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Abstract
Objective. The aim of this review was to systematically identify the ethical implications of visual
neuroprostheses. Approach. A systematic search was performed in both PubMed and Embase using
a search string that combined synonyms for visual neuroprostheses, brain–computer interfaces
(BCIs), cochlear implants (CIs), and ethics. We chose to include literature on BCIs and CIs,
because of their ethically relavant similarities and functional parallels with visual neuroprostheses.
Main results. We included 84 articles in total. Six focused specifically on visual prostheses. The
other articles focused more broadly on neurotechnologies, on BCIs or CIs. We identified 169
ethical implications that have been categorized under seven main themes: (a) benefits for health
and well-being; (b) harm and risk; (c) autonomy; (d) societal effects; (e) clinical research; (f)
regulation and governance; and (g) involvement of experts, patients and the public. Significance.
The development and clinical use of visual neuroprostheses is accompanied by ethical issues that
should be considered early in the technological development process. Though there is ample
literature on the ethical implications of other types of neuroprostheses, such as motor
neuroprostheses and CIs, there is a significant gap in the literature regarding the ethical
implications of visual neuroprostheses. Our findings can serve as a starting point for further
research and normative analysis.

1. Introduction

Visual neuroprostheses are sensory prostheses that
can be used to restore impaired vision (see figure 1).
The need for such a prosthesis is illustrated by
the high global burden of disease due to impaired
vision. In 2015, an estimated 36 million people
were blind throughout the world, and approxim-
ately 216.6 million people had a moderate to severe
visual impairment (Bourne et al 2017). Many causes
of blindness and visual impairment, including degen-
erative disease, diabetic retinopathy, glaucoma or
trauma, are known to have hardly any treatments.

Visual neuroprostheses have the potential to partially
restore vision in these individuals (Shepherd et al
2013). These devices are part of the spectrum of
neuroprostheses that interact with the nervous system
to restore sensory or motor function (Schwartz 2004,
Adewole et al 2016, Glannon 2016,Wright et al 2016).
Visual prostheses aim to restore vision by targeting
one of several visual processing areas, including the
retina, the optic nerve, the lateral geniculate nucleus,
and the visual cortex (Shepherd et al 2013, Lewis et al
2015, Mirochnik and Pezaris 2019, Niketeghad and
Pouratian 2019). Research on all of these approaches
is on-going, with the emergence of several clinical

© 2022 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1741-2552/ac65b2
https://crossmark.crossref.org/dialog/?doi=10.1088/1741-2552/ac65b2&domain=pdf&date_stamp=2022-4-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3589-1750
https://orcid.org/0000-0002-1625-0034
https://orcid.org/0000-0002-7542-8963
https://orcid.org/0000-0001-8135-6786
mailto:k.r.jongsma@umcutrecht.nl
http://doi.org/10.1088/1741-2552/ac65b2


J. Neural Eng. 19 (2022) 026055 E van Velthoven et al

Figure 1. Illustration of a visual neuroprosthesis (Source: Xing Chen).

trials and significant growth in the field of neuropros-
theses in general over the past decade (Mirochnik and
Pezaris 2019).

The development and use of visual neuropros-
theses are paired with ethical implications. Some eth-
ical implications are unique for visual neuropros-
theses, while other ethical implications are applicable
to neuroprostheses in general, such as the informed
consent process. Some ethical implications of visual
neuroprostheses are similar to those of other sensory
neuroprostheses, such as some brain–computer inter-
faces (BCIs) and cochlear implants (CIs). CIs are a
more mature technology and interact with the peri-
pheral nervous system, and are hence accompanied
by lower risks and better restoration of function. This
way, they could provide a benchmark for other forms
of neurotechnology.

To date, a comprehensive overview of the ethical
implications of visual neuroprostheses ismissing. The
aim of this study is to systematically identify the eth-
ical implications of visual neuroprostheses from the
academic literature.

2. Methods

2.1. Design
In order to identify the ethical implications of visual
neuroprostheses, we conducted a systematic review
of the academic literature. The review process was
performed following the preferred reporting items
for systematic reviews and meta-analyses (PRISMA)
guidelines (Moher et al 2009). Ethical implications
were broadly understood to be expressions where eth-
ical reasons, principles and values are at stake, or
any type of ethical or societal issue or consideration,
which may not necessarily take the form of a fully
argument-based reason (Mertz et al 2016).

2.2. Search strategy
The literature search of the Pubmed and Embase
databases was conducted in October 2019, and
we conducted an additional search in May 2021
to include articles published since the original
search. These databases were selected for their

comprehensiveness and the review’s focus on
medical-ethical implications. The choice of data-
bases was discussed with an experienced librarian
from the Utrecht University Library. The search
strategy combined synonyms for visual prostheses,
CIs, neuroprostheses, neurotechnologies, BCIs, and
ethics (see supplementary files 1–4 available online at
stacks.iop.org/JNE/19/026055/mmedia).

2.3. Study selection and inclusion criteria
Articles that focused on the ethics of visual neuro-
prostheses, CIs, BCIs, and neurotechnologies in
general were included (see figure 2). We included
literature on BCIs and CIs because of ethically rel-
evant similarities and functional parallels to visual
neuroprostheses. We included literature on neuro-
technology in general because of ethically relevant
parallels to the field of visual neuroprostheses. We
excluded articles that were not written in English
or Dutch, that were published before 2009 and or
lacked an abstract. In addition, articles that described
very specific (sensori-motor) neurotechnologies or
BCIs that were not relevant for visual neuroprostheses
were excluded based on their title and abstract. For
example, the ethical implications of psychiatric thera-
peutic applications of BCIswere considered to diverge
too much from those of sensory therapeutic applic-
ations. Title and abstract-screening (tiab screening)
was performed by two researchers (EAMV and KRJ).

Following tiab screening, EAMV & KRJ con-
ducted a full-text screening of all the articles that
were included (see figure 2). The results of the full-
text screening were checked by a second researcher
(EAMV, DRH or KRJ). We excluded articles from
the full-text analysis if the full text was not avail-
able, if they discussed specific (e.g. motor-function)
neurotechnologies, or BCIs that were not relev-
ant for visual neuroprostheses, or if they did not
mention any ethical issues. Only articles from peer-
reviewed journals were included. In both tiab screen-
ing and full-text screening the results were juxtaposed
to ensure consistency. In case of discrepancies
between researchers, final inclusion was based on
consensus.
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Figure 2. Flowchart of included papers.

2.4. Data extraction and analysis
A data extraction sheet was used to extract data and
identify ethical implications systematically (see sup-
plemental file 5). We extracted general information
about the articles, including the author names, year
of publication, country of origin, the authors’ affili-
ations, the device or technology mentioned, and the
aim of the article. The data extraction of all the art-
icles was performed by EAMV or KJ and checked by
a second reviewer (EAMV, DRH or KRJ). Discrepan-
cies in the extracted data were discussed and resolved
within the research team by consensus.

Ethical implications from all articles were then
analyzed by assigning a subcode (subtheme) to each
implication. Next, a list of subcodes was generated.
When articles addressed the same topic, these implic-
ations were categorized under the same subcode. For
each ethical implication we noted which article(s)
included that topic and howmany articles mentioned
the particular topic. Related subcodes were categor-
ized into main codes, in order to provide an overview
of broader ethical implications. The ethical implica-
tions, subcodes and main codes were based on con-
sensus within our research team. The formulation of
these ethical implications, subcodes and main codes
was re-evaluated among all the researchers several
times, to ensure that all the extracted data was cat-
egorized by a code that best described the ethical
implication.

3. Results

3.1. Search and selection
The database searches resulted in a total of 1521
records. After the removal of duplicates, 1133 records
remained. After tiab screening and full-text screening,

84 articles were included for data extraction and ana-
lysis (see figure 2).

3.2. Characteristics of included articles
In total 84 papers were included, of which six focused
specifically on visual neuroprostheses, 24 on neuro-
technology in general, six on neuroprostheses in gen-
eral, 27 on BCIs specifically, and 21 on CIs specifically
(see table 1).

3.3. Ethical implications
We identified 169 ethical implications in total, which
have been categorized into seven main themes: (a)
benefits for health and wellbeing; (b) harm and
risk; (c) autonomy; (d) societal effects; (e) clin-
ical research; (f) regulation and governance; and (g)
involvement of experts, patients and the public.

3.3.1. Benefits for health and well-being
Twenty-four implications related to the theme ‘Bene-
fits for health and well-being’. An overview of
these implications can be found in supplemental
file 6.

First, restoration of function is often mentioned
as an important health benefit. Repair and restor-
ation of normal function is considered to be the
primary goal of neuroprostheses (Tbalvandany et al
2019). However, while stimulation via neuropros-
theses can provide some restoration of sensory func-
tion, complete restoration is not (yet) possible (Lane
et al 2011, 2016, Laryionava and Gross 2011, Lucas
2012, Xia and Ren 2013, Rosenfeld and Wong 2017,
Ereifej et al 2019,Wood et al 2019, Coin andDubljevíc
2020). Moreover, several authors argued that what
would be considered ‘meaningful restoration’ var-
ies among people and also differs between persons
who are sighted and those who are blind or visually
impaired (Lane et al 2011, 2012, 2016, Tbalvandany
et al 2019, Hansson 2020). Restoration of function
is arguably not important to all of those who might
be eligible for neuroprostheses and therefore not all
of them will be interested in such restorative devices
(Glannon 2016, Burwell et al 2017).Moreover, the lit-
erature on CIs showed that the degree of restoration
of function differs between users (Kermit 2012, Pass
and Graber 2015). Furthermore, measurement of the
functional improvement of neuroprostheses is diffi-
cult, and should be improved by including qualitative
aspects and actively involving (potential) users of the
technology (Lane et al 2012).

Second, rehabilitation was mentioned several
times in the literature. Rehabilitation and training
to use a device were argued to be crucial, yet dif-
ficult or strenuous for most recipients and some
might never learn to use the device (Lane et al
2011, Mikołajewski and Mikołajewski 2013, Xia and
Ren 2013, Carmichael and Carmichael 2014, Maki-
Torkko et al 2015, Glannon 2016, Klein 2016, Sample
et al 2019, Thompson 2019). Functional restoration

3



J. Neural Eng. 19 (2022) 026055 E van Velthoven et al

Ta
bl
e
1.
C
h
ar
ac
te
ri
st
ic
s
of

in
cl
u
de
d
ar
ti
cl
es
.

R
ef
er
en
ce

C
ou

n
tr
y
of

af
fi
lia
ti
on

fi
rs
t
au
th
or

Pa
p
er
ty
p
e

Te
ch
n
ol
og
y

A
im

of
pa
p
er

A
as

an
d
W
as
se
rm

an
(2
01
6)

U
SA

Pe
rs
p
ec
ti
ve

B
C
Is

To
ar
gu
e
th
at
B
C
Is
h
av
e
an

im
pa
ct
on

at
ti
tu
de
s
to
w
ar
ds

di
sa
bi
lit
ie
s
an
d
on

n
or
m
s

of
ph

ys
ic
al
fo
rm

an
d
fu
n
ct
io
n
.

A
da
m
s
et
al
(2
02
0)

U
SA

O
th
er

N
eu
ro
te
ch
n
ol
og
ie
s

To
su
m
m
ar
iz
e
th
e
go
al
s
of

th
e
In
te
rn
at
io
n
al
B
ra
in

In
it
ia
ti
ve
.

B
u
rw

el
le
ta

l(
20
17
)

C
an
ad
a

R
ev
ie
w

B
C
Is

To
id
en
ti
fy
an
d
ch
ar
ac
te
ri
ze

th
e
ke
y
is
su
es
as
so
ci
at
ed

w
it
h
B
C
I
u
se
.

B
yr
d
et
al
(2
01
1)

U
SA

C
as
e
st
u
dy

C
oc
h
le
ar

im
pl
an
ts

To
ex
pl
or
e
th
e
et
h
ic
s
of

pa
re
n
ta
lr
ef
u
sa
lo
fa
u
di
to
ry
–o
ra
lh
ea
ri
n
g
re
h
ab
ili
ta
ti
on

.
C
ar
m
ic
h
ae
la
n
d
C
ar
m
ic
h
ae
l

(2
01
4)

U
K

Pe
rs
p
ec
ti
ve

B
C
Is

To
de
sc
ri
be

cu
rr
en
t
re
se
ar
ch

an
d
th
in
ki
n
g
re
ga
rd
in
g
et
h
ic
al
is
su
es
in

B
C
Is
an
d

br
ai
n
-n
eu
ra
lc
om

pu
te
r
in
te
rf
ac
es
(B
N
C
Is
).

C
ar
te
r
et
al
(2
01
9)

A
u
st
ra
lia

O
th
er

N
eu
ro
te
ch
n
ol
og
ie
s

To
su
m
m
ar
iz
e
th
e
go
al
s
of

th
e
A
u
st
ra
lia
n
B
ra
in

In
it
ia
ti
ve
.

C
h
ar
ie
ta

l(
20
21
)

U
K

R
ev
ie
w

B
C
Is

To
ou

tl
in
e
th
e
cu
rr
en
t
st
at
e
an
d
ke
y
ch
al
le
n
ge
s
in

th
e
fi
el
d
of

n
eu
ro
te
ch
n
ol
og
y,

in
cl
u
di
n
g
im

pl
an
t
te
ch
n
ol
og
y,
im

pl
an
t
re
ci
pi
en
ts
,i
m
pl
an
ta
ti
on

m
et
h
od

ol
og
y,

im
pl
an
t
fu
n
ct
io
n
,a
n
d
et
h
ic
al
,r
eg
u
la
to
ry
,a
n
d
ec
on

om
ic
co
n
si
de
ra
ti
on

s.
C
la
u
se
n
(2
01
3)

G
er
m
an
y

R
ev
ie
w

B
C
Is

To
pr
es
en
t
a
re
vi
ew

on
et
h
ic
al
is
su
es
of

de
ep

br
ai
n
st
im

u
la
ti
on

an
d
br
ai
n
co
m
pu

te
r

in
te
rf
ac
in
g.

C
oi
n
an
d
D
u
bl
je
ví
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comes with the challenge of adjusting to novel senses
and experiences (Glannon 2016) and despite extens-
ive user training, BCIs can be frustratingly slow
(Sample et al 2019). Othersmentioned that the incor-
poration of a device requires regained functionality
and trust in the tool (Tbalvandany et al 2019). Fur-
thermore, intensive training may impose time, phys-
ical, emotional, and financial burdens on the user and
their family (Byrd et al 2011, Pass and Graber 2015,
Burwell et al 2017). Hence, further clinical research
on training and rehabilitation of patients with neuro-
prostheses is needed (Mikołajewski andMikołajewski
2013).

Third, specific ethical implications for restora-
tion and rehabilitation were raised regarding chil-
dren. The CI literature, for example, suggested that
early implantation of CIs in childrenmay increase the
chance of restoration, hence the option of postpon-
ing surgery until a child can make its own decisions
requires a careful weighing of benefits and risks
(Hardonk et al 2010, 2011, McCormick 2010, Byrd
et al 2011, Melton and Backous 2011, Lucas 2012,
Teagle 2012, Lee 2016,Owoc et al 2018). Furthermore,
rehabilitation challenges faced by children with CIs
are more severe than those faced by adults. Where
rehabilitation challenges of CIs in adults are primar-
ily to learn to hear again, children are faced with
additional challenges, such as having to learn how to
demonstrate various competences (e.g. social and lin-
guistic) as they develop (Kermit 2012). Moreover, the
rehabilitation process following CI implantation may
impact the child’s self-perception (Kermit 2012). Sup-
port from family members and parents is considered
to be crucial for successful (re)habilitation of children
(Kumar et al 2017).

Fourth, various authors mentioned benefits of
neuroprostheses in well-being. For example, authors
argued that the ultimate goal of neuroprostheses is to
give the patient the feeling of ‘belonging somewhere
again, as being part of life’ (Slatman as cited by Tbal-
vandany et al 2019, p 239). Other authors noted that
users of neuroprostheses report increased life satis-
faction (Maki-Torkko et al 2015, Kogel et al 2019).
Neuroprostheses were argued to improve quality of
life in terms of independence, pleasure, and social
and emotional abilities (Hardonk et al 2010, Byrd
et al 2011, Laryionava and Gross 2011, Teagle 2012,
Mikołajewski and Mikołajewski 2013, Maki-Torkko
et al 2015, Lee 2016, Burwell et al 2017, Vieira et al
2018). BCIs were mentioned to contribute to well-
being by enhancing communication (Sample et al
2019). Yet, in the case of CI implantation in chil-
dren, well-being could also be negatively affected.
Concerns were expressed that when normal hearing
levels are not fully attained, children may suffer com-
paring themselves to children with normal hearing
(McCormick 2010). Some users of CIs may request
device removal, due to dissatisfaction with the tech-
nology (Owoc et al 2018). For visual prostheses, one

paper mentioned that psychological, social, and cul-
tural factors associated with vision have to be con-
sidered together with the ability to see, in order to
assess the overall value of the prosthesis (Glannon
2016).

Lastly, CIs are argued to improve one’s sense of
safety- for example, by allowing CI users to pick up
auditory cues from their surroundings (Byrd et al
2011, Maki-Torkko et al 2015, Vieira et al 2018).

3.3.2. Harm and risk
Aside from benefits for health and well-being, the use
of visual neuroprostheses comes with potential risks.
An overview of 34 implications identified in the liter-
ature can be found supplemental file 7.

First, side-effects and unintended effects were
mentioned. Implantation of a neuroprosthesis comes
with mechanical harms and bio-compatibility risks,
including foreign body reactions such as inflamma-
tion, encapsulation, and glial scarring (Demetriades
et al 2010, Kotchetkov et al 2010, Xia and Ren 2013,
Klein 2016, Klein and Ojemann 2016, Moritz et al
2016, Burwell et al 2017, Rosenfeld and Wong 2017,
Mitrasinovic et al 2018, Ereifej et al 2019, Stieglitz
2019, Chari et al 2021) and surgical risks such as
haemorrhage, local damage, epilepsy and infections
(Demetriades et al 2010, Lane et al 2011, Klein 2016,
Moritz et al 2016, Burwell et al 2017, Lazaro-Munoz
et al 2018, Hendriks et al 2019, Hansson 2020,
Mudgal et al 2020, Reilly 2020, Leuthardt et al 2021).
Furthermore, the heat produced by the device is
a potential risk for thermal damage to the brain
(Klein and Ojemann 2016, Mitrasinovic et al 2018,
Stieglitz 2019). Aside from mechanical harm and
bio-compatibility issues, there may also be other
side-effects and unintended effects of implantation.
Neuroprostheses may have an impact on brain func-
tion or on other health problems (Lane et al 2012,
Chari et al 2021). Furthermore, users may experi-
ence psychological difficulties due to changes in their
life after implantation with a sensory neuropros-
thesis (Lane et al 2011, 2012, Xia and Ren 2013,
Glannon 2016, Klein 2016, Francis-Auton et al 2020,
Hansson 2020). Furthermore, some authors are wor-
ried that users of neuroprostheses may experience
changes in personality (Schermer 2009, Laryionava
and Gross 2011, Lane et al 2012, Jebari and Hansson
2013, Mikołajewski and Mikołajewski 2013, Goering
and Yuste 2016, Moritz et al 2016, Mudgal et al
2020). However, one author argued that such state-
ments about personality changes due to neurotech-
nology may be exaggerated and should not be taken
at face value (Hansson 2020). Others were con-
cerned that neuroprostheses could affect one’s sense
of self, thereby raising questions about authenticity
(Echarte and Garcia-Valdecasas 2014, Kellmeyer et al
2016, Lee 2016, Moritz et al 2016, Burwell et al
2017, Carter et al 2019, Sample et al 2019, Postan
2020, Reilly 2020). Furthermore, neuroprostheses
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may potentially be abused, in the sense that they
may be used for harmful purposes or become
difficult to control (Schermer 2009, Demetriades
et al 2010, Kotchetkov et al 2010, Mikołajewski
and Mikołajewski 2013, Xia and Ren 2013, Keskin-
bora and Keskinbora 2018, Hendriks et al 2019,
DeFranco et al 2020, Hansson 2020). Similarly, the
possibility of dual use, the application of neuro-
prostheses for non-therapeutic purposes, such as
the use of neurotechnology for military combat
applications, may be hard to control and even be
harmful (Demetriades et al 2010, Kotchetkov et al
2010, Tracey and Flower 2014, Farah 2015, Goering
and Yuste 2016, Ienca et al 2018, DeFranco et al
2020).

Second, the stability and quality of the device
may pose an ethical challenge. The devices that are
currently available may lose functionality over time
(Kotchetkov et al 2010, Lucas 2012, Klein 2016,
Klein and Ojemann 2016, Lane et al 2016, Mor-
itz et al 2016, Burwell et al 2017, Rosenfeld and
Wong 2017, Mitrasinovic et al 2018, Ereifej et al
2019, Stieglitz 2019, Chari et al 2021) and the sta-
bility of these devices requires batteries with a long
lifespan (Maki-Torkko et al 2015, Mitrasinovic et al
2018, Stieglitz 2019). Due to technological limita-
tions of existing interfaces, retinal implants may only
offer very coarse vision (Wood et al 2019) and dif-
ficulty hearing in the presence of background noise
was frequently reported to be a shortcoming of CIs
(Maki-Torkko et al 2015). Furthermore, explantation
or re-implantation may be necessary in case of infec-
tion, decreased performance, technological failure or
technological updates (McCormick 2010, Hochman
et al 2018, Owoc et al 2018, Hendriks et al 2019,
Hansson 2020). Removal of a neuroprosthesis comes
with safety concerns (Owoc et al 2018, Wood et al
2019, Leuthardt et al 2021), and it is not known how
the usermay be affected by explantation of the neuro-
prosthesis (Lane et al 2012, Pass and Graber 2015,
Burwell et al 2017, Hansson 2020).

Third, devicemanufacturersmay introduce biases
into the devices that they develop, which may lead
to potential harm and unequal outcomes for patients
and research (Glannon 2016, Hendriks et al 2019,
Hansson 2020).

Fourth, privacy issues form an important aspect
of the harm and risks that surround neuroprostheses.
Privacy issues depend on the type of neuroprostheses
being used (Gladden 2017). Several authors men-
tioned that neuroprostheses require proper secur-
ity with regard to information privacy, encryp-
tion, and data protection (Jebari and Hansson 2013,
Klein 2016, Moritz et al 2016, Burwell et al 2017,
Gladden 2017, Ienca et al 2018, Kellmeyer 2018, 2019,
Hendriks et al 2019, Stieglitz 2019, Postan 2020, Reilly
2020, Chari et al 2021, MacDuffie et al 2021) and
that interfacing between the brain and a computer

comes with the risk of abuse or hacking (Klein and
Ojemann 2016, Lee 2016, Ienca et al 2018, Kellmeyer
2018, Quigley and Ayihongbe 2018, Hendriks et al
2019, Stieglitz 2019, Hansson 2020, Reilly 2020, Chari
et al 2021). Yet, the use of privacy protection meas-
ures should be balanced against the possible benefits
of neuroprostheses (Carter et al 2019, Hendriks et al
2019).

Fifth, a number of ethical implications related
to epistemic uncertainty were mentioned. Various
authors argued that there is quite some uncer-
tainty and unknown risks associated with neuro-
prostheses: the long-term safety of neuroprostheses
is poorly understood (Laryionava and Gross 2011,
Vaughan and Wolpaw 2011, Jebari and Hansson
2013, Hendriks et al 2019, Reilly 2020) and for
long term usability, further knowledge on require-
ments for reliable and stable devices is needed
(Vaughan and Wolpaw 2011, Klein 2016, Moritz
et al 2016, Stieglitz 2019). In addition, improvement
and validation of surgical techniques for implants
are required (Hansson 2020). Neuro-technological
therapy and neuro-enhancement are still accom-
panied by many uncertainties and unknown risks
(Demetriades et al 2010, Farah 2015, Klein 2016,
Keskinbora and Keskinbora 2018, Chari et al 2021).
For example, while wireless power transfer is emer-
ging, much remains unknown in terms of (long-
term) safety and long-term functionality (Klein 2016,
Klein and Ojemann 2016, Rosenfeld and Wong 2017,
Mitrasinovic et al 2018). One author argued that
devices for therapeutic benefit should be designed in
a way that mimics healthy neurodevelopment, which
requires solid understanding of these mechanisms
(Lucas 2012). Furthermore, the expected benefits of
neuroprostheses have been suggested to lack solid
evidence (Burwell et al 2017, Lazaro-Munoz et al
2018).

Sixth, issues are mentioned that relate to high
expectations and hype around neurotechnology.
Patients, the public, and the media may have unreal-
istic and high expectations of neurotechnology,
which could generate false hope and have negat-
ive effects such as disappointment (Haselager et al
2009, Schermer 2009, Laryionava and Gross 2011,
Miziara et al 2012, Xia and Ren 2013, Carmichael
and Carmichael 2014, Maki-Torkko et al 2015, Bur-
well et al 2017, Kumar et al 2017, Rosenfeld andWong
2017, Wurzman et al 2017, Sullivan et al 2018, Carter
et al 2019).

Seventh, several authors mentioned the import-
ance of the proportionality of risks and benefits
of neuroprostheses (Byrd et al 2011, Clausen 2013,
Jebari andHansson 2013,Moritz et al 2016, Rosenfeld
and Wong 2017, Hendriks et al 2019, Reilly 2020).
One author remarked that a risk-benefit analysis is a
complicated endeavour, as benefits and risks are hard
to quantify for hearing devices (Wolbring 2013).

10



J. Neural Eng. 19 (2022) 026055 E van Velthoven et al

Last, harm and risk concerns are especially pre-
carious when neurotechnologies are applied to chil-
dren. More research is needed to better under-
stand the long-term stability and psychological effects
of neuroprostheses, as well as their implantation
in a developing nervous system (Mikołajewski and
Mikołajewski 2013, Pass and Graber 2015). Accord-
ing to the literature on CIs, CIs in children are safe
and reliable (Melton and Backous 2011).

3.3.3. Autonomy
Eleven ethical aspects related to the theme ‘autonomy’
were mentioned. An overview of these implications
can be found in supplemental file 8.

Autonomy is a multifaceted concept that was
interpreted by various authors in different ways, using
concepts such as liberty, independence and authenti-
city. First, neuroprostheses contribute to independ-
ence in daily life and enhance communication with
others (Lane et al 2012, Lucas 2012, Mikołajewski
and Mikołajewski 2013, Maki-Torkko et al 2015,
Burwell et al 2017, Vieira et al 2018). For visual pros-
theses specifically, restoration of vision can enable a
patient to move around independently (Lane et al
2012, 2016). Second, CIs contribute to patients’ con-
fidence and sense of self-worth (Maki-Torkko et al
2015, Vieira et al 2018). Third, an article men-
tioned the contribution of neuroprostheses to the
experience of liberty (Echarte and Garcia-Valdecasas
2014). Fourth, several articles argued that new neur-
otechnologies should support the self-determination
of the user (Moritz et al 2016). Yet, there may
also be situations in which these neurotechnolo-
gies could potentially undermine the user’s right
to freedom of choice and self-determination. For
example: the type and brand of implant that is avail-
able to potential implantees may be limited due to
commercial agreements between clinics and device
suppliers (McCormick 2010). From a more general
perspective, widespread uptake of a particular neur-
otechnology may make it difficult for individuals
to opt out (Sample et al 2019). Neuroprostheses
may also undermine the user’s agency (Goering and
Yuste 2016, Kellmeyer et al 2016, Carter et al 2019,
Jeong et al 2019, Chari et al 2021). Fifth, iden-
tity in the context of autonomy was mentioned. For
example, the literature on CIs suggested that res-
toration of hearing in CI users can serve to recon-
nect them with their former (hearing) self (Kermit
2012).

Last, children are particularly vulnerable because
they are not (yet) autonomous (Miziara et al 2012,
Thébaut 2013). Nevertheless, they do have certain
autonomy rights, often described as their right to an
open future. For example, in the case of CIs, decisions
for or against the use of the devices are made by par-
ents on their behalf, which requires careful delibera-
tion about the child’s interests (Hardonk et al 2010,
2011, McCormick 2010, Byrd et al 2011, Miziara et al

2012, Teagle 2012, Duarte et al 2015, Lee 2016, Owoc
et al 2018, Hansson 2020).

3.3.4. Societal effects
Visual prostheses can have far-reaching societal
effects. An overview of 26 implications can be found
in supplemental file 9.

First, neurotechnology can affect social particip-
ation. Several authors mentioned that restoration
through neurotechnology contributes to social parti-
cipation (Lane et al 2012, Teagle 2012, Maki-Torkko
et al 2015, Lee 2016)

Second, neuroprostheses could reduce the bur-
den of care on significant others and caregivers (Lucas
2012, Maki-Torkko et al 2015). Yet, they can also
impose extra emotional, physical or financial burdens
on (significant) others (Pass and Graber 2015, Klein
and Ojemann 2016, Burwell et al 2017, Kogel et al
2019). The use of neuroprostheses could alter per-
sonal relationships between patients and their loved
ones, for example due to a decrease in their depend-
ence on others (Echarte and Garcia-Valdecasas 2014,
Klein and Ojemann 2016, Goering and Klein 2020).
In the context of CIs, it was mentioned that parents
may experience stress from having to choose whether
their child should be implanted with a CI or not
(Hardonk et al 2010).

Third, neuroprostheses influence our ideas about
norms and normality. For instance, neurotechno-
logy could alter the way in which we see ourselves,
and raise questions about the relationship between
humans and machines (Schermer 2009, Hardonk
et al 2011, Laryionava and Gross 2011, Echarte and
Garcia-Valdecasas 2014, Aas and Wasserman 2016,
Goering and Yuste 2016, Lee 2016, Keskinbora and
Keskinbora 2018, Kogel et al 2019, Tbalvandany
et al 2019). Neurotechnology blurs the boundaries
between humans andmachines by adding ‘hybrids’ as
a new category (Schermer 2009, Lucas 2012, Clausen
2013, Glannon 2016, Burwell et al 2017, Gladden
2017, Panuccio et al 2018). Furthermore, the strong
focus on restoration represents a narrow account of
normality that does not fit the experience of some
people with a disability (Hardonk et al 2010, 2011,
McCormick 2010, Lane et al 2011, 2012, Melton and
Backous 2011, Lee 2012, 2016, Lucas 2012, Miziara
et al 2012, Weisleder 2012, Jebari and Hansson 2013,
Wolbring 2013, Moritz et al 2016, Owoc et al 2018,
Sample et al 2019). For visual prostheses specific-
ally, it was mentioned that the focus on restoration
of vision may promote the perception that the life
of a blind person is worth less than that of a sighted
person (Lane et al 2012) or that disability should
be understood as a social construct that only occurs
when one does not have access to restorative tech-
nology (Lane et al 2012). With regard to stigma,
some authors argued that that neuroprostheses could
increase social stigmas due to differences between
the bodies of neuroprostheses users and non-users
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(Jebari 2013, Wolbring 2013, Aas and Wasserman
2016, Burwell et al 2017, Sample et al 2019) and
that such stigma may influence the acceptance of
neuroprostheses in society (Carter et al 2019). The
use of neuroprostheses to enhance, rather than solely
to restore ‘normal’ body functions, was frequently
mentioned as an ethical implication (Schermer 2009,
Demetriades et al 2010, Lane et al 2011, 2012, Lucas
2012, Clausen 2013, Jebari 2013, Jebari and Hansson
2013, Wolbring 2013, Farah 2015, Zehr 2015, Aas
and Wasserman 2016, Kellmeyer et al 2016, Lee
2016, Rosenfeld andWong 2017, Panuccio et al 2018,
Stieglitz 2019, Coin and Dubljevíc 2020, Hansson
2020). Enhancement of bodily functions through
neurotechnologymay result in setting a ‘new normal-
ity,’ in which the position of the unenhanced indi-
viduals may be uncertain (Schermer 2009, Jebari and
Hansson 2013, Mikołajewski and Mikołajewski 2013,
Wolbring 2013, Farah 2015, Aas and Wasserman
2016, Lee 2016, Sample et al 2019). A slippery slope
argument stated that the acceptance of less controver-
sial technologiesmay lead to the introduction ofmore
controversial technologies in the future (Jebari 2013).
Yet, one author argued that enhancement in the con-
text of CIsmight not be a real threat, as the devices are
standardized and cannot be modified at will to per-
form beyond the restoration of ‘normal’ hearing (Lee
2016).

Fourth, several implications related to culture
were mentioned. In the literature on CIs specifically,
it was mentioned that CIs were considered a threat to
Deaf culture, Deaf culture was argued to be inherently
valuable (McCormick 2010, Byrd et al 2011, Hardonk
et al 2011, Kermit 2012, Lee 2012, 2016, Miziara et al
2012, Weisleder 2012, Pass and Graber 2015, Owoc
et al 2018). Opposed to that, one author suggested
that CIs are not necessarily culturally oppressive, as
the decision to opt for a CI is equally culturally medi-
ated to the argument to preserve Deaf culture (Lee
2016). With regard to visual prostheses, it was argued
that the blind community may not have a ‘blind cul-
ture’ that is comparable to Deaf culture as described
in the CI literature (Lane et al 2012, Weisleder 2012,
Hansson 2020).

Fifth, several cost implications were mentioned.
Neurotechnologies may be disproportionally more
expensive than traditional therapy, care, and rehab-
ilitation (McCormick 2010, Miziara et al 2012,
Mikołajewski and Mikołajewski 2013). The devel-
opment of safe neuroprostheses is expensive and
requires the realization of clinically and economic-
ally viablemodels to realize dissemination and imple-
mentation (Vaughan and Wolpaw 2011, Stieglitz
2019). However, neurotechnologies may have a pos-
itive impact on the economy (Jebari and Hans-
son 2013). Furthermore, coverage by national health
insurances will depend on the balance between bene-
fit and cost (Thébaut 2013, Reilly 2020). Moreover,

as there are inter-individual differences between BCI
users, a well-functioning prosthesis requires the tech-
nologies to be tailored to individual users. However,
this tailoring is costly and does not benefit other users
(Vlek et al 2012).

The last topic was accessibility of healthcare.
While neuroprostheses may resolve certain social
inequalities, they could give rise to new ones if
devices are not affordable and access is unequal
(McCormick 2010, Miziara et al 2012, Jebari 2013,
Mikołajewski and Mikołajewski 2013, Thébaut 2013,
Wolbring 2013, Glannon 2016, Goering and Yuste
2016, Rosenfeld and Wong 2017, Hochman et al
2018, Keskinbora and Keskinbora 2018, Sullivan et al
2018, DeFranco et al 2020, Hansson 2020, Chari et al
2021). On a similar note, neuroprostheses are scarce
resources and therefore need to be distributed in a
fair manner (Miziara et al 2012, Jebari and Hans-
son 2013, Wolbring 2013, Duarte et al 2015, Glannon
2016, Burwell et al 2017, Rosenfeld and Wong 2017,
Hochman et al 2018).

3.3.5. Clinical research
An overview of 42 ethical implications in conduct-
ing clinical research on visual neuroprostheses can be
found in supplemental file 10.

First, several key aspects of the informed con-
sent process were mentioned in the literature. These
implications referred to informed consent in both
research and clinical settings, as was often seen
in the literature on CIs. Research participants and
patients need more than solely technical information
when providing informed consent and differ in their
information needs and preferences. Hence, sufficient
time to ask questions should be provided (Lane et al
2011, 2016, Duarte et al 2015,Maki-Torkko et al 2015,
Klein and Ojemann 2016, Rosenfeld and Wong 2017,
Hendriks et al 2019, Francis-Auton et al 2020).

Furthermore, risks and possible benefits have to
be explained carefully in the informed consent pro-
cess of a research trial or clinical procedure (Hardonk
et al 2011, Lane et al 2012, 2016, Hendriks et al 2019,
Jeong et al 2019, Hansson 2020). Also, research parti-
cipants consider ancillary and due care to be import-
ant aspects of the consent process (Lane et al 2011,
2012, 2016). Beliefs about normality and enhance-
ment should be included in the informed consent
process, because these may influence the percep-
tion of parties involved in care and policy-making,
includingmedical insurance companies (Klein 2016).
Due to the degree of complexity and amount of
information relevant for the informed consent pro-
cess, multiple information sessions are recommen-
ded to ensure that the research participant has under-
stood the information (Lane et al 2012, Xia and
Ren 2013, Klein and Ojemann 2016). Yet, epistemic
uncertainties surrounding neuroprostheses can make
it difficult to provide sufficient and understandable
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information within the informed consent process in
both research trials and clinical procedures (Kermit
2012, Vlek et al 2012, Xia and Ren 2013, Klein 2016,
Klein andOjemann 2016). It wasmentioned that par-
ents generally rely on information provided by med-
ical experts when deciding whether to implant their
child with a CI (Hardonk et al 2010, 2011). Oth-
ers favored the ‘reasonable person standard’ for the
informed consent process (information that a reason-
able person may need to make an informed decision
should be included), and insisted that the informed
consent process in the context of CIs requires access to
the testimony of patient experiences (Pass and Graber
2015). Some authors argued that potential research
participants may want to involve significant others or
consult other patients on their decision to particip-
ate in a research trial (Lane et al 2011, 2012, 2016).
Furthermore, it has been argued that consent of sig-
nificant others should also be sought, as neurotech-
nologies also affect them (Klein and Ojemann 2016).
The literature also described that it is important that
the informed consent process prepares participants
for the potential disruption of agency and iden-
tity (Klein 2016, Klein and Ojemann 2016). Regard-
ing factors that may influence the informed con-
sent process, it was argued that pervasive attitudes
about disability and stigma may be oppressive and
thereby influence voluntary informed consent (Klein
2016). Also, unrealistic expectations about neuro-
prostheses can hamper informed decision-making
and can lead to therapeutic misconception (Vlek et al
2012, Carmichael and Carmichael 2014, Klein 2016,
Klein and Ojemann 2016, Burwell et al 2017). Fur-
thermore, potential benefits and risks of participa-
tion in clinical trials and clinical procedures (includ-
ing cultural and psychological aspects) should be
carefully weighed, especially when the research par-
ticipant or patient is a child (Byrd et al 2011, Lucas
2012, Miziara et al 2012, Chari et al 2021).

Second, several motivations of participants in
research trials were described. Some referred to per-
sonal reasons. For example, participants may con-
sider research participation to be consistent with
their adventurous preferences or curious and/or risk-
taking nature (Lane et al 2011, 2012, 2016). Also, the
desire for ‘leaving a legacy’ and being a pioneer could
motivate research participation (Lane et al 2011,
2016). Increased access to healthcare or financial
reimbursement were also mentioned as motivations
for participating in clinical trials (Xia and Ren 2013).
Authors mentioned that health benefits and inde-
pendence can motivate participants (Lane et al 2011,
2012, 2016, Xia and Ren 2013). However, though the
hope of receiving benefits from visual prostheses may
be motivating, it may also be unrealistic (Xia and
Ren 2013, Hansson 2020). Participation of children
in clinical CI trials could be motivated by the parents’

hope that their deaf children would gain education
or employment opportunities (Hardonk et al 2011).
Furthermore, negative experiences, such as social ste-
reotyping and prejudices of ‘disability,’ may motiv-
ate people to participate in clinical trials (Lane et al
2011). Guilt and desire for restoration may be poor
motivations for participation as this indicates a poor
adjustment to blindness (Lane et al 2016). Altru-
istic reasons, such as the wish to contribute to sci-
entific progress, were also mentioned as motivation
for research participation (Lane et al 2011, 2012, 2016,
Xia and Ren 2013). Finally, it was argued that careful
appeal to motivational factors is prudent, to prevent
exploitation of potential participants (Lane et al 2012,
Hendriks et al 2019, Hansson 2020).

Third, several implications for recruitment, selec-
tion and screening were described. With regards to
recruitment, it was suggested that experts from dif-
ferent fields (e.g. neuroscience, engineering, oph-
thalmology and rehabilitative medicine) should be
included in the recruitment process, to ensure that
prosthesis implantation is indeed the best option for
each patient (Xia and Ren 2013, Hendriks et al 2019,
Chari et al 2021). Both participant screening and
recruitment should be guided by ethical guidelines
(Xia and Ren 2013). The literature also suggested that
it is difficult to recruit volunteers for research tri-
als of visual neuroprostheses, as the benefits are still
uncertain (Xia and Ren 2013, Hansson 2020). Others,
however, worried that candidates with severe disabil-
ities are more likely to accept increased risks in BCI
research trials, in the hopes of some minimal bene-
fit (Burwell et al 2017). It was also noted that for
those persons that still have some sight left, the risk
of losing any remaining vision outweighs the poten-
tial benefits (Lane et al 2011, 2016). However, recruit-
ment of participants with some residual vision can aid
investigations of the effectiveness of the device (Lane
et al 2016). The challenge is to balance respect for
the participants’ autonomy and the duty not to harm.
This is particularly difficult in vulnerable groups who
may be eager to participate (Lane et al 2011, 2012,
Xia and Ren 2013, Klein and Ojemann 2016). With
regards to the screening process of research parti-
cipants, a psychologist should carry out an eligibil-
ity assessment to assess a candidate’s suitability for
the trial, including their motivation for participation,
emotional state, potential impact of residual percep-
tion loss, and expectations regarding the efficacy of
the device (Schermer 2009, Xia and Ren 2013, Lane
et al 2016). Screening is critical for the success of clin-
ical trials, especially in the early phases of such trials
or when new devices are being tested (Xia and Ren
2013). Desire for withdrawal from the study always
needs to be respected (Klein and Ojemann 2016).
One article also stated that selection of participants
should not be influenced by who is able to afford the
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medical costs of participating in such trials (Glannon
2016). Others mentioned that the presence of a con-
traindication is not necessarily a barrier for implanta-
tion of a visual prosthesis in a therapeutic setting, but
that in these early experimental stages, (fully) eligible
patients are preferred, due to uncertainties of risks
(Xia and Ren 2013).

Fourth, when it comes to research with no pro-
spect of therapeutic benefit, it is sometimes diffi-
cult to determine what constitutes an acceptable risk
(Hendriks et al 2019).

Last, several authors mentioned post-trial access
and post-trial healthcare costs. Furthermore, the
technology may advance at a rapid pace, and due to
the invasiveness of the procedure, participants in early
proof-of-concept studies may not be able to parti-
cipate in future studies or benefit from the use of
next-generation devices (Klein 2016, Klein and Oje-
mann 2016, Burwell et al 2017, Hendriks et al 2019).
Some authors suggested that technical adjustments
and improved technology should be offered to those
implanted with older devices if feasible (McCormick
2010, Klein 2016). Ancillary care and post-trial health
costs should be clearly communicated and covered
by the trial budget (Klein 2016, Burwell et al 2017,
Rosenfeld and Wong 2017, Lazaro-Munoz et al 2018,
Ramos et al 2018, Hendriks et al 2019, Goering and
Klein 2020). Ancillary care and post-trial healthcare
costs may be burdensome for patients (Hendriks et al
2019). An ethical and regulatory framework regard-
ing post-trial care in neural device research is argued
to be urgently needed (Hendriks et al 2019).

3.3.6. Regulation and governance
Several papers stressed the need for regulation and
legal and ethical guidance. An overview of the 16
implications of this main theme can be found in sup-
plemental file 11.

First, several authors argued that legal guidance
or regulation has to be in place in order to ensure
the safety of neuroprostheses and to protect their
users (Demetriades et al 2010, Jebari and Hansson
2013, Mikołajewski and Mikołajewski 2013, Tracey
and Flower 2014, Glannon 2016, Burwell et al 2017,
Kellmeyer 2018, Hendriks et al 2019, Sample et al
2019). More specifically, existing regulatory bodies
and/or international regulation should ensure robust
evaluation in the changing technological landscape
(Jebari andHansson 2013, DeFranco et al 2020, Reilly
2020, Chari et al 2021). Some argued that the regula-
tion of the development of neuroprostheses should be
balanced between protection of users and enablement
of innovation (Jebari and Hansson 2013, Glannon
2016, Kellmeyer 2019, Chari et al 2021). Furthermore,
neuroprostheses are thought to provide a challenge
for the legal concept of personhood and related rights
(Quigley and Ayihongbe 2018, Sample et al 2019,
Chari et al 2021). It was argued that neuroprostheses
should be legally conceptualized as a part of the body

(Schermer 2009, Sample et al 2019) and that the focus
on neuroprostheses as an ‘object’ in regulation is too
narrow andmisunderstands the fact that the drive for
innovation originates in the desire to improve health
(Quigley and Ayihongbe 2018).

Second, ethical oversight was considered neces-
sary for the governance of these technologies. Several
articles mentioned that continuous ethical guidance
and oversight is required to ensure that research is
improved and to ensure that the technology fulfills
societal goals (Jebari andHansson 2013,Mikołajewski
and Mikołajewski 2013, Carmichael and Carmichael
2014, Goering and Yuste 2016, Rosenfeld and Wong
2017, Carter et al 2019, Stieglitz 2019, DeFranco et al
2020). Ethical oversight of the application of neuro-
prostheses in children introduces specific additional
questions, as traditional bioethical frameworks are
argued to be insufficient (Lucas 2012). Moreover,
further study is needed to guard against the poten-
tial downsides of rapid technological development
(Mikołajewski and Mikołajewski 2013, Kellmeyer
2018). Individual differences between users make it
challenging to develop a standardized framework for
protection and oversight (Lane et al 2016). Further-
more, as the community working on visual restora-
tion is small, oversight and monitoring boards may
have a conflict of interest (Lane et al 2016). Potential
conflicts of interest may also arise with the develop-
ment and clinical research of neuroprostheses, due to
financial interests of researchers or the influence of
commercial organizations or big companies (Xia and
Ren 2013, Glannon 2016, Kellmeyer 2019, Hansson
2020, Chari et al 2021). Additionally, some authors
hinted that ethical guidance offers limited benefits, as
it may not always lead to a better participant experi-
ence (Lane et al 2016).

Last, it was mentioned that neuroprostheses
provide a challenge for both moral and legal notions
of responsibility (Schermer 2009, Clausen 2013,
Burwell et al 2017, Kellmeyer 2018, 2019, Jeong et al
2019, Sample et al 2019, Stieglitz 2019, Chari et al
2021) and that algorithms used in neuroprostheses
may not be fully controllable, explainable or predict-
able (Kellmeyer et al 2016, Reilly 2020). Furthermore,
researchers should learn about ethics during their
education and training in order to ensure responsible
innovation (Tracey and Flower 2014).

3.3.7. Involvement of experts, patients and the public
The involvement of experts, patients and the public
was argued to be important throughout the develop-
ment process of neuroprostheses. An overview of 16
implications can be found in supplemental file 12.

First, multidisciplinary teams were argued to be
important for successful research, development and
the application of neuroprostheses (Vaughan and
Wolpaw 2011, Mikołajewski and Mikołajewski 2013,
Carmichael and Carmichael 2014, Glannon 2016,
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Goering and Yuste 2016, Klein 2016, Klein and Oje-
mann 2016, Moritz et al 2016, Rosenfeld and Wong
2017, Ramos et al 2018, Sullivan et al 2018, Carter
et al 2019, Jeong et al 2019, Stieglitz 2019, Adams et al
2020, Chari et al 2021, MacDuffie et al 2021).

Second, the involvement of patients and the pub-
lic was considered important: ethically sound trans-
lation of these technologies requires responsiveness
to the needs of end-users (Lane et al 2011, 2016,
Vaughan andWolpaw 2011, Jebari andHansson 2013,
Xia and Ren 2013, Moritz et al 2016, Rosenfeld and
Wong 2017, Kellmeyer 2018, Panuccio et al 2018,
Sullivan et al 2018, Ereifej et al 2019, Sample et al
2019). Several articles mentioned that the know-
ledge and experiences of end-users are useful for the
design of a neuroprosthesis device, for the design of a
research study, and for informed consent (Lane et al
2011, 2012, 2016, Weisleder 2012, Moritz et al 2016,
Sullivan et al 2018, Sample et al 2019). When patients
are actively involved throughout the research process,
their involvement has a positive effect on their exper-
ience of this research process (Lane et al 2016). Fur-
thermore, researchers should include the perspect-
ives of a group of (potential) end-users consisting of
both proponents and opponents of the technology,
to prevent selection bias in end-users engagement
(Sullivan et al 2018). Empirical (qualitative) research
into users’ experiences, perceptions and needs with
regards to neuroprosthesis usage is hardly ever con-
ducted, resulting in a poor understanding of the bod-
ily experience of those using these technologies (Lane
et al 2011, 2016, Klein and Ojemann 2016, Quigley
and Ayihongbe 2018, Sullivan et al 2018, Kogel et al
2019, Sample et al 2019, Tbalvandany et al 2019).
Furthermore, efforts to make research participatory
should strike a balance between scientific quality and
benefit to participants (Lane et al 2011). Commu-
nication with the broader public is also important:
socially acceptable design requires the involvement of
the public and the development of ways to inform
the public about neuroprostheses (Lane et al 2011,
Jebari and Hansson 2013, Goering and Yuste 2016,
Moritz et al 2016, Burwell et al 2017, Adams et al
2020). To foster realistic expectations of the public,
responsible media coverage is needed (Haselager et al
2009, Laryionava and Gross 2011, Xia and Ren 2013,
Carmichael and Carmichael 2014, Goering and Yuste
2016, Klein 2016,Moritz et al 2016, Burwell et al 2017,
Sullivan et al 2018, Carter et al 2019). The literature
also mentioned that the legislative process for neuro-
prostheses should be made transparent to the public
(Jebari and Hansson 2013).

Lastly, the needs of end-users have to be under-
stood in order to develop neuroprostheses that are
acceptable to them (Lane et al 2011, Moritz et al
2016, Sullivan et al 2018, Ereifej et al 2019). As
neuroprostheses affect society at large, it is import-
ant to understand public interests and perceptions
of neurotechnology, to determine whether these

technologies are socially acceptable and whether the
public has a realistic image of these technologies
(Vlek et al 2012, Moritz et al 2016, Carter et al
2019, Kellmeyer 2019). Furthermore, awareness of the
invasiveness and risks of neuroprostheses are import-
ant for acceptance by society (Jebari and Hansson
2013, Rosenfeld and Wong 2017). Images in movies
and the media can have an influence on public atti-
tudes towards neuroprostheses and enablement or
further limitation of the technology (Wurzman et al
2017). Furthermore, some authors mentioned that
while it remains unclear whether ‘cyborgs’ will (ever)
be accepted by society (Zehr 2015), public perception
may improve once the benefits are better understood
(Lucas 2012).

4. Discussion

Despite an ongoing academic debate on the advan-
cing field of neuroprostheses, this study is the first
comprehensive overview of the ethical implications
of visual neuroprostheses. The rapid technological
advancements spark hope for further translation of
these technologies to patients and society at large, for
which ethical guidance is essential. In what follows,
we discuss our findings in the light of existing literat-
ure on neurotechnology, reflect on the translation of
these devices into society, and formulate an outlook
for future research.

4.1. The ethics of visual neuroprostheses in the
light of other neurotechnologies
Having reviewed the literature, we identified 169 eth-
ical implications both of visual neuroprostheses and
of related neurotechnologies such as CIs and BCIs.

Some of these implications are specific to visual
neuroprostheses. For example, the literature on visual
neuroprotheses showed that complete restoration of
visual function is not yet possible, and there are
still open questions as to what would be considered
meaningful restoration (Lane et al 2011, 2012, 2016,
Xia and Ren 2013, Rosenfeld and Wong 2017, Wood
et al 2019, Coin and Dubljevíc 2020, Hansson 2020).
Another example of a specific implication of visual
neuroprostheses is their potential to increase the
user’s independence by enabling navigation through
their environment (Lane et al 2012, 2016).

Other implications have been identified that are
applicable to the broader field of neurotechnolo-
gies and are expected to become relevant for visual
neuroprostheses, though whether and how exactly
still remains to be seen. For example, some ethical
implications focus specifically on children, but visual
neuroprostheses are not expected to be used in chil-
dren in the near future. Nevertheless, these implic-
ations may become applicable to visual neuropros-
theses, if they become available to children in the
coming decades. Another implication that remains
poorly understood is related to personality change
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(Schermer 2009, Laryionava and Gross 2011, Lane
et al 2012, Jebari and Hansson 2013, Mikołajewski
and Mikołajewski 2013, Goering and Yuste 2016,
Moritz et al 2016, Mudgal et al 2020). For the
visual neuroprosthesis such a change may be caused
by clinical side-effects of the implantation of the
neuroprosthesis in the brain, for instance due to
a structural alteration or bleeding. A second, more
indirect, way in which a user’s personality or sense
of self could be altered is related to the desired res-
toration of visual function. This restoration of func-
tion could result in the so-called Burden of Normal-
ity, which is often described in discussions on the
adjustment of epilepsy patients to being symptom-
free and the duties that come with a symptom-
free life after successful (surgical) treatment (Gilbert
2012).

Still other ethical implications are generally
applicable to all types of implanted neurotechno-
logies, for example (surgical/mechanical) risk and
harm that are likely to be directly translatable to visual
neuroprostheses. (Kotchetkov et al 2010, Lucas 2012,
Klein 2016, Klein andOjemann 2016, Lane et al 2016,
Moritz et al 2016, Burwell et al 2017, Rosenfeld and
Wong 2017, Mitrasinovic et al 2018, Ereifej et al 2019,
Stieglitz 2019, Chari et al 2021). An implication that
requires specific attention is the risk of devices losing
functionality over time (Kotchetkov et al 2010, Lucas
2012, Klein 2016, Klein and Ojemann 2016, Lane et al
2016, Moritz et al 2016, Burwell et al 2017, Rosenfeld
and Wong 2017, Mitrasinovic et al 2018, Ereifej et al
2019, Stieglitz 2019, Chari et al 2021), especially when
this is a reason for explantation (McCormick 2010,
Hochman et al 2018, Owoc et al 2018). This is even
more important as it is currently not known how
users are affected by the explantation of a neuropro-
thesis (Lane et al 2012, Pass and Graber 2015, Burwell
et al 2017, Hansson 2020).

A topic that has hardly been described in the lit-
erature on visual neuroprostheses, but may become
prominent in the ethical guidance of these technolo-
gies, is the convergence of neuroprostheses with AI.
This convergence opens up new ethical challenges
and opportunities, including those of data protec-
tion, moral and legal responsibility, and autonomy
(Kellmeyer 2019, Rainey et al 2020, Chari et al 2021).
While it remains unclear whether AI will in fact
be applied to this field and what its role will be,
the enthusiasm for medical AI for image-processing
indicates the potential benefits of such technolo-
gies for processing images in visual neuroprostheses
(Pesapane et al 2018).

Though we can indeed learn from the ethical
implications of the other neurotechnologies included
in our review, it is equally important to acknow-
ledge that relevant differences between these techno-
logies may also exist. The category of visual neuro-
prostheses alone encompasses several different types

of devices, accompanied by their own specific set of
ethical implications. For the ethical assessment and
guidance of these technologies, it is important to dif-
ferentiate between the different benefits and risks of
these devices, as these differences may lead to differ-
ent conditions under which these devices are ethically
and socially acceptable.

4.2. Translating visual prostheses into society
The clinical translation of these devices into soci-
ety highlights the need to reflect on conditions
for societal acceptability. Our review has pointed
out the necessity of legal and ethical guidance in
order to ensure safety and to protect potential
users. The current legal framework focuses strongly
on the safety of these devices and the protection
of individual users (Regulation (EU) 2017/745 of
the European Parliament and of the Council of 5
April 2017 on medical devices, amending Directive
2001/83/EC, Regulation (EC) No 178/2002 and Reg-
ulation (EC) No 1223/2009 and repealing Council
Directives 90/385/EEC and 93/42/EEC; USA federal
law: 21 CFR (2020) part 882: Neurological diagnostic
devices). Applications of these technologies in non-
medical settings -such as gaming and enhancement-
remain beyond the scope of these regulations (The
Royal Society 2019). Additional legal and ethical
guidance is needed to ensure access to and fair distri-
bution of these devices and foster the ethically sound
and societally acceptable clinical translation of these
devices. Our review indicates that further guidance
is needed to ensure that oversight and monitoring
boards have no conflicts of interest, due to the small
size of the community involved, and that potential
conflicts of interest due to the influence of commer-
cial companies can be regulated.

Beyond the need to ensure the safety of and access
to such devices, the clinical translation of visual pros-
theses also requires societal sensitivity and respons-
iveness. Ethically sound translation of these tech-
nologies requires responsiveness to end-users’ needs
(Jongsma and Bredenoord 2020). Given the relevance
of societal perception of the acceptability of neuro-
technologies and the impact that these technologies
may have on society, public engagement is becoming
increasingly important to foster trust and to better
understand conditions for societal acceptance. Such
societal debate should discuss stigma, the human-
machine relationship, desirable aims, and usage of
these devices—including enhancement possibilities,
and the fair distribution of these relatively costly tech-
nical solutions. Importantly, the societal debate may
be hampered by unrealistic images, dystopian phras-
ings and futuristic narratives in the media. This raises
a responsibility for journalists andmedia platforms to
consider their role in the perpetuation of hypothetical
scenarios that might eventually result in failed innov-
ations (Sand 2018).
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4.3. Strengths and limitations
This systematic review provides a comprehensive
overview of the ethical implications brought forward
in the academic literature on (visual) neuropros-
theses. The articles were included after a thorough
screening of the academic literature on the topic by
two independent reviewers, based on a search strategy
that was guided by experienced librarians. Nonethe-
less, this review has several limitations.

First, this review includes articles on neurotech-
nology in general, BCIs, and CIs. Some of these
implications found in the broader literature may
turn out to be only marginally relevant for visual
neuroprotheses. Second, we have not snowballed the
included literature to extend the search for other
relevant papers. Third, a systematic review of this
kind always involves reporter bias; a different group
of researchers could have selected or grouped the
included reasons in a different way. We have minim-
ized bias by thoroughly discussing the ethical implic-
ations identifiedwithin our research team. Fourth, we
did not perform a quality assessment of the included
literature beyond the requirement to be published in
an academic journal as there is no screening instru-
ment available to assess the quality of normative
papers. Finally, it was beyond the scope of this paper
to assess the scientific validity of the implications and
different applications of neuroprostheses discussed in
the included articles.

5. Conclusion and outlook

Visual neuroprostheses have a broad range of ethical
implications. Despite the rapid academic advance-
ment, the ethical implications are rarely discussed
in the academic literature. This article provides a
systematic review of ethical implications of (visual)
neuroprostheses as reported in the academic liter-
ature, in which lessons are also drawn from exper-
iences with other neurotechnologies. The review
includes six papers that specifically focused on visual
neuroprostheses and 78 focused on other neurotech-
nologies.Wehave identified numerous ethical implic-
ations of (visual) neuroprostheses, which are cat-
egorized in seven overarching themes: benefits for
health and well-being, harm & risk, autonomy, soci-
etal effects, clinical research, regulation & governance
and involvement of experts, patients and the public.
Our review indicates the need to differentiate between
different technologies and their specific implications
to assess the conditions for acceptability and the
need to develop further regulation and ethical guid-
ance for the translation of these technologies into
society.

Further empirical research andnormative analysis
are needed to keep pace with technological advance-
ments with regard to the development, design and
application of visual neuroprostheses. This demands
a multidisciplinary approach, as many different

stakeholders are involved in the field of visual neuro-
prostheses. Proactive scrutiny and multidisciplinary
collaboration can help to turn these technological
developments into successful innovations and can
reshape the academic and societal debate to allow
more realistic images and expectations of these tech-
nologies.
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