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Precise anatomical implantation of a microelectrode array is fundamental for successful brain-computer interface (BCl)
surgery, ensuring high-quality, robust signal communication between the brain and the computer interface. Robotic
neurosurgery can contribute to this goal, but its application in BCI surgery has been underexplored. Here, the authors
present a novel robot-assisted surgical technique to implant rigid intracortical microelectrode arrays for the BCI. Using
this technique, the authors performed surgery in a 31-year-old male with tetraplegia due to a traumatic C4 spinal cord
injury that occurred a decade earlier. Each of the arrays was embedded into the parenchyma with a single insertion
without complication. Postoperative imaging verified that the devices were placed as intended. With the motor cortex
arrays, the participant successfully accomplished 2D control of a virtual arm and hand, with a success rate of 20 of 20
attempts, and recording quality was maintained at 100 and 200 days postimplantation. Intracortical microstimulation

of the somatosensory cortex arrays elicited sensations in the fingers and palm. A robotic neurosurgery technique was
successfully translated into BCI device implantation as part of an early feasibility trial with the long-term goal of restoring
upper-limb function. The technique was demonstrated to be accurate and subsequently contributed to high-quality signal

communication.
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oToR impairment of the upper limbs is a subse-
M quent dysfunction following various neurologi-
cal disorders. Traumatic spinal cord injury is one
of the major causes of the impairment, with 250,000 to
500,000 individuals impacted every year worldwide.! Of
those injuries, approximately 55% are likely to localize to
the cervical spine, with the greatest proportion at the C4
level (15.7%), where the impairment leads to severe motor
and sensory limitations.> The impairment can reduce inde-
pendence and quality of life and imposes physical, mental,
social, financial, and caregiver burdens.!
Brain-computer interfaces (BCIs) are an emerging so-
lution for restoring upper-limb motor function. A funda-
mental aspect of this approach is the high-quality, robust

signal recordings obtained by precise intracortical micro-
electrode array implantations.’”” From the surgical aspect,
precise array positioning, proper alignment between elec-
trode shanks and insertion axis, and minimal vascular and
cortical tissue damage by insertion have been shown to be
essential to achieve the high signal quality, stability, and
longevity of device communication after the implanta-
tion.*8-!! In addition, building on the pioneering success
of motor cortex BCIs for upper-limb motor control,'>'> re-
cent advances in the neuroscience and neuroengineering
fields have demonstrated further improvement of motor
function by targeting areas other than the motor cortex.
For example, one notable development involves targeting
distinct digit areas within the somatotopically organized
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somatosensory cortex, facilitating enhanced motor control
performance.'*!"” This development subsequently requires
neurosurgeons to perform highly precise and repetitive
implantations, while managing time-consuming maneu-
vers efficiently. Thus, the demand for surgical procedures
using the BCI has been rising and is anticipated to grow
even more.

Using presurgical imaging, robotics in neurosurgery
provides highly accurate positioning with sophisticated
computation, semiautomated motion guidance, and rigid
holding ability, which in turn reduces exhaustion to repeti-
tive motion, human errors, and operation time.'3!° Utiliza-
tion of robotic technology is taking precedence in epilep-
sy, functional, and spinal surgery among the neurosurgical
fields. Robotic techniques can theoretically contribute to
precise positioning of the multiple microelectrode arrays
and subsequent sufficient signal recordings in the BCIL.2°
However, even among the cutting-edge research groups in
the field, translation of robotic neurosurgery techniques to
the BCI has been largely undocumented.!?-12-14.16.17.21-29

Here, we present a BCI case in which a robotic neuro-
surgery technique was utilized for surgical planning and
guidance. The participant, who had tetraplegia due to a
spinal cord injury, underwent the implantation of four mi-
croelectrode arrays (Utah Array, Blackrock Neurotech;*
which is the most widely used array for the BCI), which
enabled successful sensorimotor BCI performance, sub-
stantiating the promise of the approach. We further dis-
cuss the future challenges of surgical aspects of the BCI
via this case demonstration.

Methods

The robotic surgical protocol was developed based on
our team’s extensive experience with hundreds of cases
treating refractory epilepsy and movement disorders.?!-2
This robotic surgery experience was combined with ex-
pertise in implanting intracortical microelectrode ar-
rays in humans and animals.*® The motivation for using
a robotic surgery technique lies in its core competencies:
high accuracy, time efficiency, reducing human error, and
minimizing surgeon burden in repetitive procedures.'® In
the participant in this study, we implanted four micro-
electrode arrays (Blackrock Neurotech): two in the hand
and arm area of the motor cortex (96 wired electrodes, 4
x 4-mm array, 1.5-mm-long electrode, sputtered iridium
oxide film) and two in area 1 of the somatosensory cor-
tex (32 wired electrodes, 2.4 x 4—mm array, 1.5-mm-long
electrode, sputtered iridium oxide film). The methods and
hardware required to conduct neural recording and mi-
crostimulation experiments following array implantation
have been described elsewhere.'*1634 The study was con-
ducted under an investigational device exemption from the
US Food and Drug Administration and approved by the
institutional review board at the University of Pittsburgh.
Informed consent was obtained before the study proce-
dures were performed.

Participant History

At the time of implantation, the participant was a
31-year-old male with a traumatic C4 spinal cord injury
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(American Spinal Injury Association Impairment Scale
grade A) secondary to a fall 10 years prior. The partici-
pant is dependent for all mobility and activities of daily
living but is able to control a power wheelchair with head
controls and his touchscreen computer with a stylus.

Operation
Preoperative Preparation

For the preoperative planning, structural 3T MRI
(MPRAGE, 1-mm isotropic voxels with and without con-
trast, TR 2400 msec, TE 3.09 msec, TI 1000 msec, flip
angle 8°, acquisition matrix 256 x 256 x 192, GRAPPA
factor 2) and functional MRI (fMRI; acquired with 32
slices centered on the anatomical hand knob using 2-mm
isotropic voxels, TR 2000 msec, TE 30 msec, acquisition
matrix 94 x 110 x 32, flip angle 90°, GRAPPA factor 3)
were performed during sensorimotor tasks and the images
were used to determine the array locations as previously
described.*161734 The cortical surface was created from
the structural MR images and overlaid with the fMRI ac-
tivation map to determine array placement (Fig. 1A). The
array location was determined via consensus of the study
team based on discussions about the imaging results, and
the location plans were proposed independently by mul-
tiple study investigators. The structural MR images were
uploaded to a robotic stereotactic system (ROSA, Zimmer
Biomet). Using ROSA software’s planning function, we
created the trajectories for array insertion points on the
motor cortex for the shoulder and hand, and on the so-
matosensory cortex for the index finger and thumb (Fig.
1B-D). Using the postcontrast T1-weighted images, we
confirmed the trajectories so that they did not interfere
with any visible vessels.

Workflow for Microelectrode Array Installation

On the day of surgery, the surgical team and neural
engineering team prepared the surgical field and micro-
electrode array verification, respectively, to minimize the
procedure time.

Under general anesthesia, a Mayfield 3-pin clamp was
used for head fixation, with the head rotated 60° contra-
lateral to the array insertion side (Fig. 2A). The robotic
system was connected to the head clamp, and registration
was performed through the laser surface pointing system.
The registration was confirmed when the accuracy was
satisfactory (< 0.75 mm).3"3 Then, the operating table was
locked and unplugged to prevent accidental imprecision.
The sagittal midline of the head was marked to locate
the planned percutaneous connector (pedestal) positions.
Placement of the horseshoe skin incision and craniotomy
was designed such that the trajectories were surrounded
using the guidance of the robotic system (Fig. 2B and C).
These designs were defined considering that each pedes-
tal incorporates one array for the motor cortex and one
for the somatosensory cortex, connected via a 15-cm-long
wire bundle. Antibiotics were given and the patient was
prepped and draped in the usual craniotomy fashion. The
skin incision and a craniotomy were performed using a No.
15 blade knife and a high-speed pneumatic drill (Midas
Rex, Medtronic), but the dura mater was not opened until
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FIG. 1. Preoperative planning. A: Coregistered T1-weighted MR image (MPRAGE) and processed fMRI data showing activation
for shoulder (orange) and hand (blue) movements in the motor cortex, and thumb (purple), index finger (green), and middle finger
(vellow) representations in the somatosensory cortex. Planned array locations based on team consensus are shown as rectangu-
lar/square grids. B: A general view of trajectories indicating the four insertion points as seen from above the scalp. C and D: Four
trajectories for shoulder (red), hand motor (blue), index finger (green), and thumb sensory (purple) areas on the MR images
(sagittal [C] and coronal [D] sections) depicted in the native software of the robotic system. The targets of the trajectories are at the
brain surface where the fMR image indicated increases in activity in the motor and somatosensory cortices, and where the ideal
array locations were planned (A). AC = anterior commissure; E = entry point; IH = interhemispheric point; PC = posterior commis-

sure; T = target point. Figure is available in color online only.

the other preparations for the arrays were completed (Fig.
2D). When the craniotomy was performed, the neural en-
gineering team simultaneously inspected the Utah Array
(Fig. 2E and F). After verification, the devices were care-
fully carried to the operating table.

Two skin incisions, remote from the craniotomy and
along the midline of the head, were made for postoperative
access to the pedestals. The array insertion points, as well
as the central sulcus and sensorimotor cortex, were again
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checked with the robotic system before starting the dural
incision (Fig. 3A and B). Then, a small dural incision was
made just above the insertion point. The insertion point on
the brain surface was marked immediately after the dural
opening, guided by the robotic system’s trajectory (Fig.
3C). In order to minimize deviation from the preoperative
plan due to brain shift, mannitol was not used. Following
the markings for each of the arrays, the dura mater was
opened widely so that the brain surface could be exposed
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FIG. 2. Operation workflow (before implanting the microelectrode ar-
rays). The surgical team positioned the patient with his head fixed in

a 3-pin skull clamp and rotated 60°, and set up the robotic system by
connecting it to the head clamp set. A: Through use of the laser pointing
(red) function of the trajectories, insertion points of the microelectrode
arrays were marked. B: Once all insertion points were marked, a crani-
otomy and skin incision were designed to encompass them. C: A general
view of setting after draping. D: A postcraniotomy surgical view. Two

skin incisions for the device connectors (pedestals) were opened using
retractors. E and F: The Utah Array is visually inspected by the neural
engineering team to ensure the device is undamaged, as a standard pro-
cedure. Optionally, the array can be checked by submerging it in a tray of
normal saline (E) and connecting a NeuroPlex E headstage (Blackrock
Neurotech) (F). H = hand motor; | = index sensory; S = shoulder motor
area; T = thumb sensory. Figure is available in color online only.

for visual inspection (Fig. 3D). The pedestals were then
guided under the skin toward the incisions. The microelec-
trode arrays were positioned outside the craniotomy field,
stabilizing unexpected movement (Fig. 3E). Congruency
between the preoperative plan and brain surface marking
was verified by both the surgical and neural engineering
teams, and fine-tuning adjustments were implemented for
small vessels that were invisible on the preoperative im-
aging. Then, the devices were laid out over the insertion
points while being mindful of the shape memory proper-
ties of the wire bundles (Fig. 3F).3¢ Once deployed, all ar-
rays were inserted into the parenchyma using a pneumatic
insertion device.’” The insertion trajectories were aligned
with those planned in the robotic system such that the im-
pact vector was perpendicular to the brain surface, as it
conveys maximum penetration force and avoids reinser-
tions and oblique insertions (Fig. 3G—I). We observed lo-
cal subarachnoid hemorrhage after the insertions, but all
of them were embedded with a single impact. Magnified
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images with a high-resolution camera confirmed that all
the arrays were fully embedded into the parenchyma (Fig.
3J and K). We further confirmed their placement using a
flexible endoscope, allowing real-time visualization of de-
vice insertions (Video 1).

VIDEO 1. Video clip demonstrating confirmation of the microelec-

trode array implantation using an endoscope. © Jorge A. Gonzalez-

Martinez, published with permission. Click here to view.
After the verification, dural closure was performed with-
out anchoring the device’s lead to the dura (Fig. 3L). The
leads were routed subcutaneously through the burr hole
toward the pedestals. Skin closures and dressings were
placed in the usual fashion, and after the patient emerged
from anesthesia he was extubated. The operation time was
4 hours 19 minutes. The volume of blood loss was too
small to measure but was estimated to be less than 50 ml.

Results

A fusion image of the preoperative T1-weighted MR
image and postoperative CT scan shows that the devices
were positioned as intended (Fig. 4A and B). No acute hem-
orrhagic or other types of complications were observed
on the postoperative CT scan (Fig. 4C). The participant
developed a local and limited skin infection after surgery,
which was treated with focal skin debridement and short-
term antibiotics, resulting in complete resolution.

Postoperative experimental protocols were performed
by the neural engineering team through the externalized
pedestals (Fig. 4D). At 14 days postimplantation, the par-
ticipant attempted 2D control of a virtual arm and hand
using the motor cortex arrays for the first time and was
successful on 20 of 20 attempts (Video 2).

VIDEO 2. Video clip demonstrating the participant’s first attempted

brain-controlled movement of the virtual arm toward the target 2

weeks after implantation. The BCl was calibrated as in a previous

report' to enable the participant to control 2D endpoint velocity of
the hand using neural activity generated by the participant attempt-
ing to move the virtual arm. The 2D BCI enabled the participant to

move the hand to any location in a vertical plane. For each trial, a

transparent target appeared, and when signaled by the audio cue,

the participant attempted to reach toward the target within a pre-
defined radius of success. After successfully acquiring the target,
the hand was paused by the computer, a new target appeared, and
then an audio cue signaled the transition to brain control. © Jennifer

L. Collinger, published with permission. Click here to view.

At 14 days 6 months postimplantation, multiple micro-
stimulation surveys were conducted for each electrode of
the somatosensory cortex arrays and elicited sensations in
the little, ring, and middle fingers, and at the base of the in-
dex finger or thumb on the palm. At the time of this writ-
ing (approximately 1 year postimplantation), the devices
remain functional and the clinical trial and associated
experiments are ongoing. Figure 5 illustrates the record-
ing quality from the motor arrays at 14, 100, and approxi-
mately 200 days postimplantation, and evoked sensations
through intracortical microstimulations on the somatosen-
sory cortex arrays.

Discussion
We described the rationale for and utility of robotics
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FIG. 3. Operation workflow (microelectrode array insertion). A: The robotic system indicated an insertion point on the dura mater.
B: Magnified view. C: The dura mater was opened with a small incision, guided by the robotic system. Immediately after that,

the insertion point was marked with a pen at the cerebral surface. D: The four insertion points were marked and the dura mater
was fully opened. The tip of a micro spatula indicated the somatosensory area for the thumb. E: The Utah Arrays were held by
bone wax. Note that the electrodes are delicate and fragile, requiring careful handling. F and G: The arrays were deployed to the
planned points. H: The pneumatic insertion device was positioned over the middle of the back of the array, perpendicular to the
brain surface. I: A magnified image of the pneumatic insertion device head before the impact. The microelectrode was slightly
pressing on the brain surface but had not yet been inserted. J: Microelectrodes were inserted by the pneumatic device that uses
a high-speed plunger on the back of the array. Note that the microelectrode shanks were embedded in the brain and not visible at
this point. K: All arrays inserted into the brain. Note that the position of the arrays was identical to the planned location (G). L: A
general view of the device installation after dural closure. Figure is available in color online only.

in BCI surgery and reported a case of robot-assisted BCI
implantation in which four intracortical microelectrode
arrays were implanted in the sensorimotor cortex of a
man with tetraplegia due to a C4 spinal cord injury. Spe-
cifically, the robotic stereotactic system was used to plan
the array location and insertion trajectories, which then
informed the craniotomy location and enabled intraopera-
tive confirmation of expected array placement. Preopera-
tive plans and surgical flow were conceived based on our
extensive experience, and those were translated into the
implementation of a safe, feasible, and precise robot-as-
sisted surgical approach.®3* Consequently, all the arrays
were successfully inserted and the signals from the im-
planted arrays demonstrated the expected motor activity
suitable for BCI control and sensory responses suitable for
restoration of touch. Robotic neurosurgery is well suited
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for the BCI, and its use will likely continue to expand in
the near future. Future studies may incorporate surgical
robots into the surgical procedures themselves, assisting
with opening the craniotomy or inserting the arrays di-
rectly.

The approach utilized here is a precise targeting tech-
nique for the implantation plan of an intracortical sen-
sorimotor BCI, especially rigid microelectrode arrays,
such as the Utah Arrays. This technique can be applied
to implantation targets beyond the sensorimotor cortex.
For example, some studies have targeted the posterior pa-
rietal cortex, premotor cortex, or Broca’s area.?'% From a
comparative viewpoint of surgical technique, image-guid-
ed surgery has been the conventional standard approach
for BCI implantation. This approach is simple and time-
efficient, but its accuracy is limited because aligning the
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FIG. 4. Postoperative images. A: A 3D brain surface image with microelectrode arrays. The array was depicted as the object (red).
The objects were depicted by localizing the microelectrode arrays on the fusion images of a postoperative CT scan and preopera-
tive T1-weighted MR image (MPRAGE). B: A magnified 3D image showing the location of each array around the central sulcus
(purple line). Note that the positions of the array depicted are consistent with the insertion points as intended (see Fig. 3). C: An
axial postoperative CT scan showing device artifact without any surgical complications. D: A 3D postoperative bone image show-
ing the connectors of the device (pedestals) and the craniotomy field where the arrays were implanted. Figure is available in color

online only.

marking with the trajectory relies on targeting through hu-
man hands, using a handheld pointer. Another approach is
conventional stereotactic frame-based surgery. However,
a considerable number of papers have indicated that ro-
botic surgery has a greater time efficiency and may have
equivalent or higher accuracy compared with the classic
stereotactic approach.!®3! The advantage of a frame-based
approach using a rigid reference frame lies in the ability to
simulate the trajectory on a phantom, improving accuracy
and precision before the actual procedure. Furthermore,
the robotic system accurately projected the array locations
to the skin surface using the laser indicator, assisting in
planning the skin incisions and craniotomy. Therefore, a
robot-guided method, which has the advantage of repeti-
tive, rapid, and precise motion without human errors, sub-
stantially assists in overcoming the challenges inherent
in BCI implantation with a need for accurately targeting
multiple insertion points.

In this case, we implanted four arrays, and they were

each inserted with a single impact of a pneumatic device.
Because there are no avascular areas in the cerebral cor-
tex, intracortical array insertion poses the unavoidable
risks of small-vessel disruption and hemorrhage, which
lead to neuronal loss and signal quality degradation.'
Moreover, each insertion causes mechanical disruption to
the cortex that may initiate a foreign body response, which
can result in signal instability.* Hence, to avoid multiple
reinsertion maneuvers that increase the chances for corti-
cal damage, we visually aligned the array and pneumatic
device perpendicular to the brain surface. In the future, to
improve reliability and increase time efficiency, it would
be desirable if the maneuver could be semiautomatically
controlled by robotics. The real-time visual feedback via
endoscopy that we demonstrated potentially contributes to
such a system in the device position control. In this respect,
Neuralink’s light-based automatic real-time feedback ap-
proach is advanced.?® Furthermore, its almost fully robotic
approach has promising time efficiency, yet its impact on
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FIG. 5. Neural signal stability. A: Distribution of median peak-to-peak voltage amplitudes across all channels of the medial
(targeting the shoulder motor area: orange) and lateral (targeting the hand motor area: blue) motor cortex arrays (left), and 50
representative waveforms from a channel with the median peak-to-peak voltage value (VPP) for each array (right) across 3 time
points postimplantation, showing that high signal quality was maintained. B: Array locations and illustrations of hand and magnified
arrays colored based on the projected fields elicited by intracortical microstimulations for each electrode. The blue boxes in the up-
per image represent the intended locations of the microelectrode arrays. The illustration shows the centroid of the projected field
across all survey repetitions of each electrode. The lateral array mainly corresponds to the thumb to middle finger, while the medial
array corresponds to the little finger. Further details regarding this result are discussed elsewhere (Downey et al., 2024).* MC =
motor cortex array; P, = index finger projection; P, = little finger projection; P,, = middle finger projection; Pg = ring finger projection;
P = thumb projection; SC = somatosensory cortex array. Figure is available in color online only.

safety and accuracy, as well as on the outcome of the BCI
itself, remains to be evaluated.”

A further challenge in this process lies in establishing a
standard insertion method that is reliable and less depen-
dent on human involvement for current state-of-the-art in-
tracortical devices that underpin the bulk of the BCI works
to date,**# as well as developing and improving surgical
techniques that allow new technologies to be applied to
interventional devices while advances in neuroscience and
neuroengineering continue. Meeting this challenge will
likely include the involvement of neurosurgeons in the de-
vice development stage. Moreover, while robotic guidance
in surgical procedures is undisputed in accuracy, there re-
mains the intraoperative challenge of refining the insertion
location to account for microvessels that were invisible dur-
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ing preoperative imaging. Therefore, multidimensional ap-
proaches are required to further improve the methodology.

Limitations

We evaluated signal robustness over a relatively short
follow-up period of approximately 1 year and in a single
participant; thus, a validation study with a larger number of
participants with long-term follow-up is required. Despite
this limitation, robotic surgery is a well-suited technique
for BCI device implantation compared with the convention-
al approach and is adaptable to future advances in this field.

Conclusions
A robot-assisted neurosurgery technique was success-

Brought to you by NIH Library | Unauthenticated | Downloaded 07/08/25 03:02 PM UTC



fully translated into BCI device implantation as part of an
early feasibility trial with the long-term goal of restoring
upper-limb function. The technique was demonstrated to
be accurate and time-efficient, and subsequently contrib-
uted to high-quality signal communication.
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