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Abstract

Invasive brain-computer interfaces hold promise to alleviate disabilities in individuals with neurologic injury, with fully implantable
brain-computer interface systems expected to reach the clinic in the upcoming decade. Children with severe neurologic disabil-
ities, like quadriplegic cerebral palsy or cervical spine trauma, could benefit from this technology. However, they have been
excluded from clinical trials of intracortical brain-computer interface to date. In this manuscript, we discuss the ethical consid-
erations related to the use of invasive brain-computer interface in children with severe neurologic disabilities. We first review the
technical hardware and software considerations for the application of intracortical brain-computer interface in children. We then
discuss ethical issues related to motor brain-computer interface use in pediatric neurosurgery. Finally, based on the input of a
multidisciplinary panel of experts in fields related to brain-computer interface (functional and restorative neurosurgery, pediatric
neurosurgery, mathematics and artificial intelligence research, neuroengineering, pediatric ethics, and pragmatic ethics), we then

formulate initial recommendations regarding the clinical use of invasive brain-computer interfaces in children.
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Brain-computer interface (BCI) is a rapidly expanding field of
neuroengineering and functional neurosurgery. Brain-computer
interface represents a direct communication channel between
the central nervous system and a computer, bypassing primary
sensory organs (ear, eyes, skin, etc) or primary effector organs
(voice, arms, legs, etc). A brain-computer interface can be consti-
tuted by a neural interface allowing to extract endogenous brain
signals that relate to the user’s mental processes, or allowing to
stimulate the brain nerve tissue in a patterned way, depending
on external information collected by an artificial sensor and con-
troller. With significant investment from both the public sector,
through the European Union Human Brain Project,’ US Brain
Research Through Advancing Innovative Neurotechnologies
(BRAIN) Initiative,” and US Defense Advanced Research
Projects Agency (DARPA) investment in brain-computer inter-
faces® among others, and the private sector, with companies as
Synchron (Brooklyn, New York), Paradromics (Austin, Texas),
and Neuralink (Austin, Texas),® brain-computer interfaces are
expected to reach a widespread clinical use within the next
decade, helping individuals with severe neurologic disabilities
and preserved cognition to connect with their environments.
For instance, more than 40 patients worldwide have been
implanted with temporary Utah intracortical electrodes with suc-
cessful brain-computer interface control of computers, robotic
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arms, etc’; and novel fully implanted, permanent devices for
long-term brain-computer interface are entering clinical® or late
preclinical® studies. This work is closely followed by neuroethi-
cists, who have highlighted the necessity of guidelines for neuro-
technology.”® Risks of intracortical brain-computer interface
extend beyond the possible complications of the neurosurgery
for implantation of electrodes; as the brain-computer interface
becomes an integral part of the patient, it implies important
risks for the sense of identity, a risk of stigma related to having
a permanently implanted device, a risk of system deficiency
potentially leading to adverse outcomes, risk of brain-computer
interface “hijacking” and a risk of confidentiality.”'”
Candidates for intracortical brain-computer interface are inher-
ently vulnerable because of their neurologic disability, which
represents an additional challenge for informed consent.''
Expectedly, some patients who would benefit from this technol-
ogy will be children—for instance, children with traumatic cervi-
cal spinal cord injury, congenital myelopathy or myopathies,
demyelinating leukodystrophies, quadriplegic cerebral palsy, or
iatrogenic neurologic injury following neurosurgical interven-
tions. Implantation of invasive brain-computer interfaces repre-
sents additional challenges in the pediatric population, notably
the need for substitute consent for an investigational procedure,
the capacity for abstraction and sustained attention required for
the calibration and optimization of the brain-computer interface,
and tailored design considerations. The existence of other, less
sophisticated neuroprostheses like deep brain stimulation, vagal
nerve stimulation, cochlear implants establishes a precedent on
which to build for the translation of neurotechnology from inves-
tigational device, to clinical use in adults, then in children.

In this manuscript, we aim to briefly review the different
types of brain-computer interfaces, then cover the technical
and ethical considerations related to intracortical brain-
computer interface implantation in the pediatric population.
Based on a review of the literature and on the input of a multi-
disciplinary panel of experts in fields related to brain-computer
interfaces (functional neurosurgery, pediatric neurosurgery,
neuro-engineering, basic neuroscience research, artificial intel-
ligence research, pediatric ethics), we then formulate initial rec-
ommendations regarding the clinical use of invasive
brain-computer interface in children.

Methods

First, we systematically reviewed the literature on key subjects related
to the implementation of brain-computer interface protocols in chil-
dren. We used a variety of keywords on 2 academic publication
research engines (PubMed, Google Scholar), notably brain-computer
interface or brain-machine interface combined with intracortical,
invasive, ethics, ethical, risks, and pediatric neurosurgery. We
retrieved manuscripts with relevant titles and abstracts and reviewed
the relevant associated references. From this primary search, we iden-
tified issues frequently discussed in the ethics literature on brain-
computer interface; from these topics, we generated keywords and per-
formed a secondary targeted search, analogous to the method used in a
previous scoping review.’

We then reviewed the past and ongoing clinical trials of brain-
computer interfaces on the clinicaltrials.gov database using keywords
brain-computer interface, brain-machine interface, neuroprosthesis,
tetraplegia, locked-in, and spinal cord injury. We then researched
the publications of principal investigators of past and ongoing trials.

Second, we built on this literature review to articulate a classifica-
tion of brain-computer interface subtypes, as well as a classification of
relevant technical and ethical challenges pertaining to their implemen-
tation in pediatric neurosurgery. Given that the definition of brain-
computer interface is broad, we chose to focus the discussion of
these challenges on motor, invasive brain-computer interfaces (see
below). Invasive brain-computer interface was defined as a brain-
computer interface where the electrode used to register brain signals
is inside the skull.

Third, we contacted key academic actors in Quebec, with a wide
variety of backgrounds related to implementation of brain-computer
interface programs in pediatric neurosurgery: functional and restorative
neurosurgery (C.1.-M.), pediatric neurosurgery (A.G.W.), mathematics
and artificial intelligence research (G.L.), neuro-engineering (M.B.),
pediatric ethics (N.O.G.), and pragmatic ethics (E.R.). This collabora-
tion helped to critically analyze the literature and formulate recommen-
dations related to the implementation of brain-computer interface
programs in pediatric neurosurgery.

Basic Mechanism of Brain-Computer
Interface

A motor brain-computer interface uses a mathematical algo-
rithm termed a “decoder” to estimate the user’s intention, repre-
senting movement, speech, or any form of environmental
interaction. The neural signal can be decoded from outside
the skull (noninvasive: electroencephalography [EEG], func-
tional near-infrared spectroscopy [fNIRS]) or inside the skull
(invasive: local field potential through epidural or subdural
electrocorticography, single-neuron activity [spikes] through
intracortical implants; see Figure). The signal is then processed
to extract informative signal components that are correlated to
the mental processes of interest (eg, “move cursor up”), also
called “features” (eg, an increase in activity in a subpopulation
of neurons). The disadvantage of noninvasive signals like scalp
EEG is that the decoded signals reflect the mean activity of a
large number of neurons, with a signal that is attenuated
through the thickness of the skull and the scalp, hence limiting
the precision and rate of data transfer (“bit rate”) that can be
achieved.'? Intracranial electrodes like subdural or epidural
electrocorticography still record the mean activity of groups
of neurons (local field potential), but in a much more precise
manner, as they get much closer to the neurons they record.
Finally, intracortical microelectrodes, as they penetrate the
cortex to reach the cell bodies of pyramidal neurons in layer
V of the cortex, can record the activity of individual neurons
(action potentials, also called “spikes”).'> Modern intracortical
brain-computer interface systems have multiscale decoders that
extract information directly from binary spike events (spike, no
spike) at their millisecond time scale while also adding informa-
tion from continuous local field potential at their slower time
scales.” Basic knowledge of the anatomy and physiology of
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the implanted brain region helps defining a baseline interpreta-
tion of neural activity and translate it into the movement of an
actuator—a prosthetic limb, for instance. Translation of brain
signals into volitional movement relies heavily on signal pro-
cessing and machine-learning algorithms, but also on the plas-
ticity mechanisms in the user’s brain, enabling to learn novel
motor outputs. The brain-computer interface loop is closed
when the user receives feedback of this action directly
through their natural senses (visual feedback of the performed
action) or artificially, via neural feedback (intracortical micro-
stimulation for tactile information of a prosthetic limb, for
instance).'> Using this feedback, the patient can learn to
control the activity of this brain region to achieve more preci-
sion in controlling the actuator (computer cursor, prosthetic
limb, etc). Simultaneously, engineers can refine the decoder
algorithm (decoder calibration) to allow better translation of
brain signals into the precise control of an actuator. This bidir-
ectional optimization process requires many weeks of intensive
training. Currently, the calibration process requires constant
oversight by a team of specialized engineers and programmers,
which is a major hurdle for widespread clinical use. Many
factors explain this need for constant oversight: the signal fea-
tures allowing to decode intent are patient-dependent, and they
can change from day to day because of the submillimetric
movement of the microelectrodes in relation with the neurons
they record.'*'® Achieving automated model calibration will
be a major breakpoint for the clinical translation of intracortical
brain-computer interface; therefore, academic researchers and
industry leaders are currently devising long-term, unsupervised
recalibration algorithms of cursor brain-computer interfaces.*"”
The patient’s learning process may also eventually be com-
pleted autonomously by the patient through an interactive
app.* The capacity to translate brain activity into complex, spe-
cific tasks requires the decoding of the precise activity of a large
group of neurons. brain-computer interface based on noninva-
sive measurements such as scalp EEG or functional near-
infrared spectroscopy can measure variations of activity of
large groups of neurons, which can be decoded to perform
simple tasks like moving a cursor; however, they lack the
spatial and temporal precision to perform more complex, mul-
tidimensional tasks. Intracortical brain-computer interfaces
can detect the activity of single neurons (spikes), which, if a
high number of electrodes are implanted, can gather enough
data to translate into more complex tasks. In a sensory brain-
computer interface, sensory information is received by an arti-
ficial sensor (eg, camera and audio recorder), digitized by a
computer and converted into electrical stimulation of the
cortex in a specific spatial and temporal pattern, aiming to
reproduce the brain’s natural activity during this sensory stim-
ulus. The goal is to evoke a conscious representation of the
stimulus by the patient, as if his own sensory organs had
picked up the stimulus and transmitted it to the cortex. As
such, the precision of sensory brain-computer interface cru-
cially relies on proper understanding of spatial and temporal
patterns of neuronal activity during integration of various
stimuli, but also the spatial specificity of the stimulating

implant (area of coverage, number of electrodes, capacity for
concomitant discrete stimulations) to produce properly inte-
grated and meaningful perceptions. Some authors have used
preoperative magnetic resonance imaging (MRI) magnetoen-
cephalography (MEG) to guide the placement of electrodes
and delineate areas of peak activity during imagined stimuli.'®

Sensory Brain-Computer Interface

Arguably, the first widely used sensory brain-computer inter-
face introduced were cochlear implants—which bypass the
middle ear apparatus to provide electrical input to the cochlear
nerve in patients with severe hearing loss.'® In patients with
damage beyond the cochlear nerve (like acoustic schwannoma
in neurofibromatosis type 2), auditory brainstem implants
were developed to provide electrical input directly to the
brainstem cochlear nuclei using implanted electrodes.?”
Similar implants are currently in development to restore
vision by electrically stimulating the retina, optic nerve or
primary visual cortex,?' restore smell by electrically stimulat-
ing the olfactory bulb,?? or restoring proprioception and tactile
exploration by electrical microstimulation of the primary
sensory cortex.'®

Motor Brain-Computer Interface

Individuals with tetraplegia or locked-in syndrome have normal
cognitive function, yet disrupted transmission of brain signals
to the musculoskeletal system, resulting in severe limitations
in activities of daily living. Motor brain-computer interfaces
use mathematical algorithms to estimate the intended move-
ment state from neural activity in order to control an external
actuator. The decoding of brain signals can be used to control
the movement of the patient’s own limb through nerve® or
muscle'®  stimulation, an anthropomorphic  prosthetic
limb,>** an exoskeleton,® or a cursor on a tablet or com-
puter.”’” Communication can be restored through mind-
controlled typing,”®>! and preliminary data suggest the possi-
bility to synthesize speech at a natural rate by decoding the neu-
ronal activity of brain regions encoding kinematic
representations of articulation.*** Figure 1 summarizes the
putative mechanisms and actuator options of motor brain-
computer interface in children.

Emotional-Cognitive Brain-Computer Interface

Deep-brain stimulation has been trialed to improve symptoms
of various neuropsychiatric conditions in adults, including
refractory depression, obsessive-compulsive disorder, anorexia
nervosa, dementia, among others.*> More recently, deep brain
stimulation has received humanitarian device exemption for
use to treat dystonia and epilepsy in children>7 years old,
with some reports of its use for OCD and autism spectrum dis-
order with auto—aggressivity.3("3 ® When the stimulation is
applied with an open-loop paradigm (with fixed parameters),
deep brain stimulation represents a form of neuroprosthesis,
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Figure |. Summary of motor brain-computer interface steps and options as decoders of brain activity and actuators. Legend. Motor
brain-computer interfaces (BCls) hold promise to help children with severe neurologic disabilities, such as tetraplegia. These systems can be

represented by three components.

but not a brain-computer interface, because there is no decod-
ing of brain activity or targeted microstimulation based on
sensory information. However, recent technological advance-
ments have led to the creation of deep brain stimulation elec-
trodes with sensing capabilities.*® This deep brain stimulation
system has paved the way for adaptive deep brain stimulation
(aDBS), which uses the recording of local field potentials to
deliver personalized, data-driven deep brain stimulation treat-
ment.*' Responsive Neurostimulation (Neuropace), a closed-
loop neurostimulation device used to treat drug-resistant
epilepsy that continuously monitors electrocorticograph activ-
ity through implanted electrodes connected to a programmer
and delivers targeted neurostimulation through leads when
abnormal patterns are detected.** Although this device was
US Food and Drug Administration approved for adult epilepsy
on the basis of a large randomized controlled trial in adults,**
it has also been used safely and effectively in children with
refractory epilepsy.** Recently, the Neuropace RNS system
has been successfully used to treat an individual with
treatment-resistant depression.*> Authors have suggested
closed-loop paradigms, whereby the frequency and intensity
of the stimulation is modulated based on decoding of the
“mood state” from neuronal activity, may improve the effec-
tiveness of deep brain stimulation for neuropsychiatric disor-
ders.*>*® In this instance, the term emotional brain-computer
interface would apply because there is an automated decoding
of neuronal activity that is translated into the modulation of an
effector: stimulation of the brain itself. In order to work, these

systems require a detailed understanding of how brain activity
reflects the underlying mood of an individual at a given time.*’

Because the definition of brain-computer interface is broad,
the discussion of technical and ethical challenges related to each
brain-computer interface subtype would impair our ability to
provide a structured and digest analysis. We hence focused
our work on the ethical challenges of implanting invasive
motor brain-computer interface in children. Sensory and
emotional-cognitive brain-computer interfaces evoke a distinct
set of ethical considerations.>>*8 Likewise, we will not cover
eventual “neuro-augmentation” properties of intracortical brain-
computer interface, which have been clearly stated as an objec-
tive for companies such as Neuralink,* but are much further
from clinical use.

Brain-Computer Interface and Other
Neuroprosthesis in Children—Current State

Trials of Invasive Brain-Computer Interface Worldwide

Our clinicaltrial.gov database search found 17 studies involving
intracortical motor brain-computer interface devices; of these,
none involved patients younger than 18 years (see Table 1).

Neuroprosthesis Trialed in Children

The only devices akin to intracortical brain-computer interface that
were tested in children were auditory brainstem implants for the
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restoration of hearing and closed-loop neurostimulation for epi-
lepsy. Auditory brainstem implants (ABIs) are currently indicated
for children and adults with sensorineural hearing loss and irre-
versible damage to the cochlear nerve preventing cochlear
implant; most often for infants with neurofibromatosis type 2,
but increasingly used for other conditions (cochlear nerve
aplasia, auditory neuropathy, etc). The optimum age for elective
ABI implantation in children is between 18 and 24 months.*’
The rationale behind an early implantation of ABI is to harness
developmental plasticity to achieve better long-term auditory out-
comes.>® This same rationale may also apply to children eligible
for motor intracortical brain-computer interface, who may
achieve more precise and fluid control of the actuator (cursor, pros-
thetic limb, speech transducer) if they are implanted at an age of
greater developmental plasticity. In addition, neuromodulation
devices that read brain activity are already used in children, in
the form of responsive neurostimulation for refractory epilepsy
(Neuropace system).**>! Likewise, electrical stimulation of the
brain (deep brain stimulation) is already performed for a variety
of conditions like dystonia and epilepsy.”*>*

The reasons behind the exclusion of children in trials of
intracortical brain-computer interfaces are largely omitted in
existing publications. There are scientific considerations, like
the heterogeneity of participants in studies with low sample
size, and the risk of suboptimal collaboration to the hundreds
of hours of training sessions required for these studies. There
are also moral considerations, as participants to these studies
expose themselves to health risks with minimal improvements
in their autonomy outside the laboratory setting. Indeed, these
devices usually need to be plugged into the laboratory computer
to work (and in most cases cannot be used at home or else-
where) and are usually planned to be explanted after the
study period. The benefits of participating in these studies cur-
rently lie in the desire to advance science, the collateral benefit
of social interaction through the trial, and the hope of accessing
a long-term implant after the study period.

Noninvasive Brain-Computer Interface in Children With
Severe Neurologic Disability

Although no child with neurologic disability has been
implanted with an intracortical brain-computer interface,
many trials of noninvasive brain-computer interfaces have
been conducted in children to this date. A recent systematic
review identified 12 studies of noninvasive brain-computer
interface in children: 7 studies focused on brain-computer inter-
faces for communication and 5 on mobility, and most used EEG
signal.>* Most trials enrolled patients with quadriplegic cerebral
palsy, with severe neuromotor impairment (Gross Motor
Function Classification System level V, no or minimal hand
use), impaired communication (nonverbal or very limited),
and relatively preserved cognitive functioning. Reactive brain-
computer interface paradigms rely on event-related potentials.
A popular event-related potential leveraged in brain-computer
interfaces include the P300, a large positive parietotemporal

deflection that occurs around 300 ms after an “oddball” visual
stimulus; the steady-state visual evoked potential (SSVEP)
and auditory steady-state response, wherein brain responses
are evoked, respectively, by flickering lights or pure tones at
specific frequencies. Active brain-computer interface para-
digms elicit machine-discernible brain signals for brain-
computer interface control via deliberate mental tasks such as
motor imagery, which involves the mental rehearsal of a
given movement, music imagery, spelling, covert speech, and
pictures.®®  Current brain-computer interface software,
however, tends to focus on simple, utility-driven applications,
such as spelling grids or moving a mouse cursor. Because of
current hardware and software limitations, the classification
accuracy ranges from 50% to 98% and drops further for chil-
dren with disabilities.**>” Some researchers have been able to
create brain-computer interface—controlled games for children
with severe neurologic disability.®> Children with such dis-
abilities and their parents have expressed their joy in response
to testing these new activities, in a context where most activities
usually available to them are passive, like watching a movie.*’
At the technological level, currently available noninvasive
brain-computer interface systems can be limited by their trade-
off between accuracy, speed, and degrees of freedom for selec-
tion. Researchers studying noninvasive brain-computer inter-
face in children have noted difficulties in maintaining
attention and control for extended periods due to fatigue.
Another potential problem for some pediatric conditions like
spastic quadriplegic cerebral palsy is that the damage is gener-
ally not focal on the corticospinal tracts; hence, additional def-
icits of intellectual function, motor planning, executive
functions, and memory may limit the precise control of actua-
tors using brain-computer interface. To this date, patients
implanted with invasive brain-computer interface had focal
damage to the corticospinal tract, either at the cervical spinal
cord (traumatic SCI) or at the brainstem (brainstem strokes),
with a completely intact neocortex.**®' Finally, at the imple-
mentation level, the inconvenience of the setup and cleanup
of the hardware associated with the technology as well as its
discomfort and portability may compromise integration into
daily life.>*

Finally, it is worth noting that preliminary studies of intra-
cortical brain-computer interface control have been con-
ducted in children with implanted stereo-encephalography
electrode (SEEQ) or electrocorticography grids for presurgi-
cal evaluation of refractory epilepsy (in other words, using
electrodes already implanted for another reason)—with suc-
cessful decoding of the direction of arm movements during
a reaching task.®%"%*

Altogether, we have shown in this section that there is cur-
rently no past or ongoing trials of invasive motor brain-
computer interface in children, current experience being
limited to noninvasive brain-computer interface and non—brain-
computer interface neural devices. The next sections will focus
on delineating the technical and ethical challenges to consider
before launching trials of invasive motor brain-computer inter-
face in children with severe neurologic disabilities.
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Table I. Current clinical trials for intracortical brain-computer interfaces.

ClinicalTrials.gov Eligible age

Study® Identifier Country (state) group, y

Motor BCI

BrainGate2: Feasibility Study of an Intracortical Neural Interface System NCTO00912041 USA (5 centers) 18-75
for Persons With Tetraplegia

Brain-Machine Interface for Individuals With Tetraplegia NCTO01364480 USA (Pittsburgh) 18-70

Cortical Recording and Stimulating Array Brain-Machine Interface NCTO01894802 USA (Pittsburgh) 22-70
(CRS-BMI)

ECoG Direct Brain Interface for Individuals With Upper Limb Paralysis NCTO1393444 USA (Pittsburgh) 18-70

Brain Computer Interface: Neuroprosthetic Control of a Motorized NCT02550522 France (Grenoble) 18-55
Exoskeleton (BCI)

Providing Closed Loop Cortical Control of Extracorporeal Devices to NCTO01964261 USA (Caltech, University of 22-65
Patients With Quadriplegia South Carolina,)

Investigation on the Bidirectional Cortical Neuroprosthetic System NCTO03161067 USA (Johns Hopkins) 22-65
(BICNS)

An Early Feasibility Study of the ReHAB System (ReHAB) NCT03898804 USA (Cleveland Clinic) 22-75

Restoring High Dimensional Hand Function to Persons With Chronic NCTO03482310 USA (Cleveland Clinic) 22-75
High Tetraplegia

Brain Machine Interface (BMI) in Subjects Living With Quadriplegia NCT02564419 USA (University of Miami) 22-50

Visuomotor Prosthetic for Paralysis NCTO01958086 USA (UCLA, CalTech) 22-65

ECoG BMI for Motor and Speech Control (BRAVO)

NCT03698149 USA (UCSF) >21

Brain-Computer Interface Implant for Severe Communication NCT04576650 USA (Johns Hopkins), 22-75
Disability Netherlands (Utrecht)

Utrecht Neural Prosthesis (UNP): A Pilot Study on Controllability of NCT02224469 Netherlands (Utrecht) 18-75
Brain Signals and Application in Locked-in Patient

STENTRODE First in Human Early Feasibility Study (SWITCH) NCT03834857 USA (Mount Sinai, NY) 18-75

Brain Controlled Spinal Cord Stimulation in Participants With Cervical NCT05665998 Lausanne, Switzerland 18-75
Spinal Cord Injury for Upper Limb Rehabilitation (UP2)

Brain-Controlled Spinal Cord Stimulation in Patients With Spinal Cord NCT04632290 Lausanne, Switzerland 18-65
Injury (STIMO-BSI)

Sensory BCI

Feasibility of Stimulating the Visual Cortex in Blind NCT02747589 USA (UCLA) 18-74

A Phase | Feasibility Study of an Intracortical Visual Prosthesis (ICVP) NCT04634383 USA (Illinois) 18-65
for People With Blindness (ICVP)

Early Feasibility Study of the Orion Visual Cortical Prosthesis System NCTO03344848 USA (UCLA, Baylor, second 22-74

sight)
Development of a Cortical Visual Neuroprosthesis for the Blind NCT02983370 Spain (Universidad Miguel 18-70

(CORTIVIS)

Hernandez de Elche)

Abbreviations: BCI, brain-computer interface; ECoG, electrocorticographic; UCLA, University of California—Los Angeles.
*Not included in this table: clinical trials for auditory brainstem implants, cochlear implant or retinal implants (sensory BCI) as well as closed-loop deep brain
stimulation for movement disorders, epilepsy, or other neuropsychiatric disorders

Technical Hardware Considerations of
Intracortical Brain-Computer Interface in
Children

Surgical and Hardware Considerations

There is currently no FDA-approved fully internalized system
for intracortical brain-computer interface that can be used
outside the laboratory setting. The Utah NeuroPort Array—96
electrodes, extending 1.0 to 1.5 mm—is currently the only com-
mercially available, FDA-approved microelectrode array that
directly targets brain-computer interface applications. The
Utah NeuroPort Array is connected with a wire to a pedestal
on the patient scalp, which is connected to a computer

through an external wire. A major limitation of this system is
that the transcutaneous pedestal violates the barrier integrity
of the skin, potentially raising the risk of infection over time.
For this reason, it is FDA approved for human implantation
up to 30 days, or longer with an investigational device exemp-
tion. Novel intracortical electrode arrays are currently being
developed by companies such as Blackrock, Neuralink, and
Paradromics, with a higher number of recording channels and
fully implanted hardware with wireless transfer to the computer,
designed for home use.* In addition, Clinatec (CEA, Grenoble,
France) has developed an implantable electrocorticographic
recording device with a 64-channel epidural electrode array
capable of recording electrical signals from the motor cortex
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for an extended period and with a high signal-to-noise ratio; this
array has been implanted in a tetraplegic patient to control an
exoskeleton®® and is being used in ongoing studies of
brain-spine interface from the NeuroRestore group in
Lausanne, Switzerland (NTC04632290, NCT05665998; sce
Table 1). A recent systematic review identified 48 adult patients
implanted with the Utah array, 30 patients for less than 30 days
and 18 patients for more than 30 days (up to 5 years in some
patients enrolled in the BrainGate2 trial; NCT00912041).
Among the 18 patients with long-term implantation (>30
days), no infection or device-related complication was reported;
1 patient had the implant removed because of skin retraction
around the pedestals.®'*®> In histologic data of animal studies,
Utah arrays are known to result in reactive tissue responses
including inflammation and glial and neuronal scarring near
the electrode®®®”; no data are currently available on device-
related brain damage in humans implanted with a Utah array,
other than the absence of clinically demonstrable neurologic
deficits.®> The local inflammation and gliosis around electrodes
can increase electrical impedance, causing devices to malfunc-
tion over time.®® In fully implanted intracranial neuroprosthetic
systems like deep brain stimulation, a recent systematic review
of more than 27 000 adult patients estimated an incidence rate
of 19.04% for hardware-related complications, including intra-
cranial hemorrhage (2.5%), infection (3.8%), lead fracture or
migration (6%), extension cable malfunction (2%), skin
erosion without infection (2.5%), and battery dysfunction
(2%).%°> Reported infections were predominantly found at the
site of the implantable pulse generator, followed by the burr
hole, and then the extension cable. In the pediatric population,
some authors have reported a higher incidence of
hardware-related infection—up to 10% in children who under-
went deep brain stimulation for dystonia; in this study, most
patients with infection (86%) had their whole deep brain stim-
ulation hardware removed.®® In a review of deep brain stimula-
tion implantation for refractory epilepsy, 4 of 40 patients (10%)
had hardware-related infection, 2 had skin erosions requiring
system explantation, and 1 patient had electrode breakage.”
Deep brain stimulation leads and batteries are sized for use in
adults; hence, the risks of skin erosion and hardware fracture
seem to be higher in children.>***®7° This is due to the develop-
ing immune system in children (predisposing them to infection
and wound healing problems) and the growth putting stress on
the connectors. In children, head growth should not be an issue
unless the systems are placed in very young children (less than
5 years old), which will not occur for motor brain-computer
interface. Because most data gathered in systematic reviews
stem from clinical trials and single-center cohorts with rela-
tively short follow-up, they may underestimate the risk of long-
term complications over decades of implantation. Finally,
although the risk of infection and hardware complication is
well covered in the literature, less is known about the risk of
brain-computer interface systems on the children’s nervous
system development. Most likely, a motor brain-computer
interface, if it allows increasing the child communication and
interaction with the environment, should help improve his

development. However, for brain-computer interface systems
that involve stimulation (adaptative deep brain stimulation,
responsive neurostimulation), the impact of chronic neurosti-
mulation on plasticity, neurodevelopment, and synaptic
pruning is unknown; the current assumption is that the benefit
on the underlying condition outweighs potential effects on neu-
rodevelopment, plasticity, and synaptic pruning.*®’° In young
patients with severe disabilities due to cervical spine injury or
other neurologic disorders, the risk of hardware-related compli-
cations over decades of implantation will have to be weighed
against the potential clinical benefits of the device on the
patients’ increased capacity for communication and autonomy.

Long-term Stability of Decoded Brain Signals

As the field of intracortical brain-computer interface is in its
infancy, we currently lack data regarding the stability of
decoded brain signals over long time scales. If a teenager with
cervical spine injury is implanted with an intracortical brain-
computer interface, they will learn to rely on this technology in
their daily life for many decades. We know from initial results
of intracortical brain-computer interface implants in patients
with tetraplegia,”' as well as previous research in nonhuman pri-
mates,”* that the unit recording amplitude decreases over time
even in the first year after implantation. Current intracortical
studies must recalibrate the mapping from neural parameters to
control variables on a daily basis because of recording instability,
presumably due to small movements of the electrodes relative to
the surrounding brain tissue, as well as cell loss and gliosis
build-up.””> With manual or automated recalibration, precise
brain-computer interface control was achieved over up to 5
years in patients with tetraplegia.”'”’* It is unknown whether
signals will remain stable over decades, or if explantation and
reimplantation of a new electrode array will represent a safe and
efficient solution if signals become too degraded. It is also
unknown whether brain maturation during the child’s development
would improve the precision of brain-computer interface control
(through neuronal plasticity) or degrade it (excessive modification
of brain activity). There is a risk that reimplanting a new microelec-
trode array in the same cortical region will not achieve the same per-
formance as the previous device. We can expect a child’s brain to
wire efficiently around the device through increased plasticity,
and struggle to adapt to a new device recording slightly different
neurons. This being said, we do not have sufficient data to
predict this phenomenon. Ongoing development of high-density
electrocorticographic arrays (which are potentially more stable
over time than intracortical electrodes **”°) and new-generation
intracortical electrodes® represent promising alternatives to the
current Utah array to improve signal stability over time. In addition,
the development of small, flexible electrodes that better follow the
brain’s movement (such as the Neuralink approach) may reduce the
friction between the implant and the brain, hence limiting the glial
reaction.”® The use of immunomodulation or immunosuppression
to reduce the glial reaction around the implant has not been explored
to this date. Machine-learning algorithms are under development to
help mitigate signal drift and signal loss over longer time scales.”*””
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Data Safety in Wireless Intracortical Brain-Computer
Interface

Currently, the signals recorded by the intracortical brain-
computer interface are typically transmitted to an external com-
puter through a physical wire and connector going out through
the skull and scalp. Home use of intracortical brain-computer
interface will require wireless communication to an external
device, which represents a risk for data safety.”® Several
authors noted that the use of wireless communication standards
exposes brain-computer interface users to risk of interference
from others.>!*7® Neural devices storing data on a cloud
open up the theoretical possibility of individuals or organiza-
tions tracking or even manipulating an individual’s mental
experience.® A study on the public understanding of brain-
computer interface indeed revealed that privacy is a significant
concern for participants.® In a world in which a lot of private
data about individuals’ online activity is commonly monetized,
it will be important to ensure that neural data are not used by
companies outside of strictly therapeutic use.®' Also, high
security standards should be put in place to prevent intrusion
or compromise by third parties.®? Mecacci and Haselager
designed a framework to assess the practical applicability of a
brain-reading technology in practical scenarios, based on 5
aspects: accuracy, reliability, informativity, concealability,
and enforceability.*® Finally, incorporating “on-board” compu-
tations, although more power-hungry in terms of battery use,
reduces the necessity for a constant connection to an external
computer, hence preventing the manipulation of stimulation
or decoding protocols.®*

Obsolescence of Cortical Implants in a Rapidly
Changing Field

Brain-computer interface research is perhaps one of the most
vibrant and promising fields in science and medicine. The
first report of successful intracortical brain-computer interface
in humans dates only to 2012, when Hochberg et al reported
successful reach and grasp control of a robotic arm in 2 tetraple-
gic individuals implanted with a 96-channel microelectrode
Utah array.® Now in 2022, the brain-computer interface field
benefits from billions of dollars in investments from public
and private entities, with impressive progress in recent years.
The implanted hardware is expected to improve drastically in
the years to come. For instance, the Utah array has only 96
channels for neuronal recording, needs wire connection to an
external computer for analysis and creates neuro-inflammation
and gliosis that reduce the signal quality over time.*
Likewise, implants for deep brain stimulation only comprise a
handful of channels over the implanted lead, require daylong
surgery for implantation, and have limited battery life. Some
new deep brain stimulation systems include the possibility to
concurrently stimulate and record neuronal activity,®’ as well
as rudimentary algorithms for closed-loop deep brain stimula-
tion.®® In the private field, Neuralink is currently developing a
brain-computer interface system that includes 3072 electrodes

distributed across 96 threads in a 2-cm chip, with automated
implantation by a surgical robot*; Paradromics is developing
an electrode array of 65 536 channels designed for high-density
cortical recordings®’; and Stentrode is developing a
stent-electrode array (Stentrode; Synchron, CA) of 16 sensors
recording and stimulating the cortex from the superior sagittal
sinus, where it is inserted using catheter venography neurointer-
vention.® Even Neuropixel, an array developed for animal
studies, outperforms currently approved technologies with
384 high-density recording channels on a 1-cm chip.”®°! All
kinds of technologies are being developed to allow embedded
spike-sorting on the implanted chip, wireless transmission of
brain signals to a computer or mobile device, compact inductive
chargers to recharge the battery noninvasively, etc. In other
words, a currently approved electrode array implanted in a
child’s brain for intracortical brain-computer interface will
likely be outdated by the time they reach adulthood. Overall,
this rapid progress is good news for patients with neurologic
disabilities and probably would not justify delaying an interven-
tion that could improve their function and autonomy.
Nevertheless, the decision to undergo surgery for an intracorti-
cal brain-computer interface system should take into consider-
ation the need for future surgeries for reimplantation of a
superior array (in the case of deteriorating signal quality), and
implantable pulse generator changes and upgrades, which
increase the risk of hardware infection.®”> This consideration is
especially important for children who will benefit from their
implant for decades. As many companies enter the field with
great investment and expectations, there is a risk that eventual
bankruptcies of private companies lead to the discontinuation
of tools needed to update the decoding algorithms, stimulation
parameters, or the hardware itself. It should be very clear from
the start, in the funding of a trial and in the patients’ consent
form, who will be responsible for paying for the long-term
care of the implanted patients who want to either continue to
use their devices or have them removed. Meanwhile, noninva-
sive brain-computer interface systems, using a proxy of brain
activity such as functional infrared spectroscopy (fNIRS) and
electroencephalography (EEG), also benefit from massive
funding, and may eventually be refined to allow a more
precise control of actuators.” Nevertheless, because of the dis-
tortion of the signal by the skull, noninvasive brain-computer
interface will likely never reach sufficiently precise measures
of brain activity to allow complex brain-computer interface
applications such as high speech-rate communication and pros-
thetic arm control.” The decision to undergo surgery for intra-
cortical brain-computer interface should thus include a
consideration of current and future noninvasive options to
achieve similar outcomes.

Conflict of Interest, Publication Bias

The field of brain-computer interface and neuroengineering is
highly funded, from federal agencies and the private sector.”®
For academic researchers and companies alike, there is an
implicit pressure to report positive and promising outcomes
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and downplay potential risks or complications. Among the 48
reported patients who underwent implantation of a Utah array
(over more than 5 years in some patients), there is not a
single report of implant infection to this date® and 1 implant
had to be removed due to skin retraction around the pedestal.®®
This result is surprising: because of the violation of the skin
barrier, Utah arrays have an inherently greater risk of infection
compared to fully implanted devices such as deep brain stimu-
lation, which entails a 3.8% risk of infection and 19% lifetime
risk of hardware dysfunction.®® This may be due to underreport-
ing of minor infection, underreporting of major infection as a
cause of device explant, or due to the use of very strict pedestal
care protocols in high-resource academic settings, which would
be difficult to match with a broader use of the technology. There
is also an implicit pressure from researchers, publishers, and
media alike to amplify the performance of brain-computer inter-
faces and its readiness for clinical use in terms of performance
and long-term reliability. For instance, the latest communica-
tion brain-computer interfaces,”®**** although improved from
earlier versions, are not sufficiently reliable and efficient to be
used long-term in patients’ everyday lives. The optimism in
media coverage make the technologies look more reliable and
closer to large-scale clinical use than they actually are. As in
deep brain stimulation, it will be the role of the neurosurgeon
and medical team to assist patients and their families balancing
their hopes and expectations with the limitations and risks of the
technology.”” Furthermore, financing of invasive brain-computer
interface trials should require registration to clinical trial databases
and strict reporting of minor and major complications.

Considerations Related to the Use of
Machine Learning and Automated Decoding
Tools in Intracortical Brain-Computer
Interface

In motor intracortical brain-computer interface, brain signals are
automatically decoded by artificial intelligence algorithms, and
translated in the movement of an actuator. Machine learning soft-
ware such as deep networks learn to decode neural data by gen-
erating complex transformations that cannot be fully understood
or predicted by humans; this introduces an unknown and perhaps
unaccountable process (“black box”) between a person’s
thoughts and the technology that is acting on their behalf.”?
This generates multiple ethical challenges. Although currently
used decoder algorithms (Kalman filters, Gaussian processes)
remain interpretable, access to larger data sets will enable the
use of more sophisticated and powerful machine learning
approaches that will amplify the “black box” problem (Table 2).

Liability and Responsibility

There is a risk that decoders make wrong predictions about the
patient’s intended movement, potentially leading to embarrassing
or dangerous situations.®*!! This could occur because of wrong
decoding of neuronal activity or to interference by electrical

fields outside of the brain. In the case of a robotic arm, decoding
errors could trigger unwanted movement leading to injury or
material damage. In the case of a language brain-computer inter-
face, errors in decoding could alter the meaning of sentences that
the patient intended to say, leading to embarrassing situations. In
sensory brain-computer interface, wrong translation of sensory
stimuli in electrical neuronal stimulation may lead to patients’
wrong perceptions of the environment and possible related
harm. When an involuntary act is performed because of abnormal
decoding, who should be considered responsible for the harm
caused? Should there be responsibility for the intermediate
agent (artificial intelligence) and its designer? Unlike self-driving
vehicles, brain-computer interfaces rely on the volitional control
of brain activity by users, which complicates the responsibility
dilemma. In young patients with developing frontal lobes, it
may become difficult to distinguish intended harmful motor
outputs from a software-related decoding error.

Personhood, Integrity, and Autonomy

The presence of a machine learning process to translate the
patients’ intent into an observable output may impede on the
sense of autonomy and self of patients who will rely on brain-
computer interface in their everyday life. For language brain-
computer interface, the fidelity of the decoded phonemes to the
human voice will impact the patient’s sense of agency and per-
ception of himself. To improve the typing rate of language brain-
computer interface, many researchers have restricted the number
of possible words and relied on the use of some kind of “predic-
tions” or “autocorrect” based on syntactic structure.”®** This
may restrain the way patients express themselves, with limited
access to nuanced, colorful expressions or descriptions of
complex concepts. Brain-computer interface control of
complex actuators like a computer or robotic arm may give an
impression of “non-human cyborg” or “unnatural” communica-
tion that would risk setting apart children with intracortical brain-
computer interface from their counterparts.”* Nevertheless,
because the use of devices to extend our capabilities (smart-
phones, wheelchairs, etc) is commonplace and part of human
nature, it is expected that an increased clinical use of intracortical
brain-computer interface will eventually lead to its societal
acceptance and normalization. For instance, in Canada 95% of
3 775 920 individuals living with a disability use at least 1 aid
or device to assist movement, communication, learning, or
daily activities of life.”> Furthermore, intracortical brain-
computer interface enabling communication can help restore per-
sonhood and social inclusion in someone who is losing the ability
to interact with their loved ones and community.’®

On the other hand, the use of advanced technology to restore
function in individuals with disabilities has been previously
criticized as a form of ableism, that is, discrimination and
social prejudice against people with disabilities; for instance,
taking for granted able-bodiedness as humanity’s default
state, and implying the inferiority of the disabled as opposed
to the non-disabled.”””® Many people see their disability not
as a tragic event but as an important identity or experience in



“Joresouag as|nd ajqeruejdwi ‘Dd| ‘uone.asiuiwpy SnuQ pue pood SN ‘Y4 ©D1ydesSodnuod0439pe ‘5o ‘uonenwinis

uredq desp ‘sgq ‘@deymul Joandwod-ureaq ‘|Dg (UONEBIASIGQY

Asda|ida pue ‘eluoisAp ‘Jowa.y
‘9sEasIp Uosup|Jed Joj paroidde-yq4

SN0} 94NZISS 3|GeIIVSIIUOU © UYIIM
Asda|ida Auo3deap04 U0} paroidde-yq4
suewny
ul eisayasaue 3ulanp uonejuejdwi
Asesodwa] ‘saipnis [ewiue ‘[ed1ulPaId

(sg@ aAne1depe pajewoine Ajjenjuana

BuiuwesSoud pawoyul-8uipaodau)
SJapJosIp Jojow Joj Sgd

suon|puod

s13eIYdAsdounau snolteA ul sgg

aAneldepe Joj asn [euonednsaAul Swog
“Asda)ids .0} uone|nWso.Inau sAIsuodsay

Aua3uns Asds|ids Jo sgq 4oy BisayIsaue

Sulunp 3uipJodaJ 9p0o.323[20.I|
*s31pn3s 8uIpJodaJ JlUoJYD [BWIUY

uonenwIIs
dooj-paso)d Joy Ajiqissod
yum ‘Ajiqeded Suipaodad
sey Dd| Y3 aJaym ‘waishs sgq
uoenwWInIs
10} S9PO.IIDYD H YIM ped)
yadop ‘Suipaodau Joj sapoU1dafe
[eanpQns 4 Yaim spea| diias [edndod

>UBYS WW-(| B UO paINqLIsIp
S9PO.123[20.J0IW [BJ11I0JR.IUI $8E

Dd 1deduad

wR1sAS SNY

3qoud |oxidounaN

Sluo.aIpaly

92e40.N3N|

Yo ] 04NN
adpluqued)

Ajiqedes Suipaodau yam syuejdwi sAIseAul YO

Aemuspun Apnis 9ej93ul Sulds-ure.g
*(jo43uod uolIzPNbsoxs) uaired
| ul uoneJIsuowsp |Dg

70T 42quiaAou
pa[eaaad ‘quawdojaasp [edtulaaad

ul 92B[eUN3AN| "YBIN YUM sauanned of ueyl
aJow uj (Jeln s1eHUIR.g) SIIPNIS UBWINH

93ep SIy2 01 SaIpNIS uewNY
ON (deays) seipms Ajiqedwodolg
S|l uewny Jayaany
Sui08uQ (je13 HOLIAAS) sausned
S YUM [Bl) uewny-u-3sJiy pais|dwon)

pa1Je3s 334 jou sjern

uewnH (saewiud uewnyuou) Aemaapun

sa1pnis 1daduod-jo-joo.y (s8id :jppow
Jewiue) Aemuapun saipms Ajiqredwodolg

uonenwns [euids 4o UOID[SOXD
JO |0.12U0d U0} JUIUI Jojow Jo Sulpodaq

uoIIEdIUNWWOD
SAISISSE ‘S9DIAP [22I3IP JO |0.3U0D)

(23 ‘uoneiolsad

AJOSUSS ‘UOIEDIUNWIIOD DAIISISSE ‘|04IUOD
221A9p [e218Ip) suonedidde |einusiod snolsep

(Buipodap xa140 Jojow) eidadeasen
yum 9|doad Joy 4aandwod & jo j013u0D)

uonejuswsne

aAnIu30d :wu-3uo (uonenwns [euids)

|DS Ul UOIIB.I0ISS JOIOW ‘UOIIBIOISD.

UOISIA :W.I9) 93eIpaw.u| (Suipodsp

X31402 Jojouw) eigajde.1s yum ajdoad
J0oy J9Indwod & Jo |04IU0d (W.ISI-1I0ys

5073 [ednpida sjpuueyd 49
Aeaue [eanpgns a|qIxa|}
‘spuueyd 000 0| < :PdeRINdN
(340404n3p]) uomdzUUOd
SJ4IM ‘AeuJe [ed3403E43U]
9p0J123|3-94 :Aedle YeIn
(sapourdape
0091) P48 apo.aidspoLIW
Aususp-y3iy [eanpgng
uonenwinIs
Jojpue 3ulpJod3. U0} SOPOIIID|D
9| Y3IM IUSIS SNOUDSAR.IIU]

uonelue|dwi 10qo. pajewoiny

‘Dd| 9|qeas.eyda. paje.saau|

(spesuya Zg uo sopo.1dse
$701) Aedie spo.a1dsje [ednIOdRII|

QuISBWIAA

Qoe[eInaN AeUly yein
CRLIRCHT]]

€ele 33941 shxauuo)

Ol'Ulelq SPO.IUIG

AUl IN

291BUI1D

Yoa30.4naN
PoyPrg

solwo.pe.ey

UOUYDUAS

SjuljeansN

|1Dg 4010w Joj paudisap sauejduwi SAISeAU|

8unss1 pue juswdojaAsp jo aseyy

suonesijdde [estuD

uondiudsap adiAeQg

CR]ICTg|

Auedwon

‘|Dg 2AIseAU| Joy sadlAeq Suidojaasq saluedwod -z sjqeL

10



Bergeron et al

their lives.”” A good example of this concept is the pushback
against cochlear implants expressed by members the Deaf com-
munity, seeing cochlear implants as an attack on deafness as a
personal and cultural identifier (as opposed to a disability),
advocating against its use in children born deaf.'® This high-
lights the need to approach patients with neurologic deficits
with respect and humility when it comes to suggesting surgical
approaches and neurotechnology to restore function.

Ethical Issues Specific to the Pediatric
Population

Consent, Assent, and Motivation for Surgery and
Calibration Sessions

Although pediatric patients generally do not have the legal
capacity to make medical decisions, their assent for brain-
computer interface is essential, as the success of the procedure
crucially relies on their collaboration for brain-computer inter-
face surgery and calibration. Allowing children to be involved
in their neurosurgical care is empowering and gives them both
identity and agency, which is the vital first step to a successful
neurosurgical intervention.'®"'% Obtaining assent from chil-
dren with severe neurologic disabilities is complicated by com-
munication limitations.'**"'** Nevertheless, obtaining exclusive
parental substitute consent without seeking explicit assent by
the child should not be considered sufficient for this type of
intervention. Intracortical motor brain-computer interface cali-
bration requires regular training sessions spanning over
months—each requiring a high level of concentration and moti-
vation. If the child does not fully cooperate during calibration
sessions after implantation, the process would have put the
child through surgical risks without the benefits of successfully
controlling an external actuator or other targeted treatment out-
comes. In that regard, pediatric brain-computer interface appli-
cations cannot be direct translations of adult studies;
brain-computer interface calibration protocols may have to be
significantly modified from adult studies because of the differ-
ent interests, attention span, and overall functioning of child-
ren’s brains.'® Engaging children’s attention for brain-
computer interface calibration may require packaging cue, stim-
ulus, and feedback presentations within a game with rewards
designed to maintain focus.'® Even after the calibration
period, the brain-computer interface control of a prosthetic
may require more cognitive planning and attention than a user
can achieve on a regular basis, leading to frustration.’'"’
There are currently few data on achieving brain-computer inter-
face control of actuators using intracranial electrodes in chil-
dren.®* Our center is launching a study to use signals from
intracerebral electrodes implanted in children with refractory
epilepsy, in order to achieve brain-computer interface control
of a cursor; this will provide experience regarding the strengths
and challenges for achieving brain-computer interface control
in children using invasive brain signals. On the other hand, as
shown in an interview study with brain-computer interface
users, brain-computer interface can elicit empowerment and

foster self-esteem, by contributing to medical research and pro-
gress, changing the narrative from the series of bad news and
the “plateau” of readaptation to the possibilities for new
achievgénents, and break isolation by being part of the research
team.'

The Risk of Scientific and Mediatic Hype for Vulnerable
Patients

People with severe neurologic disabilities, who are expected to
benefit the most from motor brain-computer interface are also
not the most suitable research subjects.'® There are concerns
that patients with severe neurologic disabilities (tetraplegia
and locked-in syndrome, for instance) could be choosing to
use brain-computer interface and participate in brain-computer
interface research out of desperation or as a last resort without
adequately considering the risks. We must to ensure that volun-
tariness is not diminished by despair, leading to inappropriate
consent.''"!""" The voluntariness of patients’ consent could
also be impacted by unrealistic expectations of benefit,
because of the hype and lack of nuance of the media coverage
of brain-computer interface applications.”>''? The optimism of
clinicians and researchers with a developing experience with
intracortical brain-computer interface may also lead to overesti-
mating the expected benefits in the decision process.

Lack of Research and Regulatory Approval for the
Pediatric Population

For many of the novel neuroprosthetic advances, research data
and regulatory approval has come much later in children com-
pared to adults. For instance, in epilepsy, NeuroPace RNS
system received approval from the FDA for use in adults with
medically refractory focal epilepsy in 2012 following a land-
mark trial in adult patients.*> Medtronic’s DBS System for
Epilepsy (thalamus deep brain stimulation) received approval
from the FDA for use in adults with medically refractory
focal epilepsy in 2017 following a landmark trial in adult
patients.''® Although refractory epilepsy is common in chil-
dren, these devices are not FDA-approved (humanitarian
device exemption) to this date, and the data on their use and
safety in children have lagged many years behind.*”>*!!*
This often affects whether insurance will pay for devices and
procedures, and some institutions feel less comfortable with
therapies that are not fully FDA-approved. This problem will
be heightened for motor brain-computer interface in children,
as the underlying disorders qualifying for the device (eg, tetra-
plegia) are less prevalent in children.''> As outlined in Table 1,
no children have been implanted with invasive recording elec-
trodes for motor brain-computer interface, and no ongoing clin-
ical trial is enrolling children to this date. When expert centers
start implanting children for motor brain-computer interface, it
will be crucial that they do so within well-funded trials with rig-
orous reporting of outcomes and safety data, in order to limit the
time lag between FDA approval in adults vs children.
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Barriers to Access to the Technology

It is well known that access to specialized care and advanced
neurotechnology is more challenging to certain populations
based on geographic location, socioeconomic status, and
other factors. As an example, access to deep brain stimulation
for advanced Parkinson disease in Canada widely varies from
one province to another, and many demographic and socioeco-
nomic factors seem to influence access to this procedure.''®
Brain-computer interface, by definition, will be implanted in
highly specialized tertiary care centers and will require high
human and material resources. This will limit equitable access
to this technology around the world, and among the residents
of a given country. Thought must be given to provide equitable
access to this technology once it becomes available.

Best Interests of the Children

The “best interest of the child” standard is central to pediatric
bioethics. Recent studies on the decision-making process to
undergo neuroprosthetic surgery for refractory epilepsy in children
have highlighted different ways to interpret the risk-to-benefit
balance in parents, clinicians, and children.!'7''? Clinicians tend
to focus on the primary clinical endpoint (seizure reduction in
aforementioned reviews), whereas parents tend to focus on the
overall quality of life and development of their child with concerns
for independence and behavior; and children put great importance
on their desire to be included in decision making, their trust in the
medical team, their independence, and the impact of the disease
and treatments on extracurricular activities."''’""? Considering
the current ongoing intracortical brain-computer interface trials
—where the actuator can only be controlled in a lab when the
wires are connected to the computer, and where the implant has
to be removed after completion of the study—the risk-to-benefit
ratio likely does not satisfy the best interest criteria for inclusion
of children in intracortical brain-computer interface trials. The pro-
gression toward wireless implanted intracortical brain-computer
interface systems for long-term home use will likely be the
turning point for their use in children with severe neurologic dis-
abilities. In the meantime, children with severe neurologic disabil-
ities may be included in trials of noninvasive brain-computer
interface systems (such as EEG-based brain-computer interface),
to familiarize with the technology and concepts with minimal
risks, yet less precise control of external actuators. In other
words, the next steps include, first, technology refinement for
fully implanted systems enabling long-term home use and,
second, well-conducted controlled studies in children and adults,
followed by regulatory approval for general clinical use.

Initial Recommendations for the Clinical Use
of Invasive Brain-Computer Interface in
Children

Given the risks associated with invasive brain-computer inter-
face implantation and use, as well as the vulnerability of the
children who may benefit from them, a strict ethical framework

is needed to guide future clinical trials of invasive brain-
computer interface in pediatric neurosurgery. Based on a
review of the literature and on the input of a multidisciplinary
panel of experts in fields related to brain-computer interface
(functional neurosurgery, pediatric neurosurgery, neuroengin-
eering, basic neuroscience research, artificial intelligence
research, and pediatric ethics), we hereby formulate initial rec-
ommendations regarding the clinical use of invasive brain-
computer interface in children.

1. Invasive brain-computer interface should be considered
only for children who have sufficient comprehension of
the procedure to give their assent to brain-computer inter-
face implantation and express the motivation and matu-
rity to follow the calibration protocols.”?

2. Invasive brain-computer interface in children will require
the adaptation of decoding algorithms, calibration proto-
cols, and selection of brain-computer interface effectors
tailored for the pediatric population.

3. Invasive brain-computer interface implantation will need
to be performed in highly specialized academic centers of
pediatric neurosurgery, with preoperative evaluation and
long-term follow-up by an interdisciplinary team includ-
ing the neurosurgeon, neurologist, physiatrist, neuroengi-
neer, physiotherapist,  speech/language therapy
specialists, psychologists, etc.

4. Clinical trials of invasive brain-computer interface in
children should include a clear plan for the long-term
care of the patient after the completion of the trial, with
the removal of the intracortical array or its permanent
implantation for home use.

5. If the implantation of the brain-computer interface is
intended for long-term use, safeguards should be put in
place to ensure the long-term care of the patient, in
terms of software updates, model calibration, and hard-
ware changes, including the financial aspects.

6. From a research perspective, conducting brain-computer
interface studies with noninvasive recordings,'*® or inva-
sive recordings obtained for another clinical indication
(like SEEG) will help build expertise for brain-computer
interface use and calibration in children of different ages,
on which to build once fully implantable brain-computer
interface systems will be available for clinical use.

7. We recommend further research to better document the
preferences of young patients and their families.
Indeed, one of the lessons of the literature on various
forms of neurostimulation is that the outcomes sought
by clinicians may not be those valued by patients.''”'"®

Conclusion

Invasive brain-computer interface is a rapidly developing field
that holds great promise to help patients with severe motor or
sensory disabilities. As these technologies approach maturity
for clinical use, we highlight that its use in children will
require a strict ethical framework. This work represents an
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initial step into developing guidelines for the clinical and
research use of intracortical brain-computer interface in
children.
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