induced decrease from the scalp [23]. The ~24Hz rhythm
that is selectively suppressed with somatosensory stimu-
lus and augmented during reinforcement (Fig. 4C) ap-
pears to be a novel observation.

Importantly, human ECoG studies have shown that
behaviorally-induced oscillatory brain rhythms are gen-
erally not functionally specific in the same way that
the broadband changes are [6, 7, 24]. For this rea-
son, it is important that chronically implanted hard-
ware can be able to capture the broadband spectral
changes. However, two factors make this technically non-
trivial: 1) large power changes in oscillations/rhythms
obscure smaller amplitude broadband power changes be-
low ~50Hz; 2) the broadband phenomena falls off in
power at higher frequencies as P ~ 1/f* [16]. Implanted
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hardware must therefore have a sufficiently low noise
floor such that behaviorally-associated broadband power
increases can be resolved at higher frequencies. These
canine behavioral results demonstrate, empirically, that
the BrainInterchange-BCI2000 ecosystem accomplishes
this, even after the device has been implanted for a year.
The BrainInterchange-BCI2000 ecosystem is undergoing
continuous development and optimization [2]. All soft-
ware, data, resources, & protocols for this initiative are
fully open-source, with a vast documentation to teach the
community how to use it without having extensive techni-
cal expertise. When fully developed, this ecosystem may
enable clinical teams to create personalized BCI therapies
tailored specifically to the needs of their patient popula-
tion.

CONCLUSION
Our work demonstrates the utility of the
BrainInterchange-BCI2000 platform in the setting

of ECoG recordings during three sensory experiments
almost a year after implantation. Captured local neural
activity, revealed by broadband spectral changes, show
robust sensorimotor, visual, and reinforcement functional
organization in the brain of a canine. This represents
an important step towards the development of an open
source platform for clinical use, capable of closed-loop
stimulation and applicable in personalized BCI therapies
for patients suffering from neurological disorders.

Published by
Verlag der Technischen Universitat Graz



Proceedings of the
9th Graz Brain-Computer Interface Conference 2024

ACKNOWLEDGEMENTS

We are grateful to be able to work with this noble animal
Belka, and for the care and attention provided by the Vet-
erinary staff at Mayo Clinic. Belka will be available for
adoption at the conclusion of the research in accordance
with the Minnesota state Beagle Freedom Bill. This
work was supported by the NIH U01-NS128612 (KJM,
GAW, PB). The contents of this manuscript are solely
the responsibility of the authors and do not necessarily
represent the official views of the NIH. Our founder
played no role in data collection and analysis, study
design, decision to publish, or manuscript preparation.

REFERENCES

[1] Johnson PJ ef al. Stereotactic cortical atlas of the do-
mestic canine brain. Scientific Reports. 2020;10(1).

[2] Schalk G et al. Toward a fully implantable ecosystem
for adaptive neuromodulation in humans: Preliminary ex-
perience with the cortec braininterchange device in a ca-
nine model. Frontiers in Neuroscience. 2022;16:932782.
[3] Schalk G, Mellinger J. A practical guide to brain-
computer interfacing with BCI2000: General-purpose
software for brain-computer interface research, data ac-
quisition, stimulus presentation, and brain monitoring.
Springer Science & Business Media (2010).

[4] Bunford N, Andics A, Kis A, Miklési Adém,
Gécsi M. Canis familiaris as a model for non-invasive
comparative neuroscience. Trends in Neurosciences.
2017;40(7):438-452.

[5] Story BD et al. Canine models of inherited muscu-
loskeletal and neurodegenerative diseases. Frontiers in
Veterinary Science. 2020;7.

[6] Miller KJ, Honey CJ, Hermes D, Rao RP, Ojemann
JG, et al. Broadband changes in the cortical surface po-
tential track activation of functionally diverse neuronal
populations. Neuroimage. 2014;85:711-720.

[7] Miller KJ, Schalk G, Fetz EE, Den Nijs M, Oje-
mann JG, Rao RP. Cortical activity during motor exe-
cution, motor imagery, and imagery-based online feed-
back. Proceedings of the National Academy of Sciences.
2010;107(9):4430-4435.

[8] Bci2000.0org. [Accessed 14-03-2024]. [Online].
Available: \url{https://bci2000.org/downloads/
doc/Canine_Cortec_Surgical_Protocol.pdf}.

[9] Gierthmuehlen M et al. Mapping of sheep
sensory cortex with a novel microelectrocorticog-
raphy grid. Journal of Comparative Neurology.
2014;522(16):3590-3608.

[10] 3d slicer image computing platform. https : / /
www.slicer.org. [Accessed 14-03-2024].

[11] Hermes D, Miller KJ, Noordmans HJ, Vansteensel
MJ, Ramsey NF. Automated electrocorticographic elec-
trode localization on individually rendered brain surfaces.
Journal of neuroscience methods. 2010;185(2):293-298.

CCBY 513

https://creativecommons.org/licenses/by/4.0/deed.en

10.3217/978-3-99161-014-4-089

[12] Schalk G, McFarland D, Hinterberger T, Bir-
baumer N, Wolpaw J. BCI2000: A general-purpose brain-
computer interface (bci) system. IEEE Transactions on
Biomedical Engineering. 2004;51(6):1034—1043.

[13] Ayyoubi AH et al. Benchmarking signal quality and
spatiotemporal distribution of interictal spikes in pro-
longed human ieeg recordings using cortec wireless brain
interchange. Scientific Reports. 2024;14(1).

[14] Welch P. The use of fast fourier transform for the
estimation of power spectra: A method based on time av-
eraging over short, modified periodograms. IEEE Trans-
actions on Audio and Electroacoustics. 1967;15(2):70-
73.

[15] Harris F. On the use of windows for harmonic anal-
ysis with the discrete fourier transform. Proceedings of
the IEEE. 1978;66(1):51-83.

[16] Miller KJ, Sorensen LB, Ojemann JG, Den Nijs M.
Power-law scaling in the brain surface electric potential.
PLoS computational biology. 2009;5(12):e1000609.

[17] Guran CNA et al. Functional mapping of the so-
matosensory cortex using noninvasive fmri and touch in
awake dogs. bioRxiv. 2023:2023-12.

[18] Vanderzant CW, Schott RJ, Natale JE, Pondo CA,
D’Alecy LG. Somatosensory evoked potentials of the
dog: Recording techniques and normal values. Journal of
Neuroscience Methods. 1989;27(3):253-263.

[19] Boch M, Karl S, Sladky R, Huber L, Lamm C,
Wagner IC. Tailored haemodynamic response function
increases detection power of fmri in awake dogs (canis
familiaris). Neuroimage. 2021;224:117414.

[20] Mirka A, Brookhart JM. Role of primary visual cor-
tex in canine postural control. Journal of Neurophysiol-
ogy. 1981;46(5):987-1003.

[21] Andics A, Gacsi M, Faragdé T, Kis A, Miklési
Adadm. Voice-sensitive regions in the dog and human
brain are revealed by comparative fmri. Current Biology.
2014;24(5):574-578.

[22] Lopes da Silva F, van Lierop T, Schrijer C,
Storm van Leeuwen W. Organization of thalamic
and cortical alpha rhythms: Spectra and coherences.
Electroencephalography and Clinical Neurophysiology.
1973;35(6):627-639.

[23] Kujala MV et al. Reactivity of dogs’ brain oscilla-
tions to visual stimuli measured with non-invasive elec-
troencephalography. PLOS ONE. 2013;8:1-8.

[24] Miller KJ et al. Human motor cortical activity is se-
lectively phase-entrained on underlying rhythms. PLoS
Computational Biology. 2012;8(9):e1002655.

Published by
Verlag der Technischen Universitat Graz

This CC license does not apply to third party material and content noted otherwise.



