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Alzheimer's disease (AD) is a prevalent neurodegenerative disorder affecting the elderly, leading to important
impairments in cognitive function and the ability to live independently. This results in substantial disability and
places anincreasing burden on families and society. Currently, the therapeutic approaches adopted in clinical
practice predominantly hinge upon cholinesterase inhibitors and the N-methyl-p-aspartate (NMDA) receptor
antagonist memantine. Nevertheless, these medications merely alleviate symptoms and fail to tackle the
pathological characteristics of AD. In recent years, monoclonal antibodies such as lecanemab and donanemab
against p-amyloid (AB) have shown good efficacy in clinical practice for early-stage AD patients. However, the
early diagnosis of AD remains a challenge. Against this backdrop, endovascular brain-computer interface
(EBCI) offers an integrated solution for the early diagnosis and neuroregulatory treatment of AD patients,
with minimal invasiveness. This review comprehensively examines the safety and feasibility of EBCI for AD
patients, focusing on 3 major application areas: early diagnosis, deep brain stimulation targeting specific brain
regions, such as the fornix and the basal nuclei of Meynert, and the use of external neurofeedback devices.
Furthermore, we explore future development trends in this field, including miniaturization, integration, and
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the exploration of deep brain regions.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and the leading cause of dementia in the elderly. It is
characterized by the gradual onset of synaptic dysfunction,
neuronal loss, and cognitive decline, typically resulting in a slow
deterioration of the ability to live independently. This is accom-
panied by a decline in cognitive function and an increasing
dependency on others. Early diagnosis of AD remains challeng-
ing, as both cognitive abilities and overall prognosis deteriorate
with disease progression, often leading to diagnosis only in the
later stages.

Currently, the primary pharmacological treatments for AD
include cholinesterase inhibitors and the N-methyl-p-aspartate
(NMDA) receptor antagonist memantine [1]. However, these
treatments are associated with adverse effects such as hallucina-
tions and headaches, and they offer only symptomatic relief,
failing to halt the irreversible progression of the disease.
Although the anti-B-amyloid (Ap) monoclonal antibodies such
as lecanemab and donanemab that have been clinically used in
recent years have achieved good results in delaying the onset
of AD by targeting the pathological mechanism of AD, these
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drugs are expensive, are not suitable for all patients, are not
effective for all patients, and may have potential long-term side
effects. The ideal intervention for AD should be the combina-
tion of early diagnosis and early treatment. Therefore, there is
an urgent need for the development of alternative therapies that
enable early diagnosis and address the underlying pathological
features of the disease.

Brain-computer interface (BCI) technology represents
a promising solution, providing an innovative method for
direct interaction between the human brain and the external
environment. This technology bypasses peripheral nerves,
establishing a direct communication and control pathway,
which allows for bidirectional transmission of information
and commands between the brain and external devices. In
this way, neural prostheses can be manipulated to restore
motor function or stimulate specific brain regions to suppress
disease manifestations, such as epilepsy [2]. BCIs are gener-
ally categorized into invasive, semi-invasive, and noninvasive
types, depending on the depth of implantation, with signal
strength typically decreasing across these categories. The endo-
vascular brain—computer interface (EBCI) represents a subtype
of invasive BCIs; however, it does not require a craniotomy.
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Instead, it leverages endovascular techniques to deliver elec-
trodes into blood vessels near the target brain region, enabling
neural signal acquisition and other functions. This approach
offers signal acquisition performance comparable to that of
subdural electrode array, but with substantially less implantation-
related trauma than conventional invasive BCIs. By com-
bining precise targeting of specific brain areas, high-fidelity
signal acquisition, and minimal invasiveness, EBCI align well
with the unique needs of patients with AD, who are particu-
larly vulnerable to tissue damage and require region-specific
interventions.

This review highlights the working principles and functional
capabilities of EBCI and evaluates their feasibility and safety
for the early diagnosis and treatment of AD.

Materials and Methods

To conduct this systematic review, we searched Scopus, PubMed,
IEEE, and ScienceDirect databases using the following strategy.
No restriction was applied for publication year. Only studies
meeting all of the following criteria were included: (“Endovascular
Brain-Computer Interface” OR “Vascular Stent-Electrode” OR
“Intravascular Neural Interface”) OR (“Alzheimer’s Disease”
OR “AD” OR “Senile Dementia”) AND (“Neuromodulation” OR
“Cognitive Enhancement” OR “Memory Improvement”).

The inclusion criteria were as follows: Peer-reviewed original
research articles, including animal experiments, in vitro studies,
clinical case reports, and cohort studies, as well as systematic
reviews and meta-analyses that explicitly addressed at least one
of the following topics: (a) the technical principles, biocompat-
ibility, or signal acquisition/stimulation performance of EBCI or
stentrode systems; (b) the rehabilitation or diagnostic applica-
tions of EBCI or stentrode in patients with AD; or (c) the pros-
pects of EBCI or stentrode technology. When it was necessary to
reference unpublished preclinical data due to the frontier nature
of the field, such instances were clearly indicated in the text as
“[not peer-reviewed; data cited from a conference abstract]”. For
duplicate publications or those with excessive content overlap,
only the most recent and data-complete version was retained.

In total, 347 relevant studies were initially identified using
this search strategy. After screening titles and abstracts, 226
articles were excluded, and then 119 manuscripts and 2 extra
reports were retained as the most relevant studies and were
included in this review.

Brain—-Computer Interfaces

Traditional BCI systems function by recording neural signals
generated in response to motor intentions, decoding these sig-
nals to convert them from neural to digital form, and utilizing
neurofeedback to output digital signals that control neural pros-
theses. These systems can restore motor function or stimulate
specific brain regions to suppress disease manifestations [2], such
as in the case of epilepsy. Recent advancements in BCI research
have demonstrated their remarkable motor control capabilities.
For example, patients with quadriplegia have been able to type
at speeds comparable to those of a standard smartphone key-
board [3] and control robotic prosthetics to perform tasks such
as grasping and releasing objects, substantially improving their
quality of life [4,5].

BClIs can be classified into 3 main categories: invasive, semi-
invasive, and noninvasive. Invasive BCIs involve the implan-
tation of electrode devices directly into the cortex to collect
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neural signals. Semi-invasive BClIs, such as electrocorticogra-
phy (ECoG), are positioned within the skull but do not pene-
trate the cortex, and can be further categorized into epidural
and subdural types. Noninvasive BCIs, by contrast, use external
sensors, such as electroencephalography (EEG), magnetoen-
cephalography (MEG), or near-infrared spectroscopy (NIRS),
to capture neural signals without requiring brain implants.
Generally, the degree of implantation injury follows this order:
noninvasive < semi-invasive < invasive. However, signal qual-
ity typically follows the reverse trend, with noninvasive meth-
ods often yielding lower signal quality compared to invasive
ones [6].

In recent years, BCIs have garnered substantial research
attention, with rapid advancements in performance. Despite
this progress, issues related to signal quality and stability remain
persistent. Noninvasive BCIs face challenges due to signal dis-
persion resulting from the distance between the sensors and
neural cells, as well as partial signal attenuation by the skull.
This leads to weak signal strength and high levels of artifacts.
On the other hand, invasive BClIs, especially those utilizing
penetrating microelectrode arrays (MEAs), offer superior per-
formance. They capture neural signals with high spatial and
temporal resolution, providing an excellent signal-to-noise
ratio and greater robustness against noise and motion artifacts.
However, even in these systems, there is always some relative
movement (<50 pm) between the electrodes and neurons [7],
and fluctuations in electrical activity both inside and outside
neurons can lead to unstable spike amplitudes. Additionally,
electrode wear and the damage caused by invasive procedures
can negatively affect signal stability [8].

Currently, MEA systems have been implanted in subjects for
up to 5 years [9], but long-term implantation faces substantial
challenges. Disruption of the blood-brain barrier (BBB) by
MEAs triggers local inflammation and mediates neurotoxicity
[10], which leads to neuronal degeneration and a gradual decline
in recording performance. Increased BBB permeability allows
the infiltration of local antigen-presenting cells, exacerbating
inflammation [11]. This issue is especially pronounced with
Michigan electrodes, which exhibit a faster rate of failure com-
pared to other MEAs, likely due to higher BBB permeability and
weaker wound healing responses. Although MEAs have advan-
tages in promoting wound healing and reducing post-surgical
BBB permeability [11], they still require frequent recalibration.
Furthermore, the substantial damage caused by invasive MEA
electrode arrays can induce reactive gliosis and scar formation
[12], eventually resulting in the formation of a nonconductive
barrier that isolates the electrodes from the target neurons [13].
This not only obstructs signal propagation but also increases
impedance and extends the distance between the electrodes and
the nearest target neurons.

While epidural and subdural electrodes reduce the risk of dam-
age by being placed on the cortical surface, ECoG arrays posi-
tioned beneath the dura mater can only capture electrical activity
from the cortical surface and are unable to measure signals from
deeper cortical neurons. Moreover, their signal quality is generally
inferior to that of fully invasive BCIs. In terms of hardware devel-
opment, there has been a continuous effort to increase the number
of channels in invasive BClIs to achieve higher signal resolution.
However, simply increasing the number of channels in an attempt
to improve data transmission rates and signal quality may not be
a feasible solution in clinical settings, as the human brain cannot
tolerate an unlimited number of invasive probes. In the signal
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acquisition process, a few high-quality probes can collect the vast
majority of neural signals. Increasing the number of probes by
several or even tens of times does not lead to more than a 10%
improvement in signal acquisition efficiency. Therefore, indis-
criminately increasing the number of channels is not a reason-
able approach.

Endovascular Brain-Computer Interface

The EBCI is a promising technology classified as a specialized
form of invasive BClIs. It offers stable and high-efficiency neu-
ral signal acquisition while minimizing physical trauma to
the patient. Unlike invasive multi-electrode arrays (MEA) or
subdural/epidural ECoG arrays, the EBCI does not require
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craniotomy. Instead, it utilizes vascular intervention to deliver
electrodes to blood vessels near target brain regions for signal
acquisition and other functions (Fig. 1A) [14]. This approach is
particularly advantageous for elderly patients with poor prog-
noses for craniotomy, as it offers a less invasive alternative to
traditional invasive BCIs. Compared to conventional invasive
BClIs, EBCI offers stable and long-term access to deep brain
regions—provided that appropriate adjacent vasculature exists—
ata substantially reduced level of invasiveness. Unlike traditional
invasive approaches, EBCI eliminate direct contact with neural
tissue, thereby avoiding signal degradation caused by chronic
inflammation-induced neuronal degeneration, as well as reduc-
ing the need for frequent recalibration due to signal instability.
In comparison with semi-invasive BCIs such as ECoG, EBCIs
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Fig. 1. Schematic illustration of EBCI, including implantation sites and hardware evolution, created with BioRender. (A) Schematic diagram of an EBCI. The device is capable
of both signal acquisition and DBS, and can be used in combination with other feedback hardware for attention training and neural circuit substitution, similar to other BCI
systems. (B) Schematic representation of superficial cerebral veins. SSS, superior sagittal sinus; VT, vein of Trolard (superior anastomotic vein); VL, vein of Labbé (inferior
anastomotic vein); TS, transverse sinus; OS, occipital sinus; 1JV, internal jugular vein. (C) Hardware configurations at different developmental stages of EBCI: guidewire—

microwire—catheter—nanowire—stentrode.
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demonstrate superior temporal and spatial resolution relative to
epidural electrode arrays and slightly inferior performance com-
pared to subdural arrays, as shown in Table 1. Moreover, EBCls
are capable of safely and efficiently recording and stimulating
neural signals in deep brain structures.

Owing to their endovascular delivery, EBCI can access brain
regions that are otherwise unreachable using conventional meth-
ods, including the medial temporal lobe and basal ganglia. These
areas are particularly valuable in cases where cortical damage
leads to signal loss. Beyond minimizing tissue trauma, endovas-
cular electrodes also offer several operational advantages over
subdural electrode arrays. For example, electrode array malfunc-
tion is a common issue in long-term neural recordings, and
subdural arrays exhibit substantially higher dislodgement rates
compared to endovascular electrodes. The larger degree of move-
ment permitted in the subdural space—prior to anchoring to
the dura mater and skull—increases the risk of electrode detach-
ment or breakage. In contrast, endovascular electrodes, which
are fixed within the vascular structure, greatly reduce the likeli-
hood of such mechanical failures [15].

The first intracranial electroencephalogram (EEG) recorded
from an endovascular approach was in 1973 when Penn et al.
[16] improved upon the flexible vascular guidewire developed
by Driller et al. [16,17], connecting it to a platinum-cobalt mag-
net used as the electrode.

As early as 2016, Bower et al. [18] demonstrated that micro-
electrodes could record cortical signals within blood vessels.
Using a pig model, they introduced a MEA (40 pm in diameter)
into the superior sagittal sinus (SSS) through a venous incision
to measure cortical high-amplitude spikes induced by penicil-
lin injection. They compared the results with subdural arrays,
revealing that the spatial resolution of signals obtained from the
EBCI was slightly inferior to subdural arrays but comparable to
epidural arrays. This study confirmed that endovascular arrays
could record neural signals with high accuracy and localize epi-
leptic foci. The inferior signal quality from the endovascular
interface, compared to subdural arrays, was primarily attrib-
uted to signal loss caused by the varying conduction distances
in cerebrospinal fluid (CSF), rather than the dura mater (since
the venous sinus is located above the dura).

Subsequent studies by He et al. [19] utilized guidewire elec-
trodes to measure auditory and visual evoked potentials in pig
models, yielding similar conclusions. However, the studies using
guidewire electrodes were limited by the short duration of signal
recordings, typically lasting only a few hours. This limitation
poses a substantial drawback for the device’s potential future use
in closed-loop control and long-term monitoring.

Opie and colleagues [20] made a breakthrough by demon-
strating a stent-based device capable of long-term implantation
in blood vessels to record neural activity. In their sheep model,
they recorded cortical activity for up to 190 d using angiography
and compared the data with subdural and epidural arrays. Their
findings corroborated previous research, revealing that endovas-
cular electrodes can record neural activity with similar quality
to subdural arrays. Additionally, the electrochemical impedance
spectrum of the device showed that peak resistance frequency
stabilized after approximately 8 d, with more than 85% of the
implanted stent pillars being covered by neointima within
2 weeks. This indicated that the stent electrodes could main-
tain long-term stability and recording capabilities within blood
vessels [21]. Forsyth et al. [22] further validated the device’s
long-term decoding ability in motor experiments [not peer-
reviewed; data cited from 2019 IEEE/EMBS Neural Engineering
Conference] (Table 2).

As mentioned above, advancements in miniaturization and
the need for long-term recordings have led to the evolution of
endovascular recording devices from guidewire recordings to
microfilament/nanowire recordings, and then to catheter- and
stent-based recordings (Fig. 1C). The most advanced BClIs cur-
rently combine a stent with an electrode array. Before implanta-
tion, cyclic voltammetry (CV) was conducted to clean residual
substances from the electrode surface, thereby reducing foreign
body reactions and lowering electrode impedance (from 6.26 +
6.7 kQ to 2.21 & 1.2 kQ) to enhance signal stability. The Pt-W
signal transmission lines were insulated with polyimide (PI) to
prevent electrical interaction with blood or surrounding tissues
during signal transmission [23] [not peer-reviewed; data cited
from 2024 International Winter Conference on BCI], further
improving the stability of the electrode array. The self-expanding
stent securely holds the electrode array in place, facilitating

Table 1. Comparison of EBCI with invasive and semi-invasive BCls across dimensions such as spatial resolution and temporal resolution.
Under the condition of having suitable target blood vessels, EBCI can provide high-quality signals in any brain region.

Index EBCI

Invasive BCls

Semi-invasive BCI

Signal type
Spatial resolution

LFP, spikes

Millimeter level (close to the cortex
but limited by blood vessels,
stronger than epidural BCI, slightly
weaker than subdural BCI)
Millisecond-level

2-5 times more powerful than EEG
and is similar to ECoG

Temporal resolution
Signal strength

Target brain areas
there is appropriately located
vasculature nearby

Spikes, LFP
Sub-millimeter level (direct contact
with neurons)

Millisecond-level (the best)

The most powerful modality, as it
directly captures neuronal spiking
activity

Virtually any brain region, as long as  Any brain region (the target area
for implantation)

ECoG, LFP

Sub-millimeter level (epidural BCI /
subdural BCI)

Millisecond-level
Moderate

The cortical surface
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Table 2. Hardware characteristics of EBCI at different developmental stages, including dimensions and commonly used materials

Stage Dimension range Typical materials

Guidewire Diameter 100-300 pm Stainless steel, nitinol alloy

Microwire Diameter 20-50 pm Platinum—iridium alloy, tungsten wire, and nichrome wire
Catheter-based Outer diameter 200-500 pm Polyurethane/silicone tubing with embedded gold/

Nanowire-based
membrane thickness <10 pm

Stentrode

Electrode size tens to hundreds of nanometers;

Stent outer diameter 2-4 mm; wire diameter 50-100 pm

platinum electrodes

Carbon nanotubes, silver/gold nanowires, graphene-PI
(polyimide) thin films

Nitinol or cobalt-chromium stent framework with
platinum/gold electrodes

prolonged signal acquisition and therapeutic use. In the past
years, EBCIs have shown their innovative potential. In March
2025, Synchron announced a collaboration with Nvidia on its
latest endovascular BCI (stentrode), which integrates Nvidia’s
Holoscan platform with Apple Vision Pro to achieve faster and
more precise neural signal decoding and interaction [24] [not
peer-reviewed; data cited from Wired magazine technology
news article]. The system is equipped with an embedded arti-
ficial intelligence (AI) that not only decodes brain signals but
also leverages large-scale neural data to train foundation mod-
els, advancing from supervised learning to more intelligent
self-supervised learning. This Al model, known as Chiral, was
designed to learn the “language of human cognition”. Rather
than merely recognizing signals, it interprets user intentions
and adapts its operations dynamically within specific contexts,
potentially enabling more complex and natural interactions in
the future.

At the NVIDIA GTC conference, a compelling demonstration
was given by a patient with amyotrophic lateral sclerosis (ALS),
Rodney Gorham, who directly controlled smart home devices.
For instance, he played music, adjusted lights, turned on a fan,
fed a pet, and operated a robotic vacuum via a visual interface,
all without physical movement or speech. Synchron previously
conducted an implantation in a 65-year-old ALS patient, Mark
Jackson, in 2023. In a 2025 demonstration, he showcased the
ability to use the implanted BCI device to perform tasks, such
as gaming, messaging, and online shopping. His performance
was remarkably accurate, achieving 13 of 14 successful target
hits, reaching 100% accuracy [25] [not peer-reviewed; data cited
from Wired magazine technology news article].

The EBCI has already been successfully implanted in patients
with limb paralysis for up to 12 months [14]. In a pioneering
human clinical trial, participants with upper limb paralysis who
received an EBCI were able to independently operate a laptop
for various daily activities. The device was implanted in 4 male
participants in Australia, all of whom had severe bilateral upper
limb paralysis due to ALS or primary lateral sclerosis (PLS) [14].
Participants underwent dual antiplatelet therapy for 3 months
and continued aspirin treatment for 12 months to prevent clot-
ting. A year after surgery, the implanted BCIs remained securely
positioned in the sagittal sinus, with none of the participants
experiencing prolonged neurological effects or severe adverse
events, such as vascular occlusion or thrombosis. Throughout
the study, the BCIs maintained stable signal strength, enabling
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the participants to successfully control a computer to send
emails, text, engage in online banking, and shop.

Moreover, since the device is located within blood vessels
and does not directly contact neural tissue, targeted stimulation
can be achieved with minimal neural damage. Elderly patients
often exhibit low tolerance for craniotomy, which limits the use
of invasive methods and hinders the application of deep brain
stimulation (DBS) techniques, which are beneficial for AD
(NCT03622905 and NCT01094145). The clinical efficacy of
DBS on patients with AD will be elaborated in detail in the
“The application of DBS in the treatment of AD patients” sec-
tion. The application of DBS in the treatment of patients with
AD is discussed in this article.

In contrast, the EBCI provides a safe and effective therapeu-
tic approach, making it particularly important in the treatment
and early diagnosis of AD patients.

AD Patients as the Target for Application

AD is characterized as a network disconnection disorder, with
impaired synaptic plasticity being a key hallmark. Intact synaptic
plasticity plays a crucial role in neuronal oscillations and is con-
sidered essential for information transmission at the cellular
level, which is vital for cognitive function. Future treatments for
AD can generally be divided into 2 primary directions [26]: one
involves targeting and clearing biochemical markers, such as
neurofibrillary tangles [composed of phosphorylated tau (p-tau)]
and amyloid plaques (Ap), to prevent or slow neurodegeneration
[27]; the other aims at enhancing neuronal connectivity to
improve cognitive function [28]. Both approaches leverage the
potential of BCIs. Theoretically, stimulation of specific brain
regions via electrode arrays may reduce Af deposition in patients
with AD by modulating pathological nonlinear connectivity pat-
terns, thereby improving cognitive function. Clinical studies
have further shown that DBS exerts beneficial effects through
multiple mechanisms, including the up-regulation of endoge-
nous neurotrophic factors, enhanced synaptophysin expression,
and promotion of neurogenesis. These effects collectively con-
tribute to a slowing of disease progression and an improvement
in cognitive performance in AD patients. A detailed discussion
of these mechanisms will be provided in subsequent sections of
this article. However, for elderly individuals, a group at high risk
for AD, noninvasive BCIs are challenging to wear long-term and
may not provide effective stimulation due to issues like scalp oils
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and sweat. Conversely, traditional invasive BCIs cause substantial
tissue damage, raising safety concerns. Research has shown that
chronic inflammation and brain tissue damage resulting from
invasive BCIs within the first 6 weeks are independent of device
size and cannot be mitigated by reducing the device volume [29].
This problem is even more pronounced in the elderly, whose
postoperative frailty—due to factors such as hypertension,
diabetes, and infections—can negatively impact craniotomy
outcomes [30,31]. Age itself is also a strong predictor of poor
outcomes following craniotomy [32]. Compared to traditional
open-skull BCI implantation, endovascular approaches offer the
advantages of minimal invasiveness, shorter recovery time, and
enhanced safety—features that align well with the specific clini-
cal needs of AD patients.

Implantation sites and safety of EBCI in AD patients
The implantation procedures for the EBCI are well-established
in terms of safety. Currently, most procedures target the brain’s
venous sinuses. Venous implantation substantially reduces the
risk of thrombosis compared to arterial implantation, and it
allows access to regions near the primary and secondary sensory-
motor cortices [33], facilitating the decoding of motor intent and
providing neural feedback. The venous system is closely con-
nected to the subdural space and cortical areas, making it a
focal point for future research. Among the venous structures,
the Trolard vein (anastomotic superior vein) and the Rolandic
vein (central sulcus vein) are of particular interest [34]. Notably,
the Trolard vein is present in 26% to 80% of patients, with the
most common location being the cortical area posterior to the
central sulcus, near the sensory centers, providing abundant
signal sources (Fig. 1B). The Trolard vein is the largest cortical
vein draining into the SSS, with an average diameter ranging
from 2.14 to 3.32 mm. In the current sheep model, the smallest
lumen diameter of a catheter that can safely deliver to the SSS is
1.1 mm [33], making it a feasible option for implantation.

Regarding the safety of cerebral venous sinus or cerebral
venous stent implantation, surgical complications such as intra-
cranial hemorrhage and thrombosis must be carefully consid-
ered. To mitigate the risk of stent-induced thrombosis after
implantation, current human studies employ anticoagulation
strategies, including dual antiplatelet therapy for 3 months
post-implantation, followed by a 12-month course of aspirin
monotherapy as a preventive measure. During follow-up, no
thrombotic events were reported among the implanted subjects
[14,35]. In a similar context, Ahmed et al. [36] reported out-
comes from cerebral venous sinus stent implantation, noting
that while the sample size was small (52 patients), the throm-
bosis rate was 0%. In a systematic review of stent implantation
by Townsend et al. [37], although no specific thrombosis
incidence was mentioned, 2 cases were highlighted. One case
involved a postpartum woman in her 20s who developed intra-
stent thrombosis after anticoagulation therapy, and the other
involved delayed thrombosis. Both patients achieved excellent
recovery, and the researchers attributed thrombosis formation
to a poor response to anticoagulants in these particular patients
[37,38]. Notably, following a thrombotic event, the venous blood
flow toward the heart can impede the effective administration
of thrombolytic agents, making thrombus recanalization more
challenging. Using contralateral collateral circulation for throm-
bolysis could present a promising strategy.

As for the risk of intracranial hemorrhage following antico-
agulation, a meta-analysis by Nicholson et al. reported a 3%
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incidence of major postoperative complications (including intra-
cranial hemorrhage) in this procedure. These complications
included acute subdural hematomas (SDHs) and microcatheter-
induced subdural punctures, all of which had excellent recovery
post-bleeding. Townsend et al. [37] suggested that a substantial
proportion of complications could be attributed to intraoperative
factors. They provided key technical management guidelines for
venous sinus stent implantation, such as the possibility of intra-
cranial hemorrhage caused by inadvertent guidewire puncture
during access to the venous sinus. Using a softer guidewire could
help further reduce hemorrhage rates.

It is important to acknowledge that AD and cerebral amyloid
angiopathy (CAA) share a common pathological hallmark—Af
deposition. Given that CAA is a major risk factor for intracra-
nial hemorrhage, it is crucial to carefully evaluate the risks
associated with electrode implantation in AD patients who also
present with CAA. The 2016 European Society of Cardiology
guidelines for atrial fibrillation recommend avoiding antico-
agulant use in patients with CAA [39]. However, a 2018 cohort
study found that the incidence of symptomatic intracranial
hemorrhagic events in patients with a history of atrial fibril-
lation, stroke, and cerebral microbleeds was only 9.8/1000
patient-years [40]. Moreover, the substitution of high-risk anti-
coagulants like warfarin with medications such as clopidogrel
has been shown to further reduce the risk of bleeding.

Additionally, the future target population for EBCI in AD will
primarily consist of patients with mild AD, who typically exhibit
less severe cerebral amyloid changes. The risk of bleeding caused
by this will also be greatly reduced. Considering this, and as
discussed earlier, the current technique for cerebral venous sinus
stent implantation holds substantial potential for improvement.
Therefore, it is likely that further advancements will enhance the
safety of this procedure in the treatment of AD.

The potential of EBCI in the early diagnosis
of AD patients

Early detection is critically important in neurological disorders,
particularly for conditions such as stroke [41] and AD, where
early identification and timely intervention can yield substantial
benefits: AD is a progressive neurodegenerative condition with
subtle early symptoms, making early diagnosis a substantial chal-
lenge. By the time the disease becomes evident, it is often in its
mid-to-late stages, where treatment options become less effective.
A substantial body of literature indicates that most therapeutic
interventions are targeted at patients with mild AD, as the irre-
versible brain damage in severe AD patients is often too extensive,
and their weak post-treatment feedback further hinders research
development [42-44]. Therefore, early detection of AD is crucial
for achieving effective outcomes with other therapies.
Currently, AD diagnosis in clinical practice largely relies on
medical history, clinical symptoms, mental rating scales, and
structural magnetic resonance imaging (MRI) to detect hippo-
campal atrophy. However, this diagnostic approach is not entirely
reliable. In younger patients with atypical symptoms or without
the “typical” hippocampal volume loss, AD may go unrecog-
nized. In a neuropathologically confirmed cohort of early-onset
AD, 37.5% of patients exhibited non-memory-related symptoms,
with behavioral and executive function deficits being the most
common atypical presentations. Among patients with atypical
symptoms, 53% had incorrect initial clinical diagnoses [45,46].
Fortunately, the development of in vivo biomarkers has sub-
stantially advanced the diagnosis of AD, shifting detection from
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the late-stage dementia phase to earlier stages and offering the
potential for pre-symptomatic diagnosis. Positron emission
tomography (PET) imaging, using radiolabeled tracers specific
to pathological biomarkers, enables in vivo molecular imaging
to provide quantitative and visualized biological information.
Clinically, PET imaging agents targeting amyloid proteins can
examine amyloid deposition in the brain. After the injection
of a tracer targeting amyloid, the imaging agent binds specifi-
cally to amyloid proteins due to its conjugated aromatic ring
structure, which allows precise binding. In both typical and
atypical AD cases, amyloid deposition exhibits similar charac-
teristics, occurring diffusely throughout the neocortex, with
early involvement of the posterior medial cortex. The medial
temporal lobe, primary sensory motor, and visual cortices are
relatively spared [47]. Based on this principle, PET-Tau and
other imaging methods can also differentiate between typical
and atypical AD presentations. The development of in vivo
biomarker-based diagnostics is also influencing international
guidelines for the diagnosis of AD. The clinical diagnostic
criteria for AD are gradually shifting from a focus on clinical
manifestations alone toward an emphasis on defining AD based
on a combination of biological markers and clinical presenta-
tion (Table 3).

Due to the demand for low-cost and high-accuracy diag-
nostic methods, biomarkers have evolved from traditional PET-
MRI, AP protein concentration in CSF [48], and tau protein
concentration [49] to the use of multimodal combined data
[50] and EEG in diagnosing mild cognitive impairment (MCI)
and AD [51]. EEG biomarkers identified for these conditions
have achieved accuracy rates exceeding 70% in classifying the
disease into 3 stages [52]. Researchers have found that, in cross-
validation predictive analysis, EEG features outperform CSF +
APOE biomarkers in predicting the age of onset and disease
progression. The combination of EEG 4 CSF + APOE measure-
ments provides optimal performance across all prediction tar-
gets. EEG markers for AD exhibit distinct characteristics: Early
patients show a trend of transitioning to low-frequency rhythms
[ wave (8 to 15 Hz) and  wave (16 to 31 Hz) power decrease,
while 6 wave (4 to 8 Hz) and A wave (0.5 to 4 Hz) power
increase] (Fig. 2A to C) and the weakening of connections

between different brain regions (Fig. 2D), with specific spatial
distribution patterns primarily in the mid-frontal and prefrontal
regions [53,54]. This indicates spatial specificity. Among BCI
signals used to assess patients with AD, P300 and SSVEP (steady-
state visual evoked potential) are the most commonly employed.
P300 is an event-related potential (ERP) that appears as a promi-
nent positive deflection in the EEG approximately 300 ms after
an individual attends to and discriminates a “rare/important
stimulus”. The amplitude and latency of P300 are closely associ-
ated with cognitive function, making it a key signal for many
BClIs, particularly in speller paradigms. Classification algo-
rithms can affect diagnostic sensitivity [55]. Studies have
confirmed that individuals with MCI or AD exhibit prolonged
P300 latency compared to healthy controls, and treatment with
pro-cognitive drugs can modulate P300 parameters [56] [not
peer-reviewed; data cited from SSRN preprint platform].

SSVEP is a continuous oscillatory response: When a per-
son fixates on a visual stimulus or pattern flashing at a fixed
frequency (e.g., 8 or 15 Hz), the visual cortex generates EEG
oscillations at the same frequency. This signal exhibits strong
frequency specificity, allowing distinct stimuli at different
frequencies to be clearly separated in the EEG. Both the
amplitude and phase-locking ability of SSVEP are reduced in
patients with AD/MCI, reflecting impairment in the visual-
attention network and serving as an objective indicator of
cognitive dysfunction [57].

Combining SSVEP and P300 may provide a more effective
approach for BCI-based identification of patients with AD.
Kasawala and Mouli [58] recently conducted an experimental
study introducing a novel dual-stimulus device based on light-
emitting diodes (LEDs), designed to integrate SSVEP and P300
paradigms to enhance SSVEP classification accuracy. The sys-
tem employed LEDs flashing at 4 different frequencies (7, 8, 9,
and 10 Hz), corresponding to forward, backward, right, and
left commands. When a user was fixated on a specific LED, the
visual cortex produced a steady-state response at the corre-
sponding frequency. Within these flashing sequences, “target
events” were introduced; when the target LED underwent a
specific change attended by the user, a P300 wave was elicited,
verifying the user’s attention and selection of the stimulus in

Table 3. International diagnostic criteria for AD increasingly emphasize a combined assessment of clinical manifestations and biomarkers,
reflecting the advancement of biomarker-based diagnostic technologies

Standard Year  Scope Key features
NIA-AA 2011 (National Institute on 2011  Clinicaland Alzheimer's disease (AD) is divided into 3 stages:
Aging—Alzheimer's Association) research 1. Preclinical: asymptomatic but with abnormal biomarkers.
2. Mild cognitive impairment due to AD: mild impairment of memory or
other cognitive function, with no substantial impact on daily life.
3. Dementia due to AD: substantial cognitive decline, affecting daily life.
DSM-5-TR (Diagnostic and Statistical 2022  Clinical Cognitive decline must affect daily life and other causes must be excluded.
Manual of Mental Disorders, Genetic testing or imaging can be used to confirm the diagnosis.
Fifth Edition, Text Revision)
NIA-AA 2024 Revision (Research 2024  Research Emphasize the diagnosis of AD based on biological markers rather than

Framework)

relying solely on clinical symptoms.

View AD as a continuous pathological process.
Biological markers play a critical role in diagnosis.
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Fig. 2. EEG features used for the diagnosis of early-stage AD. Panels (A) and (D) were created with BioRender.com; panels (B) and (C) are adapted from [120]. Copyright © 2021 Elsevier
B.V.Licensed under a CC BY-NC-ND 4.0 license. This material has not been altered in any way (including format conversion, which does not constitute a derivative work). (A) Common
EEG waveform characteristics that hold clinical significance and are frequently used in the diagnostic assessment of various neurological disorders; (B) Lobar (a) and network (b) current
source density analysis on EEG data. (a) Mean values of lobar current density at the different frequencies are reported for MClpos (A), MCIneg (B),ADD (C), and controls (D). Significant
comparisons reported in the boxes are referred to age-, sex- and education-adjusted analysis of variance (ANOVA) models of rank-transformed values, followed by post hoc pairwise
comparisons (Bonferroni-corrected for multiple comparisons, P < 0.05). Error bars are shown. Lengthened boxes mark the 2 selected frequencies for the subsequent EEG analysis.
(b) Percentage of voxels within each selected RS-fMRI (resting-state functional magnetic resonance imaging) network. Only comparisons showing significant differences in
at least one network are reported for each frequency band (P < 0.05). P value refers to age-, sex-, and education-adjusted ANOVA models (false discovery rate-corrected, P <
0.05) of rank-transformed values. ADD, Alzheimer's disease dementia; DMN, default mode network; MClneg, mild cognitive impairment with pTau/AB42 < 0.13; MClpos, mild
cognitive impairment with pTau/AB42 > 0.13; PVN, primary visual network; RFP, right frontal-parietal network; VISASS, visual-associative network. (C) RS-fMRI and EEG graph
analysis properties within fMRI networks. Violin plots of clustering coefficient and path length of selected networks (the 2 most significant metrics) are shown for patient groups
and healthy controls. Both graph metrics were calculated based on the linear lagged connectivity for alpha2 and theta frequency bands from RS-EEG data (on the top of the
figure) and based on Pearson’s correlation coefficient from RS-fMRI data (on the bottom of the figure). Boxplots are reported within violin plots. The horizontal lines in
each box plot represent, from the bottom to the top, the 25th percentile, the median, and the 75th percentile. Whiskers represent the minimum and maximum values. All the
dots outside the confidence interval are considered as outliers. Significant comparisons are reported (P < 0.05). P values refer to age-, sex-, and education-adjusted ANOVA
models of rank-transformed values, followed by post hoc pairwise comparisons (Bonferroni-corrected for multiple comparisons). @, ADD versus controls; *, ADD
versus MClneg; B, MClpos versus controls; A, MClpos versus MCIneg. (D) Graph analysis of brain functional connectivity [LPVG (limited penetrable visibility graph) analysis]
comparing AD patients and healthy controls shows that, across delta, theta, alpha, and beta frequency bands, AD patients exhibit reduced interregional brain connectivity
relative to normal individuals.

addition to the frequency-specific SSVEP response. The pro-
posed hybrid system achieved a classification accuracy of
86.25%, substantially exceeding the conventional 70% accuracy
threshold typically used in BCI system evaluation protocols.

The EBCI offers a solution to these limitations. With its com-
pact, portable design and superior signal acquisition capabilities
compared to noninvasive EEG methods, the EBCI can provide
long-term, high-quality signal recordings. This advancement
promises to substantially enhance the accuracy of AD diagnosis
through neural signal biomarkers.

Potential role of EBCI in the diagnosis and

monitoring of AD
In the field of AD monitoring and diagnosis based on electro-
physiological biomarkers, there is still a lack of solid clinical
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evidence indicating that EBCI provides a substantial incremen-
tal diagnostic value over conventional EEG sufficient to offset
the latter’s noninvasive advantage. Therefore, EBCI cannot yet
serve as a general tool for the early diagnosis of AD. Nevertheless,
its strengths in long-term dynamic monitoring and deep brain
signal acquisition confer unique complementary value in 2
specific patient populations:

1. Patients with uncertain MCI diagnoses who cannot
undergo CSF examination: Through a minimally invasive
endovascular approach, EBCI enables dynamic monitor-
ing of electrophysiological biomarkers (e.g., theta/alpha
power ratio) over a 1- to 3-month period, which helps
distinguish AD-related MCI from non-AD MCL

2. Patients with early AD receiving anti-Af antibodies:
Once implanted, EBCI allows noninvasive monthly


https://doi.org/10.34133/research.1049

Research

acquisition of electrophysiological signals adjacent to
the fornix, allowing direct functional assessments of
treatment efficacy. This capability fills a critical gap left
by conventional pathological biomarkers (e.g., PET-Af),
which cannot reflect real-time functional changes.

Compared to scalp EEG, EBCI offers several unparalleled
advantages.

First, scalp EEG cannot detect deep brain activity at thera-
peutic targets crucial to the treatment of AD, leading to a
“monitoring blind spot”. The core mechanisms of AD-targeted
therapies (e.g., anti- AP antibodies) extend beyond Af clearance
to the restoration of deep memory-related neural networks,
such as the fornix-hippocampal pathway and the nucleus basa-
lis of Meynert-cortical projections. Since these targets are
located deep in the brain, scalp EEG signals are substantially
attenuated and cannot effectively capture local field potentials
(LFPs). In contrast, via EBCI, electrodes can be placed within
1 to 2 mm of these targets through a vascular route [59], allow-
ing direct LFP recording.

Second, scalp EEG provides only static, snapshot-like moni-
toring that fails to capture gradual or fluctuating therapeutic
effects. The response to AD-targeted interventions (e.g., anti-Ap
antibodies or DBS) typically exhibits progressive and oscillatory
patterns. In particular, subtle improvements in network func-
tion, such as a gradual reduction in the theta/alpha ratio, may
emerge within 1 to 3 months after treatment, followed by a
plateau phase around 6 months after treatment [60]. During
this period, transient fluctuations may also occur due to dosage
adjustments or comorbidities. Thus, conventional EEG follow-
up every 3 months offers only intermittent snapshots, missing
critical temporal dynamics. Moreover, poor compliance due to
cognitive decline, logistical challenges in repeated hospital vis-
its, and the high cost of several EEG sessions further limit its
application. In contrast, once implanted, EBCI enables continu-
ous home-based monitoring via wireless telemetry, markedly
improving data continuity and patient adherence.

Clinical studies have shown that pathological improve-
ment and cognitive improvement are not fully synchronized
in patients with AD, and approximately 30% of patients show
PET-AP reduction without measurable cognitive benefit [47].
The core reason lies in the failure of pathological clearance
to translate into functional recovery of key neural circuits.
Neither scalp EEG nor current monitoring methods can
detect this functional-pathological dissociation. EBCI, how-
ever, enables target-specific electrophysiological monitoring,
determining whether pathological improvements have been
effectively converted into functional gain, thereby reducing
the risk of overtreatment or ineffective treatment.

The application of DBS in the treatment

of AD patients

In AD patients, in addition to cortical dysfunction indicated by
abnormal a oscillations, several functional network disruption
patterns affect theta and alpha frequency bands. These patterns
are associated with the severity of cognitive impairment or the
APOE genotype and may serve as neurophysiological or pheno-
typic biomarkers of AD. Modulating these nonlinear connectiv-
ity patterns could not only aid in early disease detection but also
contribute to cognitive improvement in AD patients. For exam-
ple, the low connectivity pattern of theta waves forms the basis
for potential cognitive enhancements in AD patients [61,62].
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Moreover, modulating EEG frequencies through specific brain
stimulation techniques [63] or targeting particular ion channels
[64] in patients with AD represents a highly promising approach
in the treatment of AD.

DBS is a neurosurgical procedure that involves implanting
electrodes into specific brain regions to send electrical pulses
at targeted frequencies. This stimulation is designed to modu-
late abnormal brain activity, aiming to improve or treat various
disorders. DBS is already a standard treatment for Parkinson’s
disease, essential tremor, and dystonia and is actively being
researched for its therapeutic potential in conditions associated
with dysfunctional neural circuits, including major depressive
disorder and AD. While current pharmacological treatments
for AD typically alleviate symptoms by modulating neurotrans-
mission, they do not alter the disease’s progression. Anatomically
guided DBS, on the other hand, offers a more personalized
approach by normalizing brain function through the modula-
tion of regional activity. For instance, stimulating y-frequency
oscillations has shown potential for reducing AP deposition
and improving cognitive outcomes in AD patients [63].

Researchers have identified specific brain targets for direc-
tional DBS that show promising therapeutic effects in AD. Among
these targets, the fornix has demonstrated the most substantial
effects [65]. The fornix, a large bundle of axons located near the
midline of the brain’s white matter, connects various nodes of the
limbic circuit, controlling the primary pathways for information
entering and exiting the hippocampus and medial temporal lobes.
It plays a crucial role in cognitive and episodic memory recall
[66]. For example, during awake surgery with stimulation at 3 V
or higher amplitudes, a 50-year-old morbidly obese male reported
vivid recollections of autobiographical events from over 20 years
ago. This suggests that fornix stimulation modulates limbic activ-
ity and improves memory functions [67]. Additionally, stimula-
tion at the fornix has been shown to increase glucose metabolism
in the temporal and parietal regions, which contrasts with the
progression of AD [44,68,69]. This was demonstrated in both
phase I (n = 6) [44] and phase II (n = 42) studies [42], which
confirmed the safety and effectiveness of DBS. In the phase I trial,
we conducted 12-month continuous stimulation DBS on 6 mild
AD patients who were receiving continuous medication treat-
ment. The study focused on 3 aspects, including (a) using stan-
dardized low-resolution electromagnetic tomography to map the
brain regions that are regulated by stimulation and have physi-
ological functions, (b) evaluating whether DBS can use PET to
correct the regional changes in AD brain glucose metabolism,
(c) using clinical scales and instruments to measure the impact
of DBS on cognitive function over time. The results showed that
DBS drives neural activity in the memory circuit, including the
entorhinal and hippocampal regions, and activates the default
mode network of the brain. PET scans revealed that after continu-
ous stimulation for 12 months, there was an early and substantial
reversal of glucose utilization in the temporal and parietal lobes.
The assessment of the AD Assessment Scale Cognitive Subscale
and the Mini-Mental State Examination indicated that the rate of
cognitive decline in some patients might improve and/or slow
down at 6 and 12 months. There were no serious adverse events.
In the phase II trial, 42 patients with mild AD underwent continu-
ous 12-month DBS stimulation. Although 7.1% of the cases expe-
rienced severe adverse events [95% confidence interval (CI), 1.5%
to 19.5%], it was found that the rate of cognitive decline in patients
over 65 years old slowed down within 1 year, which was largely
consistent with the results of the initial study.
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The mechanisms behind fornix DBS are not fully under-
stood, but research has suggested that DBS may have neuro-
trophic effects. Modulating the nonlinear connectivity patterns
of neural signals in patients with AD not only facilitates early
disease detection but also may contribute to cognitive improve-
ment. For instance, reduced connectivity in the theta band has
been identified as a potential foundation for cognitive enhance-
ment in AD patients [61,62].

These effects include the increased delivery of endogenous
neurotrophic factors, enhanced synaptic protein expression,
and the stimulation of neurogenesis. While phase I and I trials
have validated the effectiveness and tolerability of DBS, its
invasive and expensive nature severely limits its widespread
clinical use. Consequently, the development of less invasive
therapies, such as the EBCI, is a promising future direction for
DBS technology.

EBCI for DBS in AD

The most commonly implanted vessel in EBCI research is the
sheep SSS, a 1- to 2-mm-diameter vessel covering the motor
cortex. The SSS is chosen not only because it is located between
the inner and outer dura mater, providing an ideal hollow space
[70], but also because it offers an anatomical and geometric alter-
native to many cortical blood vessels near existing neural stimu-
lation targets [33,71,72]. For AD patients, attention should be
directed to intracerebral veins with diameters ranging from 0.4
to 1.4 mm. These veins provide pathways to the thalamic fornix
and anterior nucleus, both of which are relevant in the treatment
of epilepsy and AD [59,73].

Some conceptual validation studies for endovascular electrode
arrays have been conducted. Opie et al. [74] assessed the effects
of stents and cortical arrays on cortical stimulation in 25 sheep.
They used a nickel-titanium alloy stent with platinum electrodes,
which was implanted for at least 4 weeks to ensure better integra-
tion with the endothelium. Stimulation of facial muscles and
limbs was performed, and the results indicated that there were
no substantial differences between stent electrode stimulation and
cortical array stimulation, suggesting that stent electrode arrays
are a viable minimally invasive stimulation strategy.

Similarly, Liu et al. [75] performed endovascular stimulation
of the femoral nerve in sheep using stent-mounted electrode
arrays. The researchers found that the electromyography (EMG)
threshold current for stent-mounted electrodes was within the
range of 0.70 to 1.45, indicating that tissue damage from stimula-
tion via endovascular arrays is unlikely. However, since the cur-
rent required for functional stimulation exceeded the threshold,
they suggested incorporating larger electrodes with greater sur-
face areas to limit charge density and allow higher stimulation
intensities while ensuring safety for the subjects.

Researchers have also employed computational methods to
identify potential stimulation targets within the body for the
EBCI, focusing on 17 key areas relevant to clinical conditions
such as obsessive-compulsive disorder [59], epilepsy, and AD.
Among these targets, the fornix is considered the most feasible
for endovascular stimulation. Simulations of endovascular DBS
at the fornix demonstrated that when stimulation amplitudes
were kept below 5 V, activation of bilateral neurons at the stimu-
lation site was comparable to that achieved by traditional ste-
reotactic DBS [15]. Blood vessels, being highly conductive,
exhibit low impedance at their walls, which enables a reduction
in the voltage required for stimulation and enhances effi-
ciency. This makes the EBCI an attractive option for DBS in
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AD patients, as it reduces potential damage to surrounding
brain regions and minimizes invasiveness, which is particularly
beneficial for elderly patients.

However, the precise placement of the electrode array within
the endovascular system is critical for effective stimulation. Our
findings indicate that a deviation of just 1 mm from the optimal
electrode placement reduces the predicted neuronal activation
of the target area by 1% to 10% across the entire stimulation
amplitude range. A 5-mm deviation can lead to a 30% to 60%
reduction in neuronal activation [59]. To enhance stimulation
precision, the study proposed a solution to this challenge. When
designing ring-shaped electrodes (such as stent-based elec-
trodes), the structure was divided into multiple electrically iso-
lated contacts rather than a single continuous electrode. Through
software control, the stimulation configuration, including the
cathode-anode pairing and current amplitude of each contact,
can be adjusted dynamically. This approach enables fine-tuning
of the electric field distribution without physically repositioning
the electrode, thereby compensating for field variations caused
by minor electrode displacements or tissue encapsulation [59].
This also highlights the importance of precise placement during
the surgical procedure, and it is expected that future advance-
ments in this technology, in combination with stereotactic tech-
niques, will further improve clinical outcomes.

To achieve precise implantation of endovascular electrodes,
one of the major challenges lies in accurately navigating cath-
eters through the complex intracranial vascular network. Recent
advances in endovascular navigation technologies have offered
several promising solutions to this issue. Magnetically steered
catheters enable directional control of the catheter tip via exter-
nally applied magnetic fields. These devices exhibit excellent
flexibility and remote operability, and have demonstrated the
potential to enhance navigation accuracy in various interven-
tional procedures [76]. However, their widespread adoption in
delicate electrode implantation is limited by high system com-
plexity, elevated costs, and relatively constrained responsiveness
of the catheter to magnetic control.

An alternative and increasingly promising approach involves
the integration of Al-driven real-time imaging with high-
resolution modalities such as intravascular optical coherence
tomography (OCT). OCT offers micrometer-level resolution of
vascular wall structures, facilitating the identification of fine ana-
tomical landmarks at the intended implantation sites [77]. When
paired with AT algorithms for image segmentation and feature
recognition, these systems can provide automated navigation
cues, assisting surgeons with highly accurate localization while
improving procedural safety and efficiency [78].

Going a step further, the combination of magnetic steering
and Al-guided imaging presents the opportunity to develop an
integrated system that merges coarse trajectory planning with
fine-scale navigational precision. This “macro-to-micro” guidance
strategy holds substantial promise for improving the accuracy,
reproducibility, and safety of endovascular electrode placement.
As such, it represents a forward-looking direction in the evolution
of neurointerventional navigation technologies.

The role of closed-loop control in EBCI

for AD treatment

A key improvement needed for the development of EBCI tech-
nology in the treatment of AD is the integration of a closed-loop
system [79]. Currently, most deep brain modulation interfaces
(DBMIs) operate using an open-loop system, such as the one
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employed in traditional DBS treatments. In this system, stimula-
tion parameters like intensity, frequency, and duration are pre-
set and remain unchanged throughout the treatment, irrespective
of the patient’s evolving brain activity or pathology [80,81]
(Fig. 3). However, as brain function and disease states are inher-
ently dynamic, nonspecific stimulation patterns may lead to the
development of “tolerance” and reduced modulation effective-
ness, potentially disrupting normal brain function and causing
side effects [29,82].

Research on closed-loop DBS for epilepsy patients has dem-
onstrated that stimulation can improve memory during low-
coding states, but can be detrimental during high-coding states
[83]. Closed-loop stimulation has proven more effective than
open-loop VNS (vagus nerve stimulation) in reducing both the
frequency and severity of seizures [84,85].

In AD, closed-loop systems offer the potential for more per-
sonalized treatment. For instance, research in rats has shown that
synaptic correlates of memory, such as long-term potentiation
(LTP), are highly sensitive to precisely timed electrical stimula-
tion [86]. This suggests that continuous high-frequency pulses,
as currently used in DBS for AD patients, may exacerbate symp-
toms in some cases, explaining why some patients fail to experi-
ence the expected benefits from DBS [42,43]. In AD research,
hippocampal theta activity has been shown to be a reliable
marker for closed-loop DBS, and this technology has already
been implemented successfully in sheep models. Moreover,
hippocampal gamma waves and phase-amplitude coupling
(PAC) are promising markers for closed-loop control in AD
treatment [87-90]. As neuro-signal-based diagnostics continue
to advance, AD will benefit from more precise and sensitive

electronic biomarkers, enabling tailored closed-loop control for
both invasive BCI and EBCIL.

Application of EBCI in Neurofeedback Training
for AD Patients

EBCI has made substantial strides in the field of neurofeedback,
showing promising results in clinical trials. In a pioneering
human clinical trial, 4 male participants with upper limb paraly-
sis in Australia who received EBCI treatment were able to inde-
pendently operate a laptop and perform various daily activities
after the implantation of EBCI [14]. None of the participants
experienced long-term neurological effects or serious adverse
events such as vascular occlusion or thrombosis. Throughout
the entire study, the EBCI maintained a stable signal strength,
enabling the participants to successfully control the computer
to send emails, send text messages, conduct online banking
transactions, and make purchases.

However, replicating such results in AD patients presents a
unique challenge. The application of BCIs in neurofeedback
for AD patients has proven difficult [91,92], primarily because
BClIs are traditionally designed to require a fully intact cogni-
tive system to function effectively as a communication tool
[93]. Additionally, most currently developed BCIs demand
active user participation and prolonged training to learn self-
regulation of brain activity [94]. The cognitive decline experi-
enced by AD patients hinders their ability to effectively use
these devices.

For a long time, neurofeedback using BCIs was primarily
focused on patients with paralysis and other neurodegenerative
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diseases. Some researchers have attempted to use neurofeed-
back to improve attention in AD patients by using RSVP (rapid
serial visual presentation) keyboards, a type of BCIs that does
not rely on a matrix layout [95] [not peer-reviewed; data cited
from 2012 IEEE ICASSP conference proceeding]. Unlike the
commonly used P300-based spellers, RSVP keyboards do not
require stable and accurate gaze fixation, making them more
suitable for AD patients who struggle with maintaining atten-
tion for extended periods. Despite the initial hopes that neu-
rofeedback would help AD patients improve their performance
with RSVP keyboards, the results have been disappointing [96].

Maybe the RSVP keyboard paradigm is overly complex for
patients with AD. Therefore, researchers have proposed a simpler
and more effective training paradigm for patients with AD: EEG
electrodes (Fz, Cz, Pz) are used to record the ratio of specific
frequency bands, namely, 8/a. Theta waves (4 to 7 Hz) are typi-
cally associated with drowsiness, reduced attention, and mem-
ory-encoding deficits, and are often excessively elevated in elderly
individuals or patients with dementia. Alpha waves (8 to 12 Hz)
are related to relaxation, awake attention, and information inte-
gration. In healthy individuals, alpha activity remains relatively
stable, but it diminishes with cognitive impairment. Therefore,
reducing the 6/« ratio (either by decreasing theta or increasing
alpha) is considered beneficial for cognitive function.

During training, patients sit in front of a screen and imagine
specific scenarios under the guidance of researchers. They learn
to regulate brain activity through feedback signals, such as
progress bars, animations, or audio cues. When the EEG device
detects increased alpha or decreased theta activity, the system
provides reward feedback, such as increased brightness, clarity,
or volume of a video. Conversely, a decrease in these stimuli
occurs when the desired brain activity is not achieved. This
approach aims to induce self-directed improvement in atten-
tional control. Surmeli et al. [97] applied this paradigm to
10 patients with AD meeting the NINCDS-ADRDA (National
Institute of Neurological and Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders Association)
criteria, who were trained twice weekly for 30 sessions. Cognitive
function was assessed before and after training using the
Cambridge Cognitive Examination (CAMCOG). Over the
course of training, the cognitive level of patients with AD did
not decline. In fact, the average of CAMCOG total scores
increased by 2%, with particularly notable improvements in
memory and learning subdomains.

Building on this, Surmeli et al. proposed an individualized
EEG-neurofeedback (EEG-NFB) training design. Unlike previ-
ous EEG-NFB studies, they quantitatively analyzed each patient’s
EEG patterns, compared them to a healthy population database,
and identified abnormal frequency bands and brain regions.
Instead of training a fixed frequency band, subsequent training
targeted the frequency bands and regions most needed for modu-
lation in each patient. This personalized approach allowed for
more targeted intervention and could accommodate several types
of dementia, including AD and vascular dementia (VD) [97].
Comparisons of the mini-mental state examination (MMSE)
scores and EEG signals before and after training revealed
improvements in neural function. These studies collectively
suggest that BCI-based neurofeedback therapy can effectively
enhance cognitive abilities in patients with AD.

Despite cognitive decline, AD patients retain the ability to
express emotions (e.g., happiness or sadness) and certain cogni-
tive states (e.g., “yes” or “no” thinking). Some researchers have
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proposed a paradigm shift from tool-based learning to classical
conditioning, introducing an “emotional brain-computer inter-
face” [94]. The core concept of this BCI approach is to omit the
active learning component of the paradigm, making it suitable
for patients with AD with more severe cognitive impairment who
cannot learn the conventional paradigm. Instead, the system uses
2 highly contrasting emotional cues, laughter and crying, to sub-
stitute for positive and negative feedback. In healthy participants,
classifiers have already successfully distinguished brain activity
patterns corresponding to YES versus NO thoughts. This suggests
that, in theory, even patients with AD suffering from severe cog-
nitive deficits can use conditioned YES/NO signals to achieve
basic communication in the future. This model analyzes BOLD
signals (blood oxygen level-dependent signals) to detect basic
emotions or cognitive states, thus providing a communication
channel for individuals with cognitive impairments. However,
this model depends on the collection of BOLD signals, and the
use of functional MRI (fMRI)-based BClIs can interfere with EEG
signal quality. The MRI scanner’s magnetic field can disrupt the
EEG system, leading to reduced signal quality in noninvasive
EEG acquisition.

EBCI, combined with functional NIRS (f{NIRS), may miti-
gate the discomfort caused by the prolonged noise associated
with fMRI technology. Moreover, by providing higher-quality
signal acquisition and more comprehensive coverage of brain
regions, EBCI offers greater potential for neurofeedback appli-
cations. By integrating fNIRS and EBCI, it is expected that the
quality of EEG signals could be improved, offering a more reli-
able method for neurofeedback in AD patients. This combina-
tion of technologies could enhance the effectiveness of BCls
for neurofeedback training, making them a more viable option
for AD treatment.

Therefore, we boldly propose a future therapeutic outlook for
patients with AD using EBCI: Potential patients can undergo early
diagnosis through EBCI, and once confirmed, low-risk neuro-
feedback interventions utilizing superior, high-quality signals can
be implemented in the early stages to enhance attention and focus.
For patients with severe pathological features, treatment can be
combined with endovascular DBS to address both pathological
abnormalities and clinical symptoms. Furthermore, neurofeed-
back paradigms aimed at improving attention should not be
limited to visual and auditory feedback. Incorporation of appro-
priately calibrated DBS currents can provide functional feedback,
creating a trimodal, integrative therapeutic approach.

Prospects for the application of EBCI in the

rehabilitation of patients with AD

To clarify the clinical positioning of EBCI in the treatment of AD,
we conducted a comparative analysis across 4 key dimensions:
invasiveness, targeting precision, core mechanism of action, and
associated risks and limitations. EBCI was compared with con-
ventional DBS, noninvasive 40-Hz sensory entrainment stimula-
tion, transcranial focused ultrasound (tFUS), and next-generation
EEG/{NIRS-based neurofeedback technologies. The detailed
comparison is summarized in Table 4.

As illustrated in Table 4, EBCI is minimally invasive but
offers highly targeted deep brain signal acquisition and precise
stimulation. As a rehabilitation tool, this core feature provides
potential advantages in the following clinical scenarios.

Early intervention in patients with mild AD: In this popu-
lation, cognitive function has not yet markedly declined, but

12


https://doi.org/10.34133/research.1049

Research

Table 4. Comparative characteristics of EBCI and other neuromodulation/neurofeedback approaches for AD intervention

Technique

Invasiveness

Targeting precision

Core mechanisms of action

Risks and limitations

EBCI

Conventional DBS

Noninvasive 40-Hz
sensory entrainment
stimulation

tFUS (transcranial
focused ultrasound)

Next-generation EEG/
fNIRS systems

Minimally invasive
(endovascular implanta-
tion without craniotomy)

Highly invasive (crani-
otomy with stereotactic
electrode implantation)

Noninvasive (visual or
auditory stimulation)

Noninvasive (ultrasound
penetrating the skull)

Noninvasive (integrated
multimodal acquisition

cap)

Millimeter-level
(dependent on vascular
anatomy; capable of
reaching deep nuclei and
white matter tracts)

Submillimeter-level
(direct neuronal
contact)

Low (diffuse whole-brain
activation)

Moderate (centimeter-
level focus; limited
precision for deep
targets)

Low (restricted to
cortical surface signals;
deep brain activity
attenuated)

1. Targeted modulation of
memory-related circuits
(e.g., fornix and nucleus
basalis of Meynert)

2. Acquisition of high-
fidelity neural signals for
neurofeedback training

1. Regulation of neural
circuit excitability

2. Promotion of neuro-
trophic factor release

3. Enhancement of
cerebral metabolism
Induction of synchronized
y oscillations

1. Reversible opening of
the blood-brain barrier
(facilitating drug delivery)
2. Local neuromodulation

1. Neurofeedback training
via modulation of
functional brain networks
2. ldentification of
multimodal biomarkers
combining fNIRS and EEG

Vascular injury (<3%),
thrombosis (0-2%),
mild inflammatory
response

Significant surgical
trauma; intracranial
hemorrhage (3-5%),
infection (2.6-10%),
cognitive complications
(15-20%)

Visual fatigue; variability
in auditory tolerance;
limited cognitive
improvement in
mild-to-moderate AD
during phase I clinical
trials

Risk of thermal injury to
brain tissue; variations in
skull thickness and
tissue density reduce
targeting accuracy

Signal interference from
scalp oil or motion
artifacts; discomfort
during prolonged use;
limited to superficial
cortical recording;

inability to stimulate
deep targets

conventional DBS carries excessive surgical risk, and nonin-
vasive techniques lack sufficient targeting precision. EBCI
precisely stimulates the fornix and nucleus basalis of Meynert
via endovascular access, combined with neurofeedback train-
ing to enhance attention and memory encoding, thereby
potentially decelerating disease progression. This approach is
particularly suitable for elderly patients with comorbidities,
such as hypertension or diabetes, who cannot tolerate open-
cranial procedures.

Patients intolerant to or unresponsive to conventional DBS:
EBCI may serve as an alternative for individuals suffering
from cognitive complications (e.g., executive dysfunction) or
electrode displacement following traditional DBS. Endo-
vascular implantation prevents cortical injury, while the closed-
loop system can dynamically adapt to changes in brain
networks. Moreover, the stability of stent-based electrodes
(demonstrated to remain in place for over 190 d) addresses
the long-term decrease in efficacy commonly observed with
conventional DBS.
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Long-term closed-loop modulation in patients with mod-
erate-to-severe AD: In this group, brain network dysfunction
progresses dynamically, making conventional open-loop stimu-
lation difficult to adapt. EBCI allows real-time monitoring of
hippocampo-fornical 8-y coupling and Ap-related electro-
physiological features, enabling dynamic adjustment of stimula-
tion parameters. Concurrently, neurofeedback can help preserve
residual cognitive function, filling a critical gap in effective
neuromodulation strategies for moderate-to-severe AD.

Based on these considerations, we proposed a future thera-
peutic blueprint for patients with AD: In the diagnostic domain,
EBClI leverages its advantages in long-term dynamic monitor-
ing and deep brain functional capture to provide complemen-
tary diagnostic insights and high-quality target-specific signals
for neurofeedback rehabilitation. In the stimulation domain,
its high targeting precision and capacity for closed-loop modu-
lation can concurrently address pathological abnormalities and
clinical symptoms, establishing an integrated “3-in-1” thera-
peutic strategy.
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Summary of key findings and supporting evidence
Given that EBCI is an emerging technology with limited clinical
studies and long-term application data, it is important not to
overstate its potential or mislead readers. Table 5 summarizes
the core points presented in this article, clearly distinguishing
between capabilities that have been empirically validated and
those that remain inferential or hypothetical.

Future Developments in EBCI

Hardware development of EBCI

Advancements in miniaturization and the need for long-term
recordings have led to the evolution of endovascular recording
devices from guidewire recordings to microfilament/nanowire
recordings, and then to catheter- and stent-based recordings.
The most advanced EBCI currently combines a stent with an
electrode array. The self-expanding stent securely holds the
electrode array in place, facilitating prolonged signal acquisi-
tion and therapeutic use.

In current research, the stents are made from nitinol [98], a
material known for its superelasticity and biocompatibility. Nitinol
forms a passive titanium oxide surface coating that protects it from
corrosion, enhancing its stability [99]. In in vivo studies, an animal
experiment published in Biomaterials demonstrated that surface-
modified nitinol stents substantially reduced local nickel ion

release and inflammatory responses after implantation, thereby
maintaining long-term vascular patency. Taken together, these
findings highlight nitinol’s excellent mechanical adaptability to
the dynamic vascular environment, along with its favorable bio-
compatibility and low thrombogenicity in both in vitro and in vivo
settings, further reinforcing its potential as a promising material
for vascular stent applications [100]. When paired with a platinum
electrode array [98,101], the nitinol stent, made from a high-
elasticity, biocompatible alloy, can be precisely positioned within
blood vessels and transported to the target location using an opti-
mal 4-Fr catheter system [102]. Studies have shown that replacing
electrode materials with nitinol improves stability and provides a
comparable signal-to-noise ratio to that of stainless steel and plati-
num [99], which substantially advances the development of long-
term intracranial recording via EBCI. Current endovascular stent
electrodes are typically connected percutaneously to remote sens-
ing electronic devices located in the subclavian fossa, allowing for
signal transmission, storage, and instruction issuing, a method
already applied in pacemaker control.

Achieving long-term implantation of EBCI in patients remains
a challenge that requires further optimization. Over time, endo-
thelial cells may grow over the electrode surface, a process known
as endothelialization. This process is beneficial for long-term
implantation, as endothelial coverage of the stent can effectively
reduce the risk of thrombosis [103] and decrease noise caused by

Table 5. Core findings of EBCI in the treatment of AD and supporting evidence

Core finding

Supporting evidence

Level of realization

1. EBCI enables precise stimulation of key AD
targets (fornix and nucleus basalis of Meynert) via
endovascular access

2. EBCl signal acquisition performance (LFP/spike
recording) can support identification of early AD
biomarkers

3. Minimally invasive nature of EBCI (no crani-
otomy) reduces surgical risk in AD patients
(primarily elderly)

4. Closed-loop modulation via EBCI can improve
cognitive function in AD patients (e.g., memory
and attention)

5. EBCI has the potential to enhance future
applications in the neurofeedback domain.

6. EBCls can be chronically implanted (>1year) in
patients with AD while maintaining stable
functional performance.

Validation of stent-based electrode implantation adjacent to
the fornix in sheep models; vascular anatomical analysis in
AD patients; clinical efficacy of conventional DBS at the same
targets used for inference

Stable 12-month signal acquisition in ALS patients; estab-
lished human applications of AD-related EEG biomarkers
(6/a ratio, P300); 190-d signal stability in sheep models

Safety data from human venous sinus stent implantation
(bleeding <3%, infection <1%); epidemiological evidence of
poor outcomes for elderly patients undergoing craniotomy

Neural activation verified in sheep models with closed-loop
stimulation; cognitive improvement with conventional DBS in
AD is limited; closed-loop DBS in epilepsy demonstrates
memory enhancement under low-coding states; preliminary
neurofeedback results in AD extrapolated

EEG-based personalized neurofeedback (NFB) protocols and
affective brain-computer interface paradigms have
demonstrated superior efficacy compared with conventional
neurofeedback approaches. Moreover, the demand for
individualized rehabilitation strategies is expected to grow
substantially in the future. Importantly, patients with
moderate-to-severe AD often exhibit highly disorganized
cortical EEG activity, making conventional EEG-based
neurofeedback difficult to implement and analyze.

Twelve-month implantation data in ALS patients demonstrat-
ing safety and signal stability; 190-d long-term recording
results in ovine models; and established biocompatibility
data from endovascular stent technologies.

Highly likely

Possible

Confirmed

Hypothetical

Hypothetical

Highly likely
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blood flow, thereby improving signal stability [14]. John et al.
[103] implanted an endovascular neural interface (ENI) in the
venous sinus of sheep, and after more than 1 month (33 to
54 d), the ENT still clearly recorded penicillin-induced epilep-
tiform spiking activity.

Gerboni et al. reported the stability of neural recordings from
stentrode electrodes during the first critical 30 d after implanta-
tion [104]. By plotting the impedance magnitude and phase
spectra of the intravascular electrodes over time and subtract-
ing the average value from the first recording day, the amplitude
changes across frequencies were minimized. During the initial
period (~2 weeks after implantation), dynamic changes at the
electrode-tissue interface occurred due to endothelialization,
causing phase shifts in impedance and slight declines in signal
quality with inter-electrode variability [104]. In the stabilization
period (2 to 3 weeks after implantation), the electrode-tissue
interface achieved preliminary encapsulation, the downward
trend in signal quality ceased, inter-electrode consistency sub-
stantially improved, and the system entered a long-term, stable
recording state [103].

However, endothelialization also introduced new challenges.
In cases of device malfunction or upgrade, removing or replac-
ing an EBCI that is tightly integrated with the vessel wall may
be difficult and lead to bleeding. Tarigoppula [105] conducted
EBCI explantation 7 d after implantation. During removal,
neointimal proliferation and mild inflammation were observed
at the implantation site, indicating partial endothelialization of
the device. Nevertheless, the procedure was successful, with no
adverse events, such as bleeding or tissue damage.

For longer-term extractions, Issa [106] evaluated the
safety and efficacy of transvenous lead extraction (TLE) in
patients having pacemaker or ICD (implantable cardioverter-
defibrillator) leads for >20 years. Among 124 patients, com-
plete procedural success was achieved in 112/124 (90.3%),
and clinical success was achieved in 119/124 (96.0%). Leads
implanted for <20 years demonstrated higher clinical success
rates (complete plus partial success: 99.2% versus 95.6%,
P =0.017). Although this study demonstrated relatively high
success rates for long-term intravascular device removal,
it did not specifically investigate EBCI. Therefore, further
experimental evidence and hardware iteration are needed to
tully assess the long-term safety and explantability of EBCI
implants.

Miniaturization and flexible transport of EBCI
The diameter of the intravascular stent and its method of deliv-
ery are crucial optimization factors for the development of
EBCI, as they determine the device’s ability to reach the target
region and its potential for complications. Currently, clinical
studies are experimentally targeting the SSS, as the diameter of
the current intravascular stent is well-suited to the human
venous sinus, which has an average diameter of 2.4 mm. The
stiffness of the distal catheter plays a critical role in the delivery
process. Larger, stiffer catheters are more prone to causing dis-
sections, while softer catheters are less likely to advance distally.
Research indicates that a proximal catheter support technology,
which applies forward pressure and torsional delivery, is most
effective for overcoming challenging sections, such as the annu-
lar segment.

Among the various catheters on the market, the 4-Fr catheter
is recommended, as it has the highest success rate (100%) for
implanting a stent into the SSS via a 4-Fr 0.044-inch DAC (distal
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access catheter). Complications observed with 5-Fr and 6-Fr
catheter implants have not occurred in clinical studies. In cur-
rent sheep models, the largest lumen diameter of a catheter
that can safely deliver stents to the SSS has an inner diam-
eter of 1.1 mm [102], and stents have been successfully deliv-
ered into the sheep venous sinus (with a diameter of 1.59 +
0.19 mm). The SSS’s anatomical structure suggests that this
technique is suitable for smaller veins, such as the 1.4-mm-
diameter intracranial veins, where stimulation can be used to
treat AD. However, implantation into smaller cortical blood
vessels, particularly in the frontal and temporal regions, remains
a challenge.

AD, though a widespread amyloid disease in the brain, has
a relatively specific spatial distribution of characteristic brain
waves. In the classic visual EEG manifestation of AD, substan-
tial differences between mild AD patients and healthy controls
are observed in regions like the mid-frontal and anterior cin-
gulate regions. Therefore, miniaturizing the device to cover
the necessary brain regions for acquiring neural signals in AD
patients is an essential goal.

Zhang et al. [107] developed an ultra-flexible microvascular
probe that can be precisely delivered via cervical vasculature to
100-pm-level blood vessels in the rat brain. This device achieved
in vivo electrophysiological recordings of LEPs and single-unit
spikes in the rat cortex and olfactory bulb. Histological studies
showed minimal immune response and long-term stability.
While clinical trials for this device have not yet been conducted,
it holds promise for exploring small cortical blood vessels in the
brain. Additionally, if the delivery of intravascular stents in AD
patients can emulate flexible devices, such as polymer-based
wires with magnetic heads for flow and magnetic steering navi-
gation, adverse reactions associated with implantation could be
substantially reduced [107].

Currently, the stentrode (intravascular stent) requires a
connection of recording sensors to electronic devices, with
wires running along the vasculature to the subclavian fossa,
where the electronic device is placed to collect neural signals
from AD patients or to control brain stimulation. This setup
carries several risks, including infection, formation of sub-
cutaneous hematomas, challenges with venous injection, and
potential blood vessel rupture and bleeding. Studies show
that the incidence of infections associated with DBS bioelec-
tronic implants ranges from 2.6% to 10% [108]. However,
over time, technological advancements have decreased the
incidence of such complications. For example, a 2005 study
reported infection and skin erosion rates of up to 50% in
patients [109]. In 2014, Kirkfeldt et al. [110] conducted a
clinical review showing that the incidence of complications,
including pain (0.4% [95% CI, 0.3% to 0.6%]), subcutaneous
hematomas (2.3% [95% CI, 1.9% to 2.7%]), and infections
(0.8% [95% CI, 0.6% to 1.1%]), had decreased significantly.
A similar trend is expected for the development of remote
sensor devices for brain applications.

One potential solution to reduce these risks would be inte-
grating the electronic device functions directly into the intra-
vascular stent, eliminating the need for wires inside the body
and reducing complications such as skin erosion and hematoma
formation. Achieving this would require further miniaturiza-
tion of the electronic devices to a size that fits within the stent’s
existing functionalities, which could take considerable time.
However, once realized, this innovation could dramatically
improve the safety and efficacy of EBCL
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Application of EBCI for information analysis in

deeper brain
The goals of the BCIs extend far beyond the cortical regions tra-
ditionally studied. One of its greatest advantages lies in its ability
to reach deep brain areas with minimal invasive intervention.
This characteristic is particularly relevant for applications in AD
patients. AD, a neurodegenerative disorder affecting the entire
brain, is characterized by predictable atrophy of the cortex and
hippocampus [111]. In such cases, retaining neural signals from
the cortical regions becomes increasingly challenging as these
signals may become sparse, limited, and difficult to decode.

Moreover, signals from the cortex that project to the striatum
in normal motor circuits often suffer from signal convergence
[112], resulting in redundancy and impairing computational effi-
ciency [113,114]. Collecting signals from deeper brain regions
could help alleviate these issues. The EBCI has the ability to reach
deep brain structures, such as the basal ganglia, through the ante-
rior cerebral artery or other subcortical veins, offering a potential
solution by supporting the residual cortical signals [112,115].

For example, the Meynert basal nucleus is a promising tar-
get for DBS in AD patients. As early as 1985, reports indicated
that DBS successfully improved cortical glucose metabolism
in the stimulated hemisphere of AD patients [116]. Subsequent
research into DBS targeting the Meynert nucleus has been
validated through phase I trials [117,118] and other case stud-
ies [119], demonstrating its potential to alleviate clinical symp-
toms in AD patients. In theory, an EBCI could enable long-term
monitoring and electrical stimulation of this region, potentially
allowing for closed-loop regulation. This would avoid the dam-
age associated with invasive BCIs used in phase I trials and
bypass cortical deficits, enabling better overall control of the
stimulation system.

However, these suggestions remain speculative as neither motor
neuroprosthetic devices nor recording arrays have been deployed
in AD patients or models with motor cortical dysfunction.
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