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This article describes initial work toward an ecosystem for adaptive
neuromodulation in humans by documenting the experience of implanting
CorTec’s Braininterchange (BIC) device in a beagle canine and using the
BCI2000 environment to interact with the BIC device. It begins with laying
out the substantial opportunity presented by a useful, easy-to-use, and
widely available hardware/software ecosystem in the current landscape of
the field of adaptive neuromodulation, and then describes experience with
implantation, software integration, and post-surgical validation of recording
of brain signals and implant parameters. Initial experience suggests that the
hardware capabilities of the BIC device are fully supported by BCI2000, and
that the BIC/BCI2000 device can record and process brain signals during
free behavior. With further development and validation, the BIC/BCI2000
ecosystem could become an important tool for research into new adaptive
neuromodulation protocols in humans.
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FIGURE 2

Modeling the individual canine anatomy for operative planning. (A) A pre-operative CT scan was obtained and the skull was traced out manually
on individual slices. (B) The tracing from the CT scan was used to render a 3-dimensional skull as an .stl file. (C) A 3T T1 MRI sequence was used
to trace out and render the beagle's brain in a similar fashion. (D) The skull was then printed in 3D ceramic at full scale. (E) A rubberized brain
model was also printed along with a transparent cap. This allowed planning for the craniotomy relative to palpable skull landmarks, and the
intended region of the grid (white paper on the brain model beneath the transparent cap). (F,G) These models were used in pre-operative
planning to identify and mark skull landmarks and plan for surgical implantation directly on the animal's scalp. Note the rubberized brain model

in situ in the top right (yellow arrow).

3.1. Operative implantation

The CorTec BrainInterchange device was implanted in a
female beagle (10 kg body weight, fully grown, 2+ years old).

On the day of implantation, the animal was placed under
general anesthesia by the veterinary staff, and positioned lying
on her abdomen with forelimbs anterior, hindlimbs posterior,
and head supported in a neutral position. The 3D models were
used to determine skull landmarks, planned craniotomy, and
planned midline incision in the scalp (Figures 2F,G). A second
small incision was planned and marked immediately superior
and posterior to the margin of the scapula of the right forelimb.
After confirming all operative instruments and implanted
hardware, the animal was prepped with sterile solution and
draped with a sterile field.

Guided by our delineations of the craniotomies on a 3D
model (Figures 3A,B), beginning at the head, an ~6 cm linear
anterior-posterior incision was made in the scalp. The posterior
portion of the temporalis muscle and fascia was elevated from
the bone, and two small bone windows were made. A several
centimeter incision was then made at the planned scapular
site in the flank above the right forelimb. A tunneling rod
was passed from the head incision to the flank incision, and
then used to tunnel the arrays and wires of the device from
the flank to the head. Small incisions were made in the dura
bilaterally to expose the brain surface, and the electrode arrays
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were slid over the brain surface (Figures 3C,D). Due to the
limited size of the exposure, it was necessary to cut two of
the 4-contact rows on the left array and one 4-contact row
on the right array to enable placement on the brain surface.
The dura was sutured closed over the arrays, and a small plate
with two screws was used on each side to hold the wires
connected to each array fixed at the edge of the craniotomy, and
provide strain relief. The temporalis fascia from each side was
sewn together at the midline, protecting the craniotomy sites
and holding the temporalis suspended at the top. The ground
electrode was sutured in place at this confluence. Skin was closed
with interrupted suture in each site. Post-operative antibiotics
where administered to prevent infection. Verification of proper
functioning of the implant electrodes and recording/stimulation
hardware was achieved intraoperatively (Figure 3E). A post-
operative CT scan was fused to the pre-operative MRI, allowing
for direct localization of the electrode positions on the dog’s
brain surface (Figures 3F,G).

3.2. Experience with BC12000 software
integration
In work leading up to this study, we developed an

initial version of a BCI2000 module that supports CorTec’s
BrainInterchange. This software module is fully documented
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FIGURE 3
Surgical device implantation. (A) CorTec's BIC device and two 16-channel AirRay cortical electrodes. (B) Planned bilateral craniotomy on a
3D-printed model of the canine’s skull. (C) Bilateral craniotomy, exposed cortex, and electrode grid insertion. (D) AirRay electrodes implantation
in right subdural space, with tunneling of wires to BIC device at incision superior and posterior to the right scapula. (E) Successful implant and
first online recordings from the implanted electrodes in the OR. (F) Co-registered pre-operative MRl and post-operative CT highlight the
locations of the electrodes on the rendered brain (foreground) and on lateral radiograph (background). Yellow arrows highlight implanted
electrodes. (G) Post-operative posterior-anterior radiograph showing the location of the electrodes, connecting wires, and BIC device.

on the BCI2000 wiki®. It currently supports recording of brain
signals as well as all implant variables (such as temperature,
humidity) from BrainInterchange, visualize raw data with
different filtering options, provide real-time analyses (such
as spectra), and, with proper configuration, provide electrical
stimulation that is contingent on a specific brain state (e.g., a
certain phase of a beta oscillation) or behavioral condition (e.g.,
a certain phase of walking).

3.3. Post-operative verification of
recording capability

BCI2000 to
electrophysiological signals and implant parameters from

Post-operatively, ~we  used record
the BIC device (Figure 4D). Electrophysiological signals were
typical of electrocortical recordings (Figure 4E) and displayed
the oscillatory activity commonly observed in motor cortical
areas (Figure 4F; Miller et al., 2007).

The implant parameters appeared to be relatively stable
over the period of recording (temperature 36.0-44.06° Celsius,
implant voltage 6.0-6.5V, implant humidity 19.0-21.0%rh).
Analyses demonstrated that about 1.9% of signal samples were

2 https://www.bci2000.org/mediawiki/index.php/CortecADC
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lost in transmission, and that those samples were clustered
around specific points in time.

4. Discussion

In this paper, we describe our initial work toward the
development of a hardware/software ecosystem for adaptive
neuromodulation research in humans that is based on CorTec’s
BrainInterchange implant hardware and BCI2000 software. Our
experience demonstrates that we successfully implanted the
BIC device and interfaced it with BCI2000, which exposes
all technical capabilities of the BrainInterchange device to an
experimenter. Thus, our successful demonstration brings us
closer to the day when it will be possible to more easily directly
interact with the human brain with sophisticated recording and
stimulation protocols.

While our initial work is encouraging, it is still relatively
early in development and validation, and lot of work remains
to be done. For example, currently, the connection from BIC’s
external transmission unit to a computer is realized using a USB
connection (Figure 4A). Thus, the initial configuration of our
system would be useful only with completely immobile subjects
such as patients with late-stage ALS or human/animal subjects
in the operating room.

To address this issue, we began to develop a small system
that can run BCI2000 interacting with BrainInterchange, and
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FIGURE 4
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Awake recording environment. (A) The external component of the BIC device (red arrow) is connected to the implanted portion magnetically
(yellow arrow). (B) A harness (red) can be put on, holding the external portion of the BIC along with a small computer and associated battery
(e.g., in C), with the magnetically-coupled dongle interfacing with the implanted device (yellow arrow). (C) A small computer (right) and battery
(left) run BCI2000 and interact with the Braininterchange device. (D) A nearby laptop connects to and remotely controls BCI2000 on the small
computer. (E) Postoperative ECoG activity in the awake behaving canine, recorded from an electrode over sensorimotor cortex. (F) Amplitude
spectrum of this ECoG activity, revealing the expected oscillatory activity in the beta band.

Awake behaving

electrophysiology

Voltage

150 ms

Amplitude

can do so for at least several hours without interruption (about
8 h in the configuration described here). This system consists
of a portable battery and a mini PC stick that runs Windows
10 64-bit, has 4GB of RAM, 64GB SSD, an Intel Gemini Lake
J4105 processor with enough computing power, and does not
need a fan (Figure 4C). BIC’s external transmission unit plugs
into this computer and interacts with the BIC device. Thus,
there are no range issues with a wireless link. The transmission
unit, portable PC, and associated battery are light enough that
they can be carried even by a medium-sized animal such as
a canine using an appropriate harness (Figure 4B). While this
harness proves useful, we still need to further improve this
setup so that all cabling/connections remain in place while
the animal is normally behaving (or even actively trying to
manipulate them). In any case, the device can perform all
of the recording/processing/visualization/stimulation functions
BCI2000 can provide, connects to the local WiFi network, and
can be remotely controlled using remote-control software.

We anticipate that, with completion of this development,
with full technical and clinical validation, and with development
of technical, clinical, and regulatory protocols, our work
will create the first comprehensive ecosystem for adaptive
neurotechnology research in humans that should make it easier
for research groups to develop new neuromodulation protocols
that address the devastating effects of different neurological
disorders.
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