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1 Introduction

A recent early feasibility trial by Oxley and colleagues [1] demonstrated effective
control of a personal computer using a brain—computer interface (BCI) in two indi-
viduals with paralysis due to amyotrophic lateral sclerosis. The trial was noteworthy
as it provided the first demonstration of a working BCI using brain signals recorded
endovascularly in humans. This approach involved placement of a stent into the
superior sagittal sinus adjacent to the motor cortices via a catheter accessing the
jugular vein. The stent housed sixteen recording electrodes, thus providing access to
electrocorticographic recordings from within the brain without the need for crani-
otomy. This endovascular BCI arrangement is illustrated in Fig. 1.
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Fig. 1 Panel a illustrates a stent-based endovascular electrode array deployed within a cortical
vein. Once placed, the stent may be incorporated into the wall of the blood vessel via endothelial-
ization. Panel b depicts a patient using an endovascular BCI system. Such systems may be fully
implanted with recorded signals transmitted wirelessly out of the body to control various devices
such as a personal computer

While the use of endovascular electrode arrays within BCI systems is a recent
development, the first demonstration of endovascular electrophysiological
recordings took place almost four decades ago [2]. Development of endovascular
recording technologies has since progressed from wire electrodes to nanowire
and catheter electrodes and finally stent-based electrode arrays [3]. Coupled with
an unmet clinical need, these technological advances have attracted significant
commercial investment, putting fully implantable BCIs such as the Stentrode™
system used by Oxley et al. [1] on the path to market entry and clinical adop-
tion [4].

In this chapter, we explore some of the bioethical considerations specific to
the use of endovascular electrode arrays for BCI. We first examine the safety
of endovascular electrode arrays including how they compare to previous
approaches to BCI and what unique risks they might pose. As risks should be
weighed against the potential for benefit, we also present the efficacy of endo-
vascular recording devices. A unique consideration of endovascular electrode
arrays among approaches to BCI is that implantation may be permanent. We
therefore explore how this might affect bioethical considerations of BCIs that
rely upon this method of recording from the brain. The consequences of endo-
vascular approaches to BCI on the informed consent process are briefly consid-
ered. Finally, we also reflect on the impact the recent publicity surrounding
BCIs may have on the immediate expectations of newly developed endovascu-
lar BCIs and how commercial ventures in this technology may differ from
academic pursuits. Our discussion focuses on the bioethical impact of using
endovascular recording electrodes within BCIs from a hardware perspective,
but does not offer extensive consideration of the applications of endovascular
BCI as the initial applications may be similar to BCIs using other sensor
modalities.
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2 Safety of Endovascular BCls

Endovascular BCIs are novel among BCIs as they are implanted via a minimally
invasive neurointerventional procedure and might, therefore, pose a substantially
different risk profile to existing BCI procedural approaches. Rather than requiring
burr hole craniotomies for implantation, endovascular BCIs require that a small
incision be made to gain entry into a blood vessel, such as the jugular vein. A guide
catheter is then advanced to the implant location where the stent is deployed (Fig. 1a,
and the trailing lead is tunneled and connected to an internal telemetry unit (ITU)
within a subcutaneous pocket in the chest [1] (Fig. 1b)). This approach to BCI
placement involves unique safety challenges, and the potential for benefits com-
pared to other BCI approaches should be assessed under a bioethical lens.

All invasive BClIs carry risks for infection, hemorrhage, and other hardware
related complications. Although there is limited literature discussing the safety pro-
file of endovascular BCIs [5], endovascular stenting is considered standard of care
for idiopathic intracranial hypertension (ITH), thrombectomy, vascular malforma-
tion, and aneurysms [6, 7]. As such, we can make inferences regarding the potential
for adverse events associated with stent based endovascular BCI implantation and
compare them to that of other invasive systems.

Infection can be a serious complication following BCI implantation, as it can
result in meningitis, brain abscesses, septic emboli, or other life-threatening conse-
quences. The infection risk for subdural electrode arrays has been reported to be
2.3% [8]. Similarly, infections have been found in 1-5% of patients after implanta-
tion of depth electrodes [9]. In a systematic review including 174 deep brain stimu-
lation (DBS) articles that reported data on infection, the incidence rate of infection
was identified as 3.79%. Of the 104 papers that included the location of the infec-
tion, 44.2% occurred at the site of the internal pulse generator, 17.8% occurred at
the scalp or burr hole, 13.6% occurred at the connector and extension cable, and
11.1% occurred in the brain along the electrode lead [10]. The procedural-related
risk of infection for the Neuropace RNS system, a BCI with both ECoG and depth
electrode components, has been reported to be 4.1%, with an overall incidence rate
of infection of 12.1% over the cumulative 1895 patient-implantation years [11].
Alternatively, infections associated with venous sinus stenting for IIH are rare, with
only one case of infection identified in several systematic reviews [12—14], which
was a urinary tract infection [15]. However, the only existing report of a stent based
BCI technology used in humans [1] included a hardware piece, an ITU, that is com-
parable to that of the internal pulse generator in DBS systems and may carry a simi-
lar infection rate when placed in the chest. It is difficult to make a direct comparison
to the infection rate of Utah arrays due to limited literature on complications and
adverse events in chronically implanted Utah arrays [10].

Hemorrhaging after a BCI implant procedure can also result in serious life-
threatening complications including neurological damage. Non-seizure-related
hemorrhage was reported in 2.7% of patients implanted with the Neuropace RNS
system [11]. Bullard et al. [10] reported a similar incidence rate of 2.9% for DBS
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systems with 86.9% being intracerebral hemorrhages. A meta-analysis and sys-
tematic review reporting on 21 studies and 2542 patients with subdural electrode
arrays noted a slightly higher incidence rate of 4.0% [8]. Rates of hemorrhages
may be slightly lower for endovascular stenting procedures in clinical settings.
For the endovascular treatment of venous sinus stenosis in IIH, a systematic
review comprising of 17 studies with a total of 185 patients reported hemorrhages
in 3 patients (1.6%) [14]. It is worth noting that humans implanted with the
Stentrode™ endovascular BCI underwent dual antiplatelet therapy [1] which
might increase the risk of systemic hemorrhage for those not already taking this
medication [16, 17].

Other hardware related complications have been reported including device
migration. In the endovascular treatment of intracranial aneurysms, migration of a
coil or stent occurs in 2—-6% of cases [18, 19]. For IIH, Teleb et al. [20] reported a
single intraprocedural event of stent migration out of 25 procedures. These rates are
comparable to that of DBS hardware complications; Bullard et al. [10] reported that
lead migration occurred 3.49% of the time, followed by lead fractures (2.53%),
internal pulse generator malfunctions (2.33%), and extension cable malfunctions
(1.95%). Events such as these may require additional surgical procedures or removal
which may pose additional surgical risks [21].

Endovascular BCIs may also carry additional risks including perforation or
occlusion of the vein/artery, stenosis, and catheter related complications. For
instance, intraprocedural vessel perforation during stent retriever thrombectomy
occurred in 16 of 1599 cases [22]. Occlusion or perforation of the vessel can lead to
hemorrhage or stroke [23]. At the time of writing this, endovascular BCI technolo-
gies have used venous implantation routes, and it is important to consider the risk
profile of venous versus arterial implantation routes to understand why this is the
case. Alawieh et al. [24] noted the advantage of the venous route by highlighting its
lack of smooth muscle layers and lower likelihood of provoking vasospasm. As
recording technology changes over time, there may be a functional advantage of
using an arterial route if it allows an endovascular recording technology to achieve
a location that is closer to the target brain region than the venous route. Should this
occur, a separate risk-benefit analysis will need to be conducted. Also, the addi-
tional procedural risks associated with stenosis must be considered, as in IITH. Starke
et al. [14] reported in-stent stenosis in 6 patients (3.4%) and stent-adjacent stenosis
in 19 patients (11.4%), with 10 patients requiring restenting. Finally, the diameter
of the catheter and vessels accessed may also influence the rates of adverse events.
For example, venous dissection, subdural hemorrhage, and acute thrombus forma-
tion occurred when using a 5-Fr or 6-Fr catheter in animal testing, whereas no
complications occurred when using a 4-Fr or 2-Fr catheter. In some cases, these
complications led to non-recovery after anesthesia [25].

The first in-human study of the Stentrode™ found no instances of infection,
device migration, stenosis, or device related adverse events. They did however find
a post-procedural-related adverse event of syncope associated with two sinus pauses
which was attributed to post-procedural vagal tone and required no intervention. It
is important to note that there were only two participants involved in this study [1].
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A clinical trial with a larger sample size needs to be performed before the safety
profile of this stent based endovascular BCI can be established.

Endovascular stent electrodes may also have several advantages. For example,
they circumvent the need for craniotomy which can open additional avenues of care
for individuals with stroke or traumatic brain injury [24]. Also, considering the rela-
tively smaller scale and shorter duration of surgery, implantation of endovascular
BCIs would require smaller total doses of anesthesia. This would likely limit surgi-
cal risk for individuals with respiratory compromise. Additionally, the implantation
of other invasive BCI systems is still a niche skill, whereas the advent of thrombec-
tomy in stroke has made stent placement a ubiquitous skillset for interventional
neurosurgeons [26-28]. As such, the surgical risk should be adjusted accordingly.

Finally, non-invasive BCI systems including scalp electroencephalography, mag-
netoencephalography, and functional near-infrared spectroscopy-based devices
pose lower procedural risks than invasive BCIs as they do not penetrate the skin
[23]. However, non-procedural risks should also be considered. Unlike endovascu-
lar BCIs, some users have found headsets used for non-invasive BCI to be uncom-
fortable [29, 30]. Application of these systems also requires assistance which can be
burdensome and may increase feelings of dependency [31]. Their visible machinery
and medical connotation may also contribute to stigma [32], thereby affecting
patients’ self-consciousness, willingness to socialize, and social status. Conversely,
endovascular BCIs may be fully implantable and may add less to stigma, burden,
and feelings of frustration.

A summary of our safety considerations is provided in Table 1. While the short-
and long-term safety profile of endovascular BCIs in humans has yet to be estab-
lished, endovascular stenting for a range of indications has shown slightly lower
rates of infection and hemorrhage compared to that of other invasive hardware.
Circumventing the need for craniotomy during implantation of an endovascular BCI
may also play a role in lowering the rate of these complications and avoiding other
procedural risks. Larger human clinical trials investigating the rate of new endovas-
cular BCI-specific safety concerns and advantages are required to develop pre- and
post-implant mitigation procedures and enable comprehensive risk-benefit analyses.

Table 1 Safety considerations of endovascular electrode arrays for brain—computer inter-
faces (BCIs)

Pros Cons

» Stent placement associated with slightly lower rate of  Higher procedural risks than
infection vs. subdural and depth electrodes non-invasive BCIs

» Stent placement associated with slightly lower rate of * Placement involves risk of
hemorrhage vs. subdural and depth electrodes perforation of the blood

» Minimally invasive surgery avoids craniotomy and vessel
associated medical management * Placement involves risk of

» Minimally invasive surgery requires shorter duration under venous stenosis or occlusion
anesthesia of the blood vessel

» Compared to non-invasive BCls, fully implantable * Risk of secondary surgery

endovascular systems may have lower non-procedural risks following device migration or
(discomfort, stigma, increased feelings of dependency) lead fracture
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3 Efficacy of Endovascular BCls

The overall effectiveness and benefit derived from a BCI may depend on several
factors including the signal decoding algorithms, device software, system usability,
ergonomics, and the design/engineering of any effector. Additionally, the type of
sensor used to record the brain signal may also impact BCI effectiveness. The reli-
ability, the number of outputs, and customizability of a BCI may all be affected by
inadequate recording quality. Therefore, the efficacy of endovascular electrodes for
recording neural signals is worth considering within our bioethics discussion as it
will impact the risk-benefit profile of any BCI that uses this technology.

3.1 Comparisons with Other Sensor Types

Comparisons between endovascular and scalp EEG were included in the earliest
demonstrations of endovascular recordings. Penn and colleagues [2] demonstrated
that endovascular EEG recordings were able to detect localized activity in intrace-
rebral structures that were not accessible to routine scalp EEG. Their report con-
cluded that the endovascular technique offered advantages over non-invasive scalp
EEG recordings for the detection of clinically relevant, paroxysmal EEG activity.
Comparing endovascular and scalp EEG signal quality, Nakase et al. [33] reported
a 2-5 times stronger EEG voltage potential in endovascular EEG compared to scalp
EEG. Similarly, Stoeter et al. [34] found higher peak-to-peak amplitudes of both
somatosensory and auditory evoked potentials when comparing concurrent endo-
vascular and scalp EEG recordings in patients undergoing interventional angiogra-
phies. These results indicated that endovascular EEG signals were subject to less
attenuation than extracranial recordings. More recently, He et al. [35] compared
visual and auditory evoked potentials recorded using both endovascular and scalp
EEG in rabbits. Their results confirmed that higher amplitudes of evoked responses
can be observed in endovascular recordings and indicated that their endovascular
recordings were of a higher quality than their scalp recordings with up to 100 times
better signal-to-noise ratio. These results were shown to be unrelated to non-neural
biological signals or differences in electrode materials.

Endovascular EEG recordings have also been compared to surface ECoG. Nakase
and colleagues [33] found that interictal spike discharges were simultaneously vis-
ible in concurrent endovascular and subdural strip electrode recordings from the
medial temporal lobe in three patients with epilepsy. Likewise, Bower et al. [36]
found that epileptiform spikes recorded by endovascular and subdural electrodes
were similar in both amplitude and waveshape. Here, recordings were collected
from pigs using endovascular electrodes within the superior sagittal sinus and sub-
dural electrode arrays placed in parallel, and epileptic activity was induced via
direct cortical injection of penicillin. Using low-amplitude sinusoidal currents
passed between opposing corners of the subdural grid, these authors reported that
the frequency response of the intravascular recordings were reduced by 11.0% and
24.2% at 30 Hz and 100 Hz, respectively, relative to the recording electrodes of the
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subdural array [36]. Nevertheless, the endovascular microelectrodes were able to
record the low-amplitude, high-frequency signals arising from spatially localized
seizure activity that were only observed by the microelectrodes within the subdural
grid and missed by the standard clinical macroelectrodes of the subdural array.

Oxley et al. [37] compared the spectral content of recordings from their stent-
based endovascular electrode array (Stentrode™) with contemporaneous recordings
collected using commercially available subdural and epidural arrays in sheep. No
difference in absolute power was found in mu, beta or low gamma bands between
the three array types, whereas higher power was seen in the higher gamma bands in
the subdural recordings compared to both the endovascular and epidural recordings,
which were similar. Maximum bandwidth was also highest in the subdural array and
similar between the endovascular and epidural devices.

John et al. [38] also compared the signal quality of the Stentrode™ array with
both subdural and epidural ECoG interfaces. Again, sheep were used, and measure-
ments were recorded 3—4 weeks after electrode placement to allow for stabilization
of signal quality following endothelialization of the stent-based electrode array. The
authors found no significant effect of recording location or electrode sizes on the
bandwidth of the recorded signal, indicating the quantity of information that can be
obtained from endovascular, subdural, and epidural electrode arrays is similar.
There was also no significant effect of electrode location or size on the signal-to-
noise ratio indicating similar signal quality. However, the variability between sub-
dural electrodes was higher, meaning select subdural electrodes achieved a higher
signal-to-noise ratio than the endovascular electrodes. Finally, the difference in spa-
tial resolution between the arrays was frequency dependent between 8 and 180 Hz,
differing only in the lowest frequency band investigated (8—24 Hz), where subdural
electrode arrays produced the best spatial resolution.

In the same study, John et al. [38] demonstrated that the similar signal qualities
between the epidural, subdural, and endovascular arrays meant that there was no
appreciable difference in single-trial decoding performance (classification of the
presence or absence of an evoked potential). In addition, Forsyth et al. [39] com-
pared decoding performance between Stentrode™, subdural, and epidural arrays
implanted in a sheep trained to perform left and right head movements in response
to an external stimulus. Classification of these movements was computed offline.
Using 50% of the trials for training data and 50% for test data, results demonstrated
that the epidural array had a slightly lower classification accuracy (80%) than the
endovascular and subdural arrays (both 85%) when comparing movement vs. rest.
All were higher than the minimum accuracy required to exceed chance, which was
dependent on the number of trials used to test the classification. When comparing
left vs. right movements, classification accuracies from the endovascular (58%),
subdural (55%), and epidural (51%) arrays were again similar, but only the endo-
vascular array distinguished between left and right movements at a higher rate
than chance.

To the authors knowledge, no direct comparisons in signal quality or classifica-
tion performance between endovascular and penetrative electrode arrays have
been made. This may be more complicated as these sensor types might record
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different neural signals for classification. For example, upon implantation, pene-
trative microelectrode arrays offer spike recordings from individual neurons. This
resolution of neural activity is not available to endovascular electrode arrays,
which record synchronized post-synaptic potentials from within the wall of the
blood vessel. However, over time, encapsulation of microelectrodes may occur in
response to the damage caused to the surrounding tissues during implantation.
Thereafter, microelectrode arrays may be limited to recording local field poten-
tials [40] making comparisons of endovascular and microelectrode arrays
more valid.

3.2 Longitudinal Assessments

Oxley et al. [37] performed a series of experiments over a 28-day period following
implantation of their Stentrode™ into a superficial cortical vein overlying the motor
cortex in sheep. This time window allowed for examination of changes in recording
signal quality as the stent was incorporated into the blood vessel, its permanent
recording location, via endothelialization. Direct median nerve stimulation was
used to elicit somatosensory evoked potentials, which were detected in 98% of all
functional channels. This increased from approximately 50% on day 1 post-implant
to 92% by day 4. The peak-to-peak amplitudes were unchanged over the 28-day
study period indicating stability of the recorded signals over this time. Anesthesia-
induced theta burst suppression (see [41]) was used to examine changes in record-
ing sensitivity. Higher burst-suppression ratios at 1 month versus baseline indicated
an increase in sensitivity over this time. In 10 sheep, neural recordings were contin-
ued for up to 190 days. Maximum bandwidth was recorded and found to be stable
throughout, indicating long-term viability of the Stentrode™. Maximum bandwidth
was lower than contemporaneous subdural ECoG recordings but similar to epidural
recordings.

In another study, Opie et al. [42] examined the electrical signals recorded by the
same Stentrode™ device following implantation within the superior sagittal sinus
of 15 sheep. Using electrochemical impedance spectroscopy, this study found that
1 kHz impedances were consistent across the 91-day examination period, and
capacitance stabilized after approximately 8 days after initial increases accompany-
ing the early stages of endothelialization. Opie and colleagues [43] also reported
that the bandwidth of the recordings (~193 Hz) was consistent both between sheep
and over time across their 6-month study period.

More recently, a study with human subjects using the Stentrode™ for BCI dem-
onstrated effective control of a computer up to 238 days following implantation [1].
Signal decoder settings were fixed as early as the third training session (53 days
post-implantation) and, thereafter, required only calibration of the feature normal-
ization constants, which took 30 seconds to complete.

These results demonstrate the potential for chronically stable endovascular
recordings from within the superior sagittal sinus, adjacent to the motor cortices.
Signal quality may even improve with biological activity at the electrode—tissue
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interface as the stent carrying the electrodes is integrated into the wall of the blood
vessel via endothelialization. This contrasts with other invasive electrode arrays,
where numerous biological reactions to the implanted device may occur often
resulting in a decrease in signal quality [44]. These reactions are commonly cited as
a limitation to the use of these BCIs. However, it should be noted that the length of
study of recent endovascular array based BCIs does not yet exceed previous inves-
tigations that have demonstrated high utility of both surface ECoG and microelec-
trode based BCIs after 3—5 years despite degradation of the underlying signals
[45, 46].

3.3 Endovascular Neurostimulation

The potential to use endovascular electrodes for brain stimulation has also been
explored. Gerboni et al. [47] demonstrated cortical activation in response to mono-
polar, endovascular electrical stimulation in sheep. Clear evoked potentials were
demonstrated that were graded in relation to the current applied. No observable
responses were recorded after culling the animal, verifying the neural origin of the
responses. In another proof-of-concept study, Opie et al. [43] elicited motor
responses in the lip, face, jaw, neck, and limbs of 25 sheep using cortical stimulation
delivered via endovascular electrodes. The observed responses were similar to those
elicited using invasive penetrating and subdural arrays. These results demonstrated
the ability of endovascular electrodes to deliver focal stimulation to neural tissue
without open brain surgery.

Endovascular electrode arrays offer superior signal quality compared to non-
invasive EEG and comparable recordings to existing subdural ECoG arrays. Early
evidence indicates that these high-quality signals may be stable over time when
using stent-based endovascular arrays that are incorporated into the wall of the
blood vessel. Thus, with some potential safety advantages compared to other inva-
sive approaches that require craniotomy, endovascular electrodes may offer an
advantageous risk-benefit profile for certain uses. Moreover, in the future, access to
smaller blood vessels may enable recordings from regions of the brain not readily
accessible using surface ECoG or microelectrode arrays, and without the neural
damage caused by depth electrodes. The potential for neurostimulation in these
brain regions may also increase the utility of endovascular electrode arrays.

4 Endovascular BCl Permanency

The implantation of endovascular BCIs is intended to be permanent. Stents carrying
the electrode arrays are incorporated into the wall of the blood vessel via endotheli-
alization. Partial endothelialization may be observed within days and may be com-
plete within 4 weeks of placement [37, 48]. Thereafter, removal from the brain
would require major vascular surgery. The permanency of endovascular BClIs raises
important bioethical considerations for their development and use.



52 A.Fryetal.

First-in-human trials of endovascular BCIs have begun [1]. This research
required participants’ consent to the permanent implantation of the electrode array
in their brains. This is a departure from previous invasive BCI research that has
mostly relied on the temporary implantation of electrode arrays for clinical pur-
poses as a window of opportunity. For example, the use of ECoG arrays in periop-
erative observation for epilepsy surgery has enabled much of the opportunity for
invasive BCI research [49-51]. Whereas, to the authors’ knowledge, only one case
of a chronically implanted ECoG-based BCI has been reported in the literature [45,
52]. Similarly, most microelectrode array implants have also been temporarily
implanted to study epilepsy, anesthesia, cognition, memory, or language [10].
Relatively few have been chronically implanted. In their review, Bullard and col-
leagues reported that only 18 of 48 people implanted with the Utah array were
implanted for longer than 30 days [10]. Accordingly, bioethical considerations
regarding the permanent implantation of investigational BCI devices has received a
paucity of attention in the literature. Here we consider the ethical impact of BCI
permanency using the four principles of bioethics as a framework: non-maleficence,
beneficence, autonomy, and justice.

4.1 Nonmaleficence

At the early feasibility phase of research, the risks of any investigational BCI are
uncertain. Various safety and biocompatibility data need first be collected in bench
top and animal testing. This process will be mostly unchanged by the permanency
of a BCI, although longer durations of monitoring during animal testing may be
warranted prior to human studies. The risk of a malfunction or toxicity may increase
with the duration of implantation, which would become the lifetime of the patient
when using endovascular BCIs. Moreover, the consequences of adverse reactions to
an endovascular BCI may be greater if they necessitate a major neurovascular sur-
gery to remove the device. However, the biggest difference in the risk of harm
between permanent and temporary implants may be the potential for indirect harm
to permanently implanted patients. For example, if the endovascular BCI is not MRI
compatible, then implantation would preclude the patient from undergoing an MRI
scan for any future medical need.

In addition to the risks being uncertain, the efficacy of investigational BClIs for
individuals with different neurological deficits will be unknown. Research subjects
who fail to learn how to operate their BCI as intended (e.g., control a computer cur-
sor or prosthetic arm) may suffer psychological harm due to their failure to meet
perceived expectations or achieve an expected therapeutic benefit [53]. This psy-
chological harm may be amplified or prolonged if the user is unable to have the
ineffective device removed from their person. Thus, carefully considered selection
criteria may become even more essential when admitting study subjects to a trial of
an investigational endovascular BCI.

Permanent implantation of a BCI could also lead to reductions in harm. Invasive
BClIs intended to be temporary would necessitate a second surgery for explantation.
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This would have associated risks that might exceed the risks of not removing the
device. This exposure to potential harm may be unwarranted if the patient does not
wish the device to be removed and there is low anticipated risk from the device
remaining in place.

Finally, the permanency of endovascular BCIs may further blur the murky dis-
tinction between BCI research and treatment [54]. Research has a finite timeframe.
Outcome measures must be collected at preset times following implantation.
However, permanently implanted BCIs will remain in place beyond any scheduled
data collection. Researchers may need to incorporate a plan for continued care
beyond the collection of primary outcome measures.

4.2 Beneficence

BClIs hold the potential for myriad benefits for individuals with a wide variety of
neurological conditions. For example, BCIs may bestow a sense of agency,
increase the opportunity for social participation, and have a positive effect on a
user’s self-image [55]. Temporary implantation of investigational BCIs may offer
benefits to the patient, only for these to be taken away when the device is explanted.
This practice could arguably be seen as unethical. It may at least be unattractive
to potential study participants who may not want to end their participation [55].
Although research with an indefinite timeline raises concerns of exploitation, in
exploratory studies where the goal of the research has not yet been fully realized,
the subject does not wish to end their participation, and the research continues to
progress, it may be appropriate to continue participation in the research until these
criteria are met [56]. Similarly, restricting potential research subjects to tempo-
rary use of a BCI may be a barrier to participation in BCI research. This may
obstruct the potential for benefit to the individual and hinder the progress of BCI
development toward a clinically available and beneficial product for the wider
patient population.

Permanent implantation of an endovascular BCI may offer benefits to the user
that extend beyond the time span of a research study. This possibility requires con-
siderations regarding the need for continued technical and medical support [57].
Commitment to life-long follow-up should be necessitated by funders of endovas-
cular BCI research. However, guarantees made by entrepreneurial health technol-
ogy companies could be unreliable given the high business risks involved in entering
this emerging market. If the manufacturer of a BCI goes out of business and the
device is no longer available, then any benefit the user received could discontinue.
Replacing or maintaining components of the device may not be possible, which
could transform a beneficial situation into a potentially harmful one [53].

The permanent implantation of endovascular BCIs could also make recipients
ineligible for future opportunities including subsequent generations of devices or
different upgrades that may offer greater benefit. This should be made clear within
the informed consent process. As much as possible, manufacturers should consider
the compatibility of first-generation endovascular BCIs with anticipated future
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device generations to ensure the maximization of benefit from the implantation of
investigational endovascular BCls.

From a research and development perspective, the long-term safety outcomes of
a BCI are not clear from transient implantation of devices. Permanent implantation
during typically low n feasibility studies early in the development process would
provide the most information on safety prior to larger pivotal trials and post-market
surveillance involving larger cohorts. Similarly, some EEG features are more robust
over time (“permanent”) than others [58]. Therefore, the efficacy of BCI systems
over extended periods may remain unknown without longitudinal monitoring across
the lifespan of a device, even if biological interactions with the implanted materials
can be demonstrated as stable or mitigated. These benefits must be weighed against
the risk of harm to the first recipients of permanent devices.

4.3 Justice

The permanency of endovascular BCIs engenders deliberation on which patient
populations might be appropriate for feasibility studies of investigational devices.
Some exclusions should certainly be applied. Pediatric populations with still devel-
oping vascular anatomy would be inappropriate, at least for the current generation
of devices. Other decisions may be less clear. For example, individuals with life-
limiting disorders such as ALS may be less impacted by the inability to receive
future upgrades (see Beneficence). As such, researchers might seek to target these
patient populations. However, access to these opportunities should not be restricted
from eligible individuals with other neurological conditions, providing they are
fully informed prior to giving their consent. Equally, those with limited expected
life spans may be viewed as being more willing to take on higher levels of risk or
less impacted by severe adverse events; however, the potential for harm should not
be concentrated in this population.

4.4 Autonomy

Individuals with severe communication difficulties are a target population of some
BClIs. For these individuals, providing informed consent may be difficult or even
impossible, especially if simple yes/no responses are considered insufficient and
amounting only to assent at best [59]. In these cases, legally authorized representa-
tives may issue consent on the patient’s behalf [57]. However, the BCI may restore
the capacity for higher levels of communication and subsequently the ability to
exercise greater autonomy [60] including the ability to consent for themselves.
Should the recipient not wish to continue the use of their BCI they may be unable to
have the device removed. This would leave only the potential for harm from the
unused implanted device. Therefore, the use of endovascular BCIs might be pre-
cluded for individuals unable to provide autonomous informed consent. Alternatively,
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the use of non-invasive BCIs might enable the ability to communicate informed
consent for more invasive BCls including endovascular devices.

While it is not beyond the realms of possibility that temporary endovascular
BCIs will be developed, the endothelialization of the materials in the current gen-
eration of devices dictates that, for the near future at least, their placement within
the brains of humans will be permanent. This will necessitate an adjustment to exist-
ing bioethical considerations surrounding the development and use of invasive
BClIs. This chapter section outlined some initial considerations; however, with early
feasibility testing of investigational endovascular BCIs underway, further attention
is urgently required.

5 Informed Consent for Endovascular BCls

The informed consent process serves to provide the information pertinent to partici-
pation in a research trial, as well as comprehension of that information, to enable an
informed, voluntary decision on participation to be made by the potential subject or
their legally authorized representative. The information provided on the informed
consent form, along with the opportunity to ask questions about the research trial,
helps subjects to weigh the unique risks and benefits for them as individuals. The
uncertain risk profile and permanency of endovascular BCIs creates additional chal-
lenges for researchers and participants to convey and comprehend any potential
risks and benefits. The goal of this chapter section is to highlight some of these
challenges.

Endovascular BCI is still an investigational treatment, and its therapeutic viabil-
ity has not been established [1]. Caution should be applied when participants are
determining the clinical benefit from clinical trials [61, 62]. Unrealistically high
expectations pose a risk of psychological harm to subjects [63] and should be
screened for before and during the informed consent process. Comprehension of the
information provided during consent should help to provide a realistic level of
expectation of benefit. For example, researchers consenting for feasibility trials
should emphasize that the primary goal of the study is to investigate safety out-
comes and that no expectation of benefit can be assured. Researchers should also be
careful not to over-compensate for a lack of supporting evidence for BCIs by over-
stressing the technological limitations [64, 65]. As mentioned previously, the per-
manency of endovascular BCIs introduces potential risks including MRI
incompatibility, ineligibility for future devices or upgrades, and the possibility for
tech support to become unavailable. These risks should also be covered during
informed consent to guide realistic expectations of the potential for harm.

Prior literature has identified some of the psychosocial challenges of high impor-
tance to BCI users and several target populations. Users regard the ability to feel
like the author of one‘s actions have a social life, self-esteem, freedom, and empow-
erment as critical aspects in the use of BCI [66]. Additionally, the aesthetics and
medical connotations of BCI systems have been considered a significant barrier to
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adoption by many users [32, 67-69]. In the context of endovascular BCI, the elec-
trodes of the device might be hidden, but wires or devices connected to the patient
still pose a risk for users to feel stigma. These and other considerations reported as
important by BCI user groups should be addressed during the informed consent
process to adequately convey the potential for both risks and benefits. However,
simply disclosing psychosocial risks to potential participants may not be sufficient
for an informed decision to be made. Risks such as challenges to personal identity,
loss of agency, and stigma may require a deeper exploration [63]. Moreover, the
meaning of a shift in identity, loss of agency, or the experience of stigma can only
be determined on an individual basis [65, 70]. These experiences related to BCI
have been evaluated over the course of an intervention, but their exploration during
the informed consent process is rarely reported. Moreover, assessing these risks
requires high self-awareness, and many subjects may not be accustomed to health-
related self-reflection [71]. Newly disabled patients may not possess this self-
awareness due to insufficient experience with their condition [72]. The process of
self-reflection prior to consenting to participation in an endovascular BCI trial may
be additionally complicated due to both the novelty and permanency of this technol-
ogy. For procedures as significant as the implantation of a permanent endovascular
BClI, the study team might require a trained psychologist to explore a potential
subject’s suitability beyond meeting a set of rigid inclusion and exclusion criteria.

In outlining their frameworks for informed consent best practices for implantable
BClIs, Klein and Ojemann [72] emphasized the importance of self-reflection and
exploration of participant’s preferences and values. They expressed that the subjects
are required to understand their values, preferences, and goals to project how their
life will change in the years following implantation of a BCI. Qualitative informa-
tion on current and potential BCI end-users are available and could be used to create
a method or tool(s) to help participants explore their needs, values, and goals with
respect to BCI [55, 68, 73, 74]. However, much of the current BCI research has not
incorporated these existing insights or suggestions [66]. Researchers and clinicians
may also need to enhance their understanding of common BCI user perspectives to
develop effective informed consent processes [75].

Frameworks for guiding value-based decision-making in healthcare may be
applicable to informed consent for undergoing clinical procedures within a BCI
research trial. For example, the Patient Priorities Care prototype is a clinically fea-
sible approach to identify and link what matters most to a patient to the health care
they are willing and able to participate in [76, 77]. This framework was developed
for patients with multiple chronic conditions, which may have similar values to
many BCI candidates with chronic conditions [55, 78]. Clinicians on the research
team can be trained in identifying patient priorities [79]. Although this training
might require additional time and resources, failure to accommodate for a subject’s
values ahead of and during the informed consent process could lead to rejection of
a potentially efficacious BCI technology.

Due to the permanency of endovascular BCI, greater attention to the needs and
values of the potential subjects is warranted during the consent process. If research-
ers do not attend to end users’ perspectives during the informed consent process,
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informed consent might be provided for the implantation of a permanent device that
may not align with their needs, goals, and values. Effectively evaluating patient suit-
ability on these criteria may require additional resources and expertise, which
should be considered during the design stage of research trials and encouraged by
funding agencies.

6 Ethical Considerations of Industry Funded
Endovascular BCl Research

Traditionally, access to invasive BCI technologies by people living with severe
paralysis has occurred under the auspices of government-funded research initia-
tives, with a primary focus on scientific discovery. However, the field of invasive
BCI technology is currently at crossroads with the advent of multiple private and
for-profit corporations that have the goal of developing consumer oriented BCI
products. This produces a variety of novel and unprecedented ethical challenges that
have not been previously navigated in the field of BCI technology. Some of these
ethical issues may be common to all invasive BCI technologies, but at the time of
writing, there is a particular relevance to endovascular BCIs as the first and, to date,
only published human trial of an endovascular BCI [1] investigated the safety and
efficacy of the Stentrode™, an endovascular BCI developed by a for-profit corpora-
tion: Synchron Inc. (Brooklyn, New York). This section of this chapter will largely
focus on how industry funded, invasive BCI research influences both the pace and
the publicity of the research and the ethical implications of both.
Industry-sponsored BCI development differs starkly from government sponsored
initiatives when it comes to the pace of the research that is to be performed. The
field of health technology has frequently cited the concept of the “valley of death,”
which is the idea that novel health technologies take, on average, almost two decades
to successfully traverse the path from “bench to bedside” [80]. Traditionally, tech-
nology developed by industry moves faster than technology that is developed by
federal research funding simply due to the differences in timelines [81]. This is due
to the disparity in risk tolerance in the two funding sources. By its nature,
government-sponsored research has an apparent responsibility to the public to be
low-risk and incremental, meaning that the intuitive and innovative leaps forward
necessary to keep a health technology startup alive cannot be easily supported
within the natural lifespan of a startup company [82]. Thus, industry-sponsored
research is required to move at a much faster pace, with a higher risk of failure.
However, while the pace of both government- and industry-sponsored research must
be tempered by ethics and the well-being of research participants, lowering the
overall risk of the implantation procedure for the BCI technology will allow research
to move forward at a faster pace. If research involving endovascular BCI technolo-
gies do, in fact, pose a lower risk to research participants, they may have greater
potential for successful rapid development when compared with intracranial
approaches that require penetration of the skull. This difference in research pace,
driven by ethics, may be dramatic enough to influence the number of invasive BCI
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companies that choose an endovascular route in the future. This is a powerful exam-
ple of how the ethics of BCI technology can influence the focus of research and
technological development in the field.

In addition to an accelerated research pace, industry-sponsored research is often
much more public-facing, with marketing and media relations professionals who are
dedicated to sharing product progress and presenting research findings in the best
possible light. Across the field of BCI research, this creates ethical tension, because
it can lead to people with disabilities having unrealistic expectations of a BCI prod-
uct or being led toward a scenario that creates false hope in that product [83]. Notably,
at the time of writing this chapter, Elon Musk’s BCI company Neuralink is frequently
making headlines in mainstream media about seemingly audacious goals for their
novel, implantable BCI device [84]. To be clear, these are not claims that are related
to an existing product (because such claims would be subject to the scrutiny of regu-
latory agencies), these are hopeful statements about the long-term vision of the com-
pany. Traditionally trained scientists tend to avoid statements of this style, because
their scientific reputation relies upon restricting their public statements to what can
be empirically proven by their science. Technology startup CEOs tend to enjoy more
latitude when it comes to making such claims, and, as the technology startup ecosys-
tem is increasingly entering the healthcare sector, ethical concerns are certain to
emerge. Although it may be tempting to dismiss these concerns as a standard occur-
rence in consumer product marketing, the ethical implications of these actions could
be far-reaching. For instance, a large virtual footprint paired with attractive virtual
advertising will significantly increase the number of individuals who express interest
in ongoing clinical trials [85, 86]. This strategy is known to be particularly effective
for identifying research participants who have rare conditions and may be marginal-
ized or difficult to otherwise reach, which is highly relevant to those with a severe
disability [87, 88]. However, research participants who are recruited via social media
typically display lower rates of retention than those recruited through more conven-
tional means, especially when participation in clinical trial activities require more
than a single interaction with researchers [89-91]. This concern is particularly rele-
vant to endovascular BCIs due to the permanency of the technology and the need for
long-term follow-up in participants who engage with such a novel, implanted tech-
nology. For a technology in its early stages of development with few active users due
to regulatory restrictions, the potential loss of data from a premature dropout could
be catastrophic to the development of that technology. As such, researchers investi-
gating endovascular technologies must engage in a detailed study recruitment pro-
cess and mitigation strategies in order to avoid poor retention that can occur as a
result of social media recruitment [91]. The disparities that exist between the real-
world efficacy and the research needs of endovascular BCI technology and the way
that industry sponsored BCI technologies may be advertised must be considered
carefully to ensure that false hope in potential research participants does not affect
the quality of the research that is conducted.

A final ethical consideration, given the novelty of endovascular BCI technology,
relates to the protection of privacy of research participants. Highly publicized
research (especially as it pertains to industry-led publicity) that involves very few
participants, or participants that are a part of small communities, can run the risk of
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identifying research participants who may not wish to disclose their involvement in
a clinical trial. In addition, researchers who are leading clinical trials involving pub-
lic—private partnerships, such as government-sponsored research of a privately
owned technology, must be particularly vigilant to ensure that recruitment of
research participants is not predicated upon the participant’s willingness to be
involved in publicity activities, only the research itself.

7 Conclusion

The advent of endovascular electrode arrays in BCI has brought new bioethical
considerations and challenges that should be considered as the use of this technol-
ogy progresses. In particular, the permanency of stent-based electrode arrays has
wide-ranging bioethical implications. Endovascular electrode arrays can be placed
using minimally invasive surgical procedures, which might attenuate some of the
safety concerns in comparison to other types of invasive BCI that require craniot-
omy. This might contribute to an improved risk-benefit ratio. However, substantially
more investigation is required before either the full risks or benefits of endovascular
BCIs will become apparent. This considerable uncertainty poses challenges to the
informed consent process for clinical trials of BCI technologies. Additionally, sub-
jects entering the consent process may have unrealistic expectations of novel BCIs
due to the publicity surrounding some for-profit BCI companies. Overall, this chap-
ter outlined some initial considerations of the bioethics of endovascular approaches
to BCI, with further discussion needed.
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