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Neurotechnology is rapidly evolving, presenting significant ethical, legal, and
social challenges. This study employs a bibliometric analysis to map the ethical discourse
surrounding neurotechnology, with a focus on emerging trends, key contributors, and future
research directions. Using Scopus as the primary database, we analyzed 288 research
articles published between 2000 and 2025, employing bibliometric tools like VOSviewer and
Biblioshiny to visualize trends. Findings reveal four major thematic clusters, Ethical and Legal
Dimensions of Neurotechnology, addressing concerns related to privacy, informed consent, and
commercialization; Ethical Autonomy in Neurotechnology, exploring issues of Al-driven decision-
making, free will, and neurological interventions; Ethics and Applications of Neurotechnological
Interventions, highlighting debates on cognitive enhancement, neuromodulation, and medical
ethics; and Bioethics and Neuroscientific Foundations of Neurotechnology, which focuses on
integrating neuroscientific insights into ethical policy frameworks. 12 research prepositions
related to ethical considerations in neurotechnology are proposed by current research. This
study highlights gaps in literature, including the lack of standardized regulatory frameworks,
disparities in access to neurotechnology, and unresolved ethical concerns about cognitive
manipulation and autonomy. The findings emphasize the need for interdisciplinary collaboration
between neuroscientists, ethicists, policymakers, and Al specialists to ensure ethical governance
of neurotechnology. Future research should focus on policy development, cognitive privacy
regulations, and ethical Al integration in neurotechnology.
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In the emerging neuro society, conquests
in the global neurotechnology market intersect with
complex ethical questions. Only by addressing the
manifold ethical implications of neurotechnology,
we have a chance at capitalizing on its full
potential without descending into controversies or
damaging pitfalls.'? Ethical discourse in relation

to neurotechnology is therefore key for guiding
its integration into society, economy, and daily
life.* Recent decades have seen increasing levels
of discourse on neurotechnology and its ethical
implications across a range of different research
fields.* While these assessments of the perceived
importance of different neuroethical, neuro-rights,
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and techno-ethical questions provide a glimpse
into relevant research to date, we argue that in
order to delve into the most current frontiers, it is
crucial to gauge scientists’ expert knowledge in
this expanding field based on the existing academic
literature.

A history of neuroscience offers pertinent
historical reference points on novel medical and
technical interventions for the human brain.> At
the same time, there seems to be a conceptual and
empirical infinity between ethical reflections on
purely electronic assistive devices and practical
philosophical questions concerning intelligible
agency and rationally amendable dispositions.®
In view of this, future ethical nervous discourses
and, following in their wake, practical changes will
require a fusion of analytic fluidity and thematic
specificity.” In combining both approaches, this
article sets out to navigate the ethico-philosophical
implications of technological interventions in the
brain. By conducting a bibliometric topical analysis
of a decade of applied neuroethical research on
neurotechnology, it first positions the relevant
scientific discourses within the interdisciplinary
neuroethical field as a whole.

Ways of intervening in the human
brain have for long been a subject of both
scientific speculation and fears. In recent years,
neurotechnology has undergone significant
advancements. It is becoming increasingly urgent to
study how the impact of neurotechnology is being
anticipated and what its normative implications
are.® So far, research on neurotechnology has
mainly focused on the ethical implications of
application areas, such as neuromarketing and
neuromodulation. However, relatively little is
known about how broader discussions in the
field of neuroethics are evolving. In particular,
it is of interest how stakeholders in the scientific
community envision advancing ethical discourse in
the field. This paper is dedicated to this question.
Neurotechnology forms a frontier, representing a
continuous threat and promise for shaping how
we exist.’ Just like technology can shape our
values, justification, resources, social and political
interests, and personal identity. Moving towards a
post-anthropocentric technological future requires
us to adopt a re-ethical mindset."

To understand major trends, changed
focal topics, and where the field is heading in the

envisaged immediate future, we aim to develop
a granular understanding of relevant ethical and
policy-related considerations as discussed in
professional literature published to date. Among
the factors that motivate this study, we must
acknowledge an increased awareness of the moral
implications of human subjects’ technological
enhancement." Neurotechnology often develops
in tandem but also in tension with contemporary
ethical discourses.'? Decidedly, technological
advancements apprehend ethical discussions, of
which scholars of neuro-ethics take an interest.

One of the most critical ethical challenges
in neurotechnology is the protection of individual
privacy. As neuro- technologies such as brain-
computer interfaces (BCls) and neural implants
become more sophisticated, they have the potential
to access and influence an individual’s thoughts,
emotions, and memories. This raise concerns that
sensitive data could be misused or accessed without
authorization. Neuro- technologies could lead to
violations of “cognitive freedom,” where people’s
mental states could be manipulated or controlled
without consent.!? Furthermore, issues of informed
consent in neuro-technologies remain complex.
Incorporating BCIs into medical treatments,
such as for patients with neurological diseases or
disorders, requires a nuanced understanding of
consent.

While some argue that such performance
enhancements could have social benefits, others
have raised concerns about inequality and fairness.
As Liao et al.”? argue, neurotechnology, if only
accessible to certain socioeconomic groups, could
exacerbate existing social inequalities and lead
to unequal distribution of cognitive performance
gains. Furthermore, the potential for cognitive
enhancement has sparked debate about notions
of “normality” and the boundaries between
treatment and enhancement. Ethical questions
arise not only about whether it is acceptable to
enhance the human brain, but also where the line
between therapeutic applications and performance
enhancement should be drawn.'* Neurotechnology
has a significant impact on human rights,
particularly in regards to freedom and autonomy.
The potential for neurotechnological devices to
alter or control thoughts and behavior while still
preserving autonomy and the capacity to make
independent decisions is troubling. The creation
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of “nerve surveillance” technologies, which
involve monitoring the brain’s activity for various
purposes such as law enforcement or workplace
optimization, may violate the individual’s right to
mental privacy and the freedom to be coerced.'

Concisely, this paper provides a detailed
look at the current ‘ethico-moral’ thread being
drawn through neuro-ethics. This study investigates
ethical aspects of neurotechnology. Following
research questions drive the current study. The
first question asks, what constitutes the emerging
themes, trends and influential contributors in terms
of ethical discourse on neuro technology? Second
question tries to explore what gaps are there in
literature and how has focus of ethical discussion
in neurology evolved over time? Last question
tries to find answer for the future directions that
can help in policy making in neurotechnology? In
order to get answers for these questions specific
and measurable actions in form of objectives have
been framed as follows:
1. To analyze the thematic evolution and intellectual
structure of ethical discourse in neurotechnology
using bibliometric methods.
2. To identify prominent authors, sources,
organizations and countries contributing towards
ethical discourse in neuro-technology research.
3. Providing insights for future research and policy
framework by uncovering gaps in literature and
ethical challenges.
Review of Literature

Neurotechnology is a prism of various
scientific and technological dimensions aiming
to understand and manipulate the human nervous
system at different scales from a perspective of
function or dysfunction.' It spans knowledge
regarding basic neuronal functioning, cognitive
neurosciences, and behavioral sciences associated
with fields such as biomedical engineering,
molecular chemistry, computer science, artificial
intelligence development, and social sciences
among others.'” It is crucial to anticipate and
manage ethical considerations in such domains
from individual and broader societal perspectives.
In the field of neurotechnology, for instance,
a major aspect of ethical inquiries relates to
accessibility to neuro-interventions for quality-of-
life improvement through portable interfaces.'®"
Neurotechnology spans different fields and can
be defined broadly as any technological device

that functions to interact with the nervous system.
Within neurotechnology, there are various classes
of technologies, including neuro-prosthetics, brain-
computer interfaces, deep brain stimulation, and
neuroimaging devices.?*?

An increasing use of brain-computer
interfaces redirects brain activity to control
various devices in a non-invasive manner through
monitoring. In the future, while neuro- consumers
may use neurotechnology to self-improve, healthy
patients might benefit from neurotechnology-
assisted focal brain stimulation to accelerate
recovery.” Beyond healthcare, neurotechnology
is gaining traction in gaming and entertainment.
Inviting players to steer action in a game with
a mere thought, headsets by various companies
have been popular tracking systems since the
late 2000s.2* Historical attitudes towards the
use of technologies to probe or intervene in the
brain may first appear cautious, followed by an
overall welcoming vision.”** Moving to more
contemporary history, the development and wide
adoption of the encephalogram in the 1940s started
to make general audiences more comfortable with
the idea of technologies for ‘mind reading.’ There
is a concern among ethicists that public perceptions
might not be sensitized enough to newly emerging
ethical considerations in the neurotechnological
era.””2 In light of these historical trends, it is
important to engage in an informed ethical analysis
of the societal implications of neurotechnology.”

An accessible orientation to these
developments, processes, and implications
is needed in order to inform ethical and/or
responsible opinion and practice. The ethical
consideration of ‘brain interventions’ highlights
renewed interest in the exploration of relationships
between self, society, and culture in light of brain-
related discoveries, and also the historical shifts
in the values we hold around ‘normalcy’ and
therapeutic intervention.*® Such shifts point to
the historical development of our understanding
of human nature built on relationships between
advances in technological society and new
ethical dilemmas — shifting from a lukewarm to
overwhelmingly positive attitude towards mind-
reading technologies.’! With the innovation of
EEG technologies came the promise of brain-
wave shaping, but also societal concerns about
mind control and early neuroethical foci.® A
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wave of ethical and legal debate ensued with the
advent of deep brain stimulation, and a future
development in optogenetics, a relatively new
field of research that involves genetically encoding
neural or muscle tissue so that it can be controlled
by laser illumination, may prompt similar concerns
regarding ethics and society.**

Four pressing contemporary ethical
issues in neurotechnology can be distinguished.
First, in investigations where cognitive
abilities are enhanced or altered using personal
neurotechnology, informed consent can be under
pressure, altering what it should mean to act
freely and independently, imposing a reshaping
of the principle of autonomy.'” An important
question is therefore what an adequate condition of
informed consent is in the context of its potential
alteration via neurotechnology.*® Second, if non-
consensual individuals are somehow capable
of knowing about the recorded mental states of
consenting neurotechnological users, it is feasible
for possible mental states themselves to command
their controller to take precautions to steer clear of
privacy harms, such as exploitation or unwelcome
dissemination, thereby imposing the duty on
others to respect one’s privacy.”” Third, using
neurotechnology to enhance cognitive functions
points to a greater potential to modify factors at
the basis of personal identity and somatic and
psychological continuity.® Fourth, the project to
develop and use neurotechnology is inserted into
a contemporary landscape marked by tensions on
the ethical acceptability of human enhancement
and by a practice of basic and clinical research
deeply ingrained in and funded by a competition for
technological innovation aimed at market capture
and maximum personalization.*

Bibliometrics has become a fundamental
tool in the evaluation and interpretation of the
impact of research work in virtually all scientific
domains.? It is based on statistical models
and visualization techniques to analyze and
demonstrate how scientific activity is spread and
permeated through different research communities
over time and space.* The statistical survey of
written and published documents results in a
science of activity diffusion across a biblioscape.*!
Typical constructed objects of bibliometrics are the
‘document’ and the “citation,” which are considered
basic acts of science. The writing of a document

statistically indicates the existence of novel
information, and the citation indicates a transfer,
reception, and use of this information.*> The
purpose of this paper is the application of the tools
of bibliometric analysis to study research frontiers
in the field of neurotechnology for the development
of advanced ethical discourse. In recent years,
bibliometric indicators in neurotechnology have
become a fundamental tool for mapping research
community interests that use bibliometrics.*
The current state-of-the-art research about
neurotechnology is documented in science
publications, including non-open references and
non-accessible local language categories.****

The capacity of these technologies to
influence thoughts, memories, and identity can
potentially undermine our understanding of
autonomy and personal identity, this can lead
to new ethical questions regarding the nature of
consciousness and the individual. To mitigate the
ethical concerns associated with neurotechnology,
scientists have advocated for more stringent
regulations and rules regarding its development
and utilization.*#

Introducing new research frontiers in the
next decade necessitates identifying the gaps and
potential for improvement in existing literature.
Despite unprecedented bibliometric growth in the
neurotechnology literature focusing on technology
and engineering, little has been published on the
ethical issues in neurotechnology. In fact, the
little that has been done centres on moral bio-
enhancement and unfair brain over other ethical
and moral issues. Moreover, while the focus is
almost exclusively on neuroethical themes, little
has been done on neurotechnology, a term that
encompasses neural engineering, neuroeducation,
neuro- leadership, and other relevant topics.
While additional research concerning existing
approaches to personhood and self as the basis
of personalized therapy and marketing is rather
scarce in comparison to other prevalent bioethical
themes, future qualitative research could advance
the entirety of ethical considerations regarding
this ethico- legal behavior in ways that would be
relevant not only to other researchers but also to
engineers. Therefore, there are two future research
opportunities: addressing underrepresented
themes in neurotechnology ethics; and integrating
engineering and neuro- ethics, thereby employing
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multidisciplinarity within the studies conducted.
Future research, in addition to the most sophisticated
and exclusive neurotechnology, should focus on
general human cognition and advances in neural
engineering that pose ethical concerns, making a
unique and urgent contribution to the neuroethical
literature.

MATERIALS AND METHODS

Systematic literature review or SLR
Approach has been employed by using the
enhancing and augmenting impact of bibliometric
analysis for the purpose of current study. As there
is a deficit of in-depth analysis and thoroughness
among the traditional way of synthesizing literature
review, results put forward by traditional way
are found to be inaccurate and misleading many
times. One of the objectives of present research
is to scrutinize and present the existing literature
with respect to ethical dimensions in neuro
technology, in a more systematic and structured
way. This research paper is an effort to understand
the ethical aspects concerning neuro technological
interventions and neuroscience, so that future
perspectives can be put forward.

Database selection: Scopus database is
one of the most comprehensive, vast and high-
quality databases for exploring literature related to
any field.* It also provides an easy user interface,
detailed information and fast processing for the
bibliometric data.*® Scopus database because of
its comprehensiveness and ease of use was used
for present research. Final data for analysis was
extracted in form of .csv file containing details
like, authors name, affiliation, sources, co-author
countries, institutions, publishers, citations, year
of publication, abstract, key words etc. For the
purpose of obtaining most relevant and extensive
literature, researchers used a string of keywords
related to the research area of ethics in neuro-
technology.

Search Keywords: Use of appropriate
keywords is very critical in ensuring collection
of relevant quality research papers from database.
The search strategy for ethical considerations
in neurotechnology was formulated by keeping
in mind the research questions and objectives.
The keywords used for creating search string

were divided into two sections, first section
represented keywords related to neurotechnology,
keywords were “neurotechnology, brain computer
interface, neural interface, neuroscience”. Ethical
consideration terms were represented in second
section as, “ethics, ethical concerns, ethical
dimensions, bioethics, privacy, consent”. In order
to create a search string out of these keywords
Boolean operators were used. OR operator was
used within each group to expand search and ensure
related terms are included. AND operator combined
the two groups so that both neurotechnology and
its ethical considerations are addressed. Query
was further customized by adding specific fields
like, TITLE, ABSTRACT and KEYWORDS for
more targeted results. Following search string was
created, “(TITLE-ABS-KEY (“neurotechnology”
OR “neuro-technologies” OR “brain-computer
interface” OR “BCI” OR “neural interface” OR
“cognitive enhancement”) AND (TITLE-ABS-
KEY (“ethics” OR “ethical considerations” OR
“bioethics” OR “moral implications” OR “societal
implications” OR “privacy” OR “security” OR
“human rights” OR “responsible innovation” OR
“regulation” OR “governance”))”.

Articles filtering: Figure 1 below provides
the PRISMA Flow diagram consisting of four steps,
Identification, screening, eligibility and inclusion.
Identification of Documents

After search query was complete, a
total of 543 articles were yielded from database.
Research papers related to neurotechnology and
ethics were searched for, with mention of keywords
in abstract, title or keywords. Papers written
in English language were included. Research
articles published between 2000 and 2025 were
made the part of search. Out of these, conference
proceedings, newsletters, book chapters and
editorials were removed to obtain 458 documents.
Screening of Documents

From the array of documents duplicates
were removed in the second step, which further
reduced the number to 430. These documents were
screened for key words and abstracts, and after
removing 52 irrelevant documents, remaining 378
articles were moved to next step.

Eligibility of Documents

Further, full text eligibility was screened

for 378 articles and after rationalization, 90
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documents which were found to be non-aligned
with questions and research objectives were deleted
from the pool.
Inclusion of Documents

At the end a total of 288 documents were
included for literature review and bibliometric
analysis.

RESULTS

A detailed bibliometric visualization
on the literature available on ethical aspects in
neurotechnology has been presented in this section.
Main Information

The main information related to
bibliometric data extracted from Scopus database
after analysis with help of Vos viewer and
Biblioshiny software has been presented in Figure
2 below. Details pertaining to final 288 documents
selected for analysis has been presented here. The
selected documents were published between 2000
and 2024. Annual growth rate during this period
was found to be 8.45%, which shows that with time
a good growth has been noticed in the research area
under study. A total of 114 sources were identified,
and these 288 documents were authored and co
authored by 969 individuals, reflecting a good
collaboration among authors. 81 of the articles were
having a single author. A percentage of 24.65 for
international co-authorship reflects the significance
of ethical considerations in neurotechnology
worldwide. The document average age is 8.51,
this moderate DAA shows that foundational and
recent studies, both have contributed towards the
research area. As the ACD (Average citations per
doc) is high at 20.54, it indicates that documents
present in the dataset have relevance and influence.
957 author keywords and 14890 references suggest
a vast amount of research being considered.

Trends in Publication, ASP (Annual
Scientific Production): The Figure 3 below shows
the annual scientific production trend for each year
from 2000 onwards. There was a low publication
per year from 2000 till 2010, annual publication
remaining below 10. 2011 onwards till 2018
there was a gradual increase in the field of ethical
neurotechnology, signifying increasing research
interest in this field. Number of publications
decreased in 2019 but after COVID 19 pandemic
there was a huge increase in publications related

to ethical considerations in neurotechnology, with
highest publications in year 2022.> The findings
show that there has been a continuous exploration
of the domain area and research is continuously
trying to understand ethical dimensions in
neurotechnology, matter of concern is that after
2022 there has been a decrease in publications and
new research prepositions in this area need to be
identified.
Affiliations Statistics

The role of organizations and institutions
is of paramount significance in disseminating the
scientific knowledge related to any field, and this
contribution from affiliations is highlighted in
Table 1. “Baylor College of Medicine” leads the
institutions with 41 articles. This table contains the
names of the famous universities of USA, UK, and
Canada and includes “Harvard Medical School,
University of Oxford, University of Toronto, and
McGill University” etc. These institutions are
known for their activities in high impact research,
which proves their level of involvement in ethical
considerations for neurotechnology. “Oxford
University and University of California” both
had 26 articles. Other institutions that provide
articles include “McGill University” (23 articles),
“University of Washington” (21 articles), and many
others. The existence of several leading institutions
suggests the possibility of interdisciplinary
cooperation, perhaps by linking with one of them
if new researchers are trying to contribute in the
field of neurotechnology ethics.
Prolific Authors

Table 2 contains the names of most prolific
authors in this field. J. llles and E. Racine are by
far the most prolific authors, with each author
submitting 10 documents. Given the substantial
amount of their publications, it would appear that
they are thought leaders in ethical discussions
pertaining to neurotechnology. E. Klein and J.J.
Fins publish 6 papers each which manifest their
joint presence in this domain. Their production is
more restrained than that of Illes and Racine, but
they have contributed significantly in shaping of
the discourse. Each of the six authors among —
Buchman, D.Z., Evers, K., Goering, S., Haselager,
P, Hildt, E., and Jox, R.J—have each contributed
4 documents. This indicates that there is a broader
network of contributors at play who are influencing
discussions on neurotechnology ethics. Publication




DOGRA & DOGRA, Biomed. & Pharmacol. J, Vol. 19(Spl.), 886-901 (2026)

numbers are distributed unevenly: a few authors are
key, but many scholars are writing. This suggests
that interdisciplinary collaboration and cross
institution research can be carried out.
Source Contribution

From table 3 below, it can be concluded
that Neuroethics has 65 documents and dominates,
it proves to be a specialized and highly influential,
source for researchers working on the ethical
dimensions of neurotechnology. Major contributors
also include AJOB Neuroscience (27 documents)
and Frontiers in Human Neuroscience (18
documents). It is very likely that their focus
covers broader neuroscientific topics with ethical
considerations included. Current Topics in

892

Behavioral Neurosciences (9 documents) and
Journal of Neuroscience Nursing (7 documents)
point to the level of attention that is given to ethical
discussions within behavioral neuroscience and
clinical neuroethics. Frontiers in Neuroscience
and Journal of Neural Engineering (6 documents
each) highlight an intersection between ethics and
technological advancements in neuroscience. This
suggests that ethical concerns in neurotechnology
are discussed in psychology journals (Frontiers
in psychology) and engineering related journals
(Brain Computer Interfaces — 5 documents). The
wide impact of neuroethics, as articulated by
neuroscience, psychology, bioengineering, and
medical ethics, is thus confirmed.

' PRISMA 2009 Flow Diagram

-E Records identified through After Book Chapters, Newsletters,
E database searching editorials and conference
% (n=543) proceedings excluded (n = 458)
74
=2
—
Records afver duplicates removed
{n=4320)
=
-
§ Records screened Records excluded
{n =430) (n=52)
_J
— |
Full-text articles assessed Full-text articles excluded,
z for eligibility with reasons
:E (n=378) {n = 50)
g
\ J
r T
Studies included in Not matching objectives,
qualitative synthesis not relevant
(n =288)
E Studies included in
quantitative synthesis
(meta-analysis)
{n =288)

Fig. 1. PRISMA Flow Diagram: Identification, screening, eligibility assessment and inclusion of studies in
systematic review following PRISMA 2020 Guidelines
Source: Secondary data compiled and presented by author
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Three Field Plot

This three field Sankey diagram in Figure
4 shows the relationship between the sources of
publication (SO), key research topics (DE), and
contributing countries (AU_CO). The existence
of AJOB Neuroscience and Frontiers in Human
Neuroscience indicate that neurotechnology
ethical concerns are multi-disciplinary, including
philosophy, bioethics and applied neuroscience.
Amongst all discussion topics in neurotechnology,
the key ethical research areas are Neuro ethics
and Ethics (common issues), Neurotechnology
and Deep Brain Stimulation (technical focus),
Artificial Intelligence (AI) and Neuroimaging
(emerging ethical issues), Bioethics, Informed
Consent, and Enhancement (regulatory and
philosophical issues). This diagram confirms the
fact that ethical questions span something more
than traditional neuro ethics; they include areas
of Al, neuroimaging, and human enhancement.
The issues in neurotechnology that are ethical
also go beyond the clinical applications to human
enhancement, Al, and neuroimaging. The western
countries and developed economies are more
concerned about the ethical considerations in the
field of neurotechnology.

DISCUSSION

Keyword Statistics and Future research
directions: The word cloud presented in Figure 5
below helps in identifying following dimensions

Timespan Sources

2000:2024 114

Authors of single-authored docs

81

Author's Keywords (DE)

957

References

14890

with respect to ethical considerations in
neurotechnology. Neuroethics (74) & Ethics (58) are
the most prominent topics, confirming that ethical
discussions dominate research on neurotechnology.
Neuroscience (47) & Neurotechnology (24) are
scientific foundation behind these discussions.
Neurotechnology is a subfield of neuroscience,
dealing with brain-computer interfaces (BClIs),
neuromodulation, and Al-based interventions.
Deep Brain Stimulation (17) has been frequently
studied for its therapeutic applications (Parkinson’s,
depression) but raises concerns regarding consent,
identity changes, and long-term effects. Bioethics
(14) & Informed Consent (14) are critical in
clinical applications, ensuring patient autonomy
and addressing risks like coercion or cognitive
manipulation. Neuroimaging (12) raises privacy
and consent concerns, especially regarding the
potential for mind-reading, predictive 4analytics,
and surveillance applications. Enhancement
(10) & Artificial Intelligence (9) reflect that
neurotechnology is not just for medical purposes;
there’s growing interest in cognitive enhancement
and Al-driven interventions. The bibliometric
Implications of this word cloud suggest that
the research field is highly interdisciplinary,
integrating neuroscience, Al, ethics, law, and
psychology. The ethical discourse is expanding
beyond medical applications, addressing cognitive
enhancement, privacy risks, and Al integration
in neurotechnology. Future research may focus
on regulatory frameworks, Al-powered brain

Annual Growth Rate

8.45 %

Documents

288

International Co-Authorship

24.65 %

Co-Authors per Doc

3.87

Document Average Age

8.51

Average citations per doc

20.54

Fig. 2. Main Information: Summary of bibliometric data extracted from Scopus database between 2000 and 2024
Source: Secondary data compiled and presented by author
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interventions, and the long-term social impact of
neurotechnology.
Cluster Analysis

Vos Viewer software was used to conduct
a cluster analysis with help of author keywords.
Number of keyword occurrences was restricted
to 10. Four different clusters were identified and
these have been represented by different colours.
Keywords co-citation analysis helped in forming
following clusters and research prepositions have
been suggested as follows:
Cluster 1

Ethical and Legal Dimensions of
Neurotechnology: This cluster has been highlighted
with red colour and contains eight keywords, Brain
computer interface, Brain computer interfaces,
Deep brain stimulation, Enhancement, Law,
Neuro-ethics, Neuroimaging, Research ethics.
Significant research articles containing these
keywords were reviewed to identify following
research prepositions:
P1

To Study the integration of brain-
computer interfaces (BClIs) into daily life which
necessitates a new ethical framework to address
issues of cognitive privacy and mental autonomy.
P2

To examine role of deep brain stimulation
(DBS) in neuropsychiatric treatment which creates
new legal challenges related to informed consent
and patient autonomy.

Annual Scientific Production

Articles

P3

To understand how commercialization of
BClIs and neuroimaging technologies raises ethical
concerns about data ownership, consent, and neuro-
privacy.
Cluster 2

Ethical Autonomy in Neurotechnology:
There are total 6 keywords in second cluster
represented by green colour. The keywords in this
cluster are, Artificial intelligence, Autonomy, Free
will, Informed consent, Neurology, Neuroscience.
Analysis of research papers with these keywords
helped in framing following future research
prepositions:
P4

To explore the Role of Al in Shaping
Ethical Decision-Making in Neurotechnology
as Al’s integration into neurotechnology raises
questions about autonomy and ethical responsibility.
PS5

To understand the Impact of
Neurotechnological Interventions on Individual
Free Will as neuroscience advances, the boundaries
of personal autonomy and external influence must
be examined.
P6

To understand the ethical dilemmas
arising from Al-driven neurological interventions
and their implications for patient rights.

006
2008

Fl]

Year

012

0
0
2034

Fig. 3. Annual Scientific Production: Annual scientific production trend for each year from 2000 onwards.
Source: Secondary data compiled and presented by author
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Cluster 3

Ethics and Applications of
Neurotechnological Interventions: Third cluster
consists of five items in form of following
keywords. Cognitive enhancement, Ethics,
Minimally conscious state, Neuromodulation,
Neurotechnology depicted by blue colour. Review
of articles containing these keywords led to
following prepositions:
P7

Analysing the ethical debate on cognitive
enhancement through neurotechnology and how it
challenges traditional notions of fairness, personal
identity, and human agency.

Table 1. Most Relevant Affiliations: Top 10
organizations contributing towards the field

Rank  Affiliation Articles
1 Baylor College of Medicine 41
2 University of California 26
3 University of Oxford 26
4 McGill University 23
5 University of Washington 21
6 De Montfort University 20
7 University of Florida 19
8 Harvard Medical School 16
9 University of British Columbia 16
10 University of Toronto 14

Source: Secondary data compiled and presented by
author.

Table 2. Most Relevant Authors: Top 10 authors
with maximum documents on topic

Rank Author Number of
Documents

1 Illes, J. 10

2 Racine, E. 10

3 Fins, J. J. 6

4 Klein, E. 6

5 Buchan, D. Z. 4

6 Evers, K. 4

7 Goering, S. 4

8 Haselager, P. 4

9 Hildt, E. 4

10 Jox, R. J. 4

DOGRA & DOGRA, Biomed. & Pharmacol. J, Vol. 19(Spl.), 886-901 (2026)

P8

To understand how use of neuromodulation
in individuals with minimal consciousness states
raises ethical dilemmas concerning consent, quality
of life, and end-of-life decisions.
P9

To understand how commercialization of
neurotechnology for cognitive enhancement raises
concerns about coercion, autonomy, and informed
consent in non-medical applications.
Cluster 4

Bioethics and Neuroscientific Foundations
of Neurotechnology: The last cluster comprised
of two keywords, Bioethics and Neurosciences.
Represented by yellow colour, the related research
articles review led to creation of following research
prepositions:
P10

To study the intersection of bioethics and
neuroscience which requires continuous adaptation
of ethical guidelines to address issues related to
cognitive enhancement and neural manipulation.
P11

To study the significance of neuroscientific
evidence on consciousness, free will, and cognitive
agency to develop informed policies.
P12

To develop robust international
frameworks for governing neurotechnology
applications in medicine, defence, and commercial
sectors.

Table 3. Most Relevant Sources: Top 10 sources with
maximum documents

Rank Source Number of
Documents

1 Neuroethics 65

2 AJOB Neuroscience 27

3 Frontiers in Human Neuroscience 18

4 Current Topics in Behavioral 9

Neurosciences

5 Journal of Neuroscience Nursing 7

6 Frontiers in Neuroscience 6

7 Journal of Neural Engineering 6

8 Brain-Computer Interfaces 5

9 Frontiers in Psychology 4

10 Nervenarzt 4

Source: Secondary data compiled and presented
by author.

Source: Secondary data compiled and presented by
author.
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How ethical governance influences clarification about the workings of the Al, and the
clinical neuro-engineering innovations: life cycle tracking, the innovators are in a position
Design requirements and safety-by-design to add safety and explainability, and improve the

Because of more strict laws (e.g. FDA  products at the design phase.
documents on Al-powered medical device
software) around the added risk management, the
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Fig. 4. Sankey Diagram: Link between sources, key research topics and author countries
Source: Secondary data compiled and presented by author
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Clinical trial design and populations

The advantages of ethical governance
(IRBs/IECs and ICMR guidance) is that a series
of safeguards are put in place over the vulnerable
populations, informed consent and monitoring
requirements have an influence over the inclusion/
exclusion criteria, trial and long-term follow-up
plans.
Data governance and neuroprivacy

The new discourse of neurorights/
neuroprivacy and case law will raise the standards
of the acquisition of neurological data, its retention,
transfer and commercial use and this will influence
the decision to do on device or cloud processing
and de-identification and consent terms.
The access to the market and post-market
monitoring

The regulatory authorities are demanding
post-market surveillance plans (especially in
relation to AI/ML SaMD). This requirement will

change the business models, according to which the
vendors will be required to provide the monitoring/
updates, safety reporting, and re-validation of the
device performance.
Mapping Ethical Challenges in specific
diagnostic or therapeutic technologies
Al-powered SaMD and Al-assisted diagnostics

In this case, explainability and biasness
in the data set, validation, excessive reliance of
clinicians and lifecycle change management will
be the most relevant ethical issues. These are
among some of the problems which are mitigated
by premarket clinical validation, human-in-the-
loop display, documentation of training data and
performance monitoring.
Closed-loop/adaptive systems in Deep Brain
Stimulation (DBS)

Informed consent, ratio of risks and
benefits in neuropsychiatry, autonomy and long-
term follow ups in the device have remained to

minimally cofiscious state
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be primary areas of ethical anxiety in the field.
These ethical issues may be minimized with
the establishment of multidisciplinary ethics
committees that would include neurosurgery,
psychiatry and ethics representatives, capacity
assessment and post behavioural make-up
refinement should be enhanced.
Neuroprosthetics and Motor/Communication
BCI

The technologies have general ethical issues of
commercialism, access to the information or
data of decoded neural activity, the precision and
expectations establishment etc. Decoding signals in
form of breach of privacy, access and expectations
differences due to overpromising, are the potential
clinical implications. The best practices in the
governance of these issues are to determine the
ownership of data, safety reviews, analyzing the
reliability control of the devices, and performance
measures.

Neuromodulation

The border between therapy and
enhancement is also quite narrow at the stage
when such technologies can be non-clinical, and
it has some ethical issues related to the possibility
of pressure and access inequality. These results
can hold a standardization of improvement and
free market establishment without regulation
on devices, which is regulated or restrained by
communal education and community provisions
on the applications of enhancement.

Policy implications for safe, and
responsible translation of neurotechnological
therapies

It will need an all-inclusive framework
that combines ethical and clinical and regulatory
protection to enable neurotechnological therapies
to be translated safely and responsibly. The
regulatory bodies should insist that future evidence
that is risk-adjusted should not be based merely
on safety and clinical efficacy point of view, but
psychological, behavioural and identity impact
with the long-term follow-up to make the impacts
more evident in the long-term. On top of this, Al-
based neuro devices should be able to adhere to
an open life-cycle management (LCM) approach,
and must be supplemented with an established
change-control mechanism and continuous
post-learn monitoring to prevent the unwanted
performance changes. To correct the scenario of

equity and inclusion the policymakers must make
sure that neuro technological advances become
accessible to everyone and see to it that data is
free of prejudice and make sure that technology
becomes affordable. These in totality are all a
governance ecosystem that would pay attention to
human dignity, safety, and equity when developing
and using neurotechnological treatments.

CONCLUSION

The main findings of this bibliometric
analysis of neurotechnology ethics include the
identification of the subjects most frequently
broached in discussions and articles on
neurotechnology ethics, as well as the identification
of the key topics or concepts developed in these
fields. In concrete terms, the analysis exposes what
topics, such as responsible research and innovation,
privacy, or justice and fairness, have been part of
published controversies. This can be instrumental
in recognizing the key ethical challenges raised
by neurotechnology, independently of one’s
conceptions of how neurotechnology could or
should evolve. In so doing, our bibliometric
analysis also concerns itself with the possible
emergence of debated subjects concerning the
ethics of neurotechnology. Therefore, our analysis
remains decidedly confined and raises numerous
questions it cannot answer. This is precisely why
we believe that it is so important to pursue this
conversation that we hope to initiate around this
article.

The commercialization of brain—computer
interfaces (BClIs), deep brain stimulation (DBS),
and neuroimaging technologies suggests the urgent
need for extensive ethical and legal frameworks.
For responsible deployment of neurotechnologies,
issues of cognitive privacy, mental autonomy, and
informed consent need to be addressed. When
Al is integrated to neurotechnology, there are
important concerns about autonomy, control and
human right. Neurological interventions with Al
at their core violate traditional concepts of free
will, decision making and ethical accountability
and require new ethical regulator to help maintain
the balance between technological innovation and
human dignity. As with the use of neurotechnology
for cognitive enhancement, neuromodulation, and
artificial intervention, relevant ethical problems
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relate to fairness, personal identity, and quality
of life. Potentially unethical concerns regarding
commercialization of neurotechnologies for
non-medical use (e.g., cognitive enhancement)
include coercion, access disparities, and consent
in non-clinical settings. Considering that decision-
making regarding neurotechnology has an
ethical component, bias, it should be informed
by neuroscientific evidence in the matters of
consciousness, cognitive agency and neural
manipulation. Regulating neurotechnologies could
perceive bioethics as a means for creating global
standards regarding the use of neurotechnologies in
medicine, defense, and in the commercial sectors.

Implication of the present research are
as follows. Findings first of all highlight the
need for such urgent interdisciplinary regulatory
frameworks which incorporate legal, ethical and
neuroscientific perspectives. Second, standards for
Neuroprivacy, policies related to neuroprivacy and
global neuroprivacy are to be set by governments
and bodies within the international community;
third, ethical frameworks must guarantee that
patients remain the masters of their cognitive
function. The informed consent, data security
and mental integrity guidelines need to be
further refined. The third implication is that civil
ethical issues related to cognitive enhancement
and Al-driven neurotechnologies compellingly
require wider public awareness and intensifying
interdisciplinarity of approach. It is important
that bioethicists, neuroscientists, policymakers
and technologists collaborate to create and ensure
fair and ethically correct neurotechnological
applications. Finally, it can be concluded that
neurotechnology is one of those technologies that
has the potential to be used both for medical and for
cognitive and for human enhancements applications,
but holds also many ethical implications. An
integration of bioethics, legal frameworks, and the
neuroscientific insights can ensure the responsible
development and deployment of neurotechnology
and can protect human rights, autonomy, and
welfare of a society.
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