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Abstract

Background

Multiple Sclerosis (MS) can be a severely disabling condition that leads to various neu-
rological symptoms. A Brain-Computer Interface (BCI) may substitute some lost function;
however, there is a lack of BCI research in people with MS. Present BCI designs have also
overlooked the unique pathological changes associated with MS and have not considered
needs of users within their home environments. To progress this research area effectively
and efficiently, we aimed to evaluate user needs and assess the feasibility and user-
centric requirements of a BCI for people with MS. We hypothesised that (i) people with MS
would be interested in adopting BCI technology and (ii) those with reduced independence
would prefer a higher-performing invasive BCI.

Methods

We conducted an online survey of people with MS to describe user preferences and
establish the initial steps of user-centred design. The survey aimed to understand their
interest in BCI applications, bionic applications, device preferences, and development
considerations and related these to symptoms and assistance needs.

Results

We demonstrated widespread interest for BCI applications in all stages of MS, with a pref-
erence for a non-invasive (n = 12) or minimally invasive (n = 15) BCI over carer assistance
(n = 6). Descriptive analysis indicated that level of independence did not influence prefer-
ence towards the higher performing but highly invasive BCI.

Conclusions

The needs of end users reported in this study are crucial for efficient development of BCI
systems that can be effectively translated into the home environment. Considering the
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potential to enhance independence and quality of life for people living with MS, the results
emphasise the importance of user-centred design for future advancement of BCls that
account for the unique pathological changes associated with MS.

Introduction

People with Multiple Sclerosis (MS) may enhance their quality of life through Brain-
Computer Interface (BCI) devices, a technology that allows an individual to control a virtual
or physical device using their brain activity. However, the user requirements of BCI technol-
ogy for people with MS are unknown.

MS is a chronic disease where the immune system mistakenly attacks the protective myelin
covering of nerve fibres in the central nervous system, causing inflammation and damage
[1]. This leads to a range of highly variable symptoms, including muscle weakness, difficulty
walking, impaired vision, and fatigue [2,3]. Due to the variable progression of MS, people with
MS may only experience mild symptoms or enter remission, while others experience disease
relapses (flairs) and/or gradual accumulation of permanent disability, and premature death
[4]. The economic burden associated with the current treatments for MS, including pharma-
cotherapies, physical therapy, speech and language therapy, and occupational therapy [5,6],
is approximately $6600 USD per person annually [7]. This, combined with an average of 22
years of life lost per person and 1.2M disability-adjusted life-years across the population in the
USA (2016) [4], highlights a severe reduction in quality of life for those with MS.

A BCI may provide an alternate and/or complementary means to restore independence for
people with MS who experience temporary or permanent disability. BCIs could achieve this
by assisting with every day at-home activities, including control of a computer for communi-
cation assistance and internet access, as has been shown for those with Amyotrophic Lateral
Sclerosis (ALS) [8-10]. In people with MS, investigation of BCI usefulness has been conducted
in two previous studies demonstrating the potential for improved autonomy [11] and hybrid
control of assistive technology during fatigue [12]. An additional study suggested BCIs could
be incorporated into a rehabilitation program using neuromuscular electrical stimulation [13].
Furthermore, two studies provided some evidence for efficacy of visually controlled BCI in an
individual with MS who was part of a larger heterogeneous group of paralysed people [14,15].
BCIs may also have the potential to alleviate fatigue [16], which is one of the most common
symptoms experienced by people with MS [17,18]. The feasibility of decoding imagined
movements was investigated in an individual with MS and demonstrated similar classification
accuracy to neurotypical controls [19]. This was expanded in a preliminary study using source
localisation that aimed to provide a robust method for the temporal and spatially dynamic
pathogenic processes of MS [20].

The small number of studies [11-15,19,20] highlight that BCI development for people
with MS is relatively new. Additionally, these studies [11-15,19,20] did not describe the user
requirements of BCIs for those with MS. To date, surveys investigating BCI user preferences
have not explored the population with MS to a useful extent, with only brief mention in the
International BCI Meeting series [21]. Instead, surveys have focussed on populations with
ALS [22] and spinal cord injury [23-25]. The need for investigation in the population with MS
was further emphasised in a clinician awareness survey [26]. The survey [26] did not initially
include MS as a patient population, but feedback from clinicians indicated people with MS
may benefit from BCI implementation [26].

To progress this research area effectively and efficiently, a user-centred design strategy
[27-30] that includes input from the potential user group is needed. This will enable
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development of technology that is suited to the users’ needs. This approach marks a depar-
ture from conventional BCI research, wherein only a fraction (approximately 10% between
2015-2019) of studies tested BCIs with end users [31]. Such a low ratio suggests that the user-
centred design is minimally adopted in BCI research, thus resulting in insufficient investi-
gation of how improvements could directly benefit end users within their own homes. This
highlights a gap in the literature between researchers and end users, which this study aims to
fill for the MS population.

As the first step in the user-centred design process, we explored the user requirements
of people with MS [28]. Our survey aimed to understand what BCI and bionic applications
people with MS are most interested in and what kind of devices they prefer in the context
of their symptoms and assistance needs. We hypothesised that (i) people with MS would be
interested in adopting BCI technology, and (ii) those with reduced independence would prefer
a higher-performing invasive BCIL. The results of our study will then be able to guide subse-
quent research, adopting a co-design approach by including people with MS and conducting
qualitative data analysis that focusses on understanding their preferences.

Methods
Survey

An online survey of people with MS was conducted to determine user preferences regarding
BCI designs. An Australian female between 18 and 29, diagnosed with RRMS between one
and five years prior assisted with development of the survey, providing feedback regarding the
language, accessibility, and length. Feedback was incorporated into the final survey version
and took approximately 15 minutes to complete 14 questions, which aimed to maximise the
response rate for a web-based survey [32].

Each respondent was asked to report their symptoms, what assistive technology they
use, and if they require a carer or have difficulty using technology. The respondents were
then presented with three BCI applications: communication, wheelchair control, and
robotic arm control, and asked to choose which application they believed would be most
useful for them. For the application that they selected, the respondent was then presented
with three BCI design options with different levels of invasiveness. Each option was
described in terms of the associated hospital procedure, setup time, training time, and
expected performance (Fig 1). Expected performance and training times were based on
prior studies that implemented similar BCI systems [33-43], summarised in Table 1. Wet
electrodes were assumed for scalp-EEG application. To reduce technical terminology for
the participants, “mental effort” was used as a surrogate name to describe “signal quality”.
The simplification implies that low signal quality requires high mental effort while high
signal quality will require lower mental effort from the participants. It was assumed that
signal quality was similar between scalp and sub-scalp EEG [44] and that intracranial EEG
had the highest signal quality. While this simplification was used in the current survey to
make it accessible to the respondents, it is acknowledged that the relationship between
mental effort and signal quality is only descriptive and cannot be extrapolated beyond its
use in the survey. Despite this, the increased signal quality provided by an intracranial
device that bypasses the signal attenuation of the skull was assumed to require less mental
effort relative to scalp and sub-scalp EEG. Future work may investigate this relationship
further by assessing factors such as environmental distractions, task complexity, and
fatigue. As an additional fourth option, the respondent could choose to be assisted by a
carer. After considering all provided information, the respondent was asked to rank each
design option in order of preference.
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Electrode Cap Brain-Computer Interface (Non-invasive)

You wear a cap over your head. The cap houses several small electrodes.
This is painless. Fitting and removing the cap takes approximately 30
minutes each day, and requires assistance. This BCl allows you to
communicate the sentence in 1 minute with considerable mental effort.

Sub-scalp Electrode Brain-Computer Interface (Invasive)

Several electrodes are implanted beneath your skin on your head. This is
a low-risk, painless, day-procedure with no required hospital stay. You

- wear a behind-the-ear module. There is no further daily setup required.
// \  This BCl allows you to communicate the sentence in 1 minute with

/' / ‘\‘ considerable mental effort.

. 7
-

\
/@\\‘ Intracranial Electrode Brain-Computer Interface (Invasive)
\

(1 / Several electrodes are implanted in or directly on your brain. This procedure
o requires a craniotomy (opening your skull). There is a recovery period in
\ \ hospital for 1-2 weeks. A small module rests on your head with a cable
// connecting to the wheelchair. There is no further daily setup required. This
l BCl allows you to communicate the sentence in 15 seconds with little mental

/1 I effort.
% J

( Carer Assisted )

\_ A carer will communicate your intentions for you with the help of cue cards. )

Fig 1. Ranking of BCI design options for the communication scenario. Invasiveness, setup, training required, and
baseline performance were described for each design option.

https://doi.org/10.1371/journal.pone.0319811.g001

To end the survey, respondents were asked to consider more broadly what aspects of their
MS they would most like assistance with. Respondents could again select the BCI application
they chose previously or an alternative bionic technology that could assist with functions
such as temperature regulation or bowel and bladder control. For the full survey, refer to ‘S1
Survey’

Respondents

Respondents were recruited through survey advertisements posted on websites for peo-

ple with MS, social media, and hospitals and clinics around Australia between 28 May - 1
November 2023. Inclusion criteria were people with MS over the age of 18 years. This study
was approved by the University of Melbourne Human Research Ethics Committee (ID 26078).
Respondents gave implied consent to take part in the study through completing the survey, as
written or verbal consent could not be obtained due to the online environment of the survey.
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Table 1. Critical parameters for each BCI scenario.

Scalp-EEG Sub-Scalp EEG Intracranial
Invasiveness - Cap over the head - Module behind the ear - Small module rests on head with a connecting
- Non-invasive - Low risk cable
- Painless - Painless - Implantation of electrodes
- Day-procedure (no hospital stay) - Requires craniotomy, recovery for 1-2 weeks
Setup - 30 minutes each day No set-up post procedure No set-up post procedure
- Requires assistance
Training 4 weeks [41] 4 weeks [41] 2 weeks [43]
Wheelchair performance | Navigation in 10 minutes with considerable | Navigation in 10 minutes with considerable | Navigation in 3 minutes with little mental effort
mental effort [33,34] mental effort [33,34] [42]
Communication Type sentence in 1 minute with consider- | Type sentence in 1 minute with considerable | Type sentence in 15 seconds with little mental
performance able mental effort [39] mental effort [39] effort [40]
Robotic arm Complete drinking task in 3 minutes with | Complete drinking task in 3 minutes with Complete drinking task in 1 minute with little
performance considerable mental effort [33] considerable mental effort [33] mental effort [35]

https://doi.org/10.1371/journal.pone.0319811.t001

Implied consent was documented through response to the plain language statement, refer to
page 1 of S Survey. The research was conducted in accordance with the principles embodied
in the Declaration of Helsinki and in accordance with local statutory requirements.

Analysis

Survey responses were interpreted using descriptive statistics for relationships between MS
type and desired BCI functionality and outcome. Analysis of aspects of MS included time
since diagnosis, type of MS, symptomology, carer reliance, and difficulties with using a com-
puter or telephone. These responses were compared with desired BCI function and recording
modality. The level of performance and invasiveness for each recording modality were com-
pared with the time since diagnosis, type of MS, and symptoms. Selection of an ideal bionic
device function was compared with the selected BCI function and used to highlight additional
research directions that should be considered to better address the needs of people with MS.
As the survey was distributed online, a response rate could not be recorded.

Results

Respondent demographics

Survey responses were recorded from 34 adults with MS: 25 respondents (73%) were diag-
nosed with relapsing-remitting MS (RRMS) and 9 (26%) with primary or secondary progres-
sive MS (S/PPMS). Most respondents (68%, n=23) were aged between 30 and 49 years (Fig
2A) and were from either USA (50%, n=17) or Australia (44%, n=15) (Fig 2B). Approximately
half of the respondents (44%) had completed a postgraduate degree as their highest level of
education (n=15) (Fig 2C).

Diagnosis and symptomology

The majority (53%, n=18) of respondents were diagnosed with MS between 1-10 years ago,
only six (18%) were newly diagnosed with MS (<1 year) and ten (29%) had MS for more than
10 years (Fig 3A). Of the symptoms reported (Fig 3B), fatigue (82%, n=28) and sensory symp-
toms (79%, n=27) were the most common. Looking at symptoms that could directly influence
the need for a communication, robotic arm, or wheelchair controlled BCI, only six (18%)
respondents reported a speech impairment, while 18 (53%) and 23 (68%) reported motor
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Fig 2. Respondent demographics. (A) Age. (B) Country of residence. (C) Highest level of education.
https://doi.org/10.1371/journal.pone.0319811.9002

symptoms of the arms and legs, respectively. Other common symptoms were pain (62%,
n=21), bladder/bowel dysfunction (50%, n=17), and depression (47%, n=16).

Assistance needs

Respondents reported never (41%, n=14), sometimes (47%, n=16), or often (12%, n=4)
requiring the assistance of a carer for everyday activities (Fig 4A), where a carer could be a
professional, partner, family member, or friend.

Most respondents (59%, n=20) never found using a computer or phone difficult, while 13
respondents (38%) found it difficult on some occasions (Fig 4B). The one (3%) respondent
who always found using a computer/phone difficult only sometimes required the assistance of
a carer. Respondents who sometimes or always found the computer or phone difficult to use
experienced sensory symptoms and motor symptoms of the arms requiring the use of aids for
poor hand dexterity, text-to-speech and speech-to-text technology.

The use of assistive technology was primarily focused on mobility (Fig 4C), which included
walking aids (41%, n=14), wheelchair use (15%, n=>5), and leg orthotics (18%, n=6). Some
respondents used speech-to-text (21%, n=7) or text-to-speech (9%, n=3) software to assist
with communication. In addition to the listed technologies, one respondent (3%) used grab
rails and reaching aids.

The free-text answers describing what activities respondents found difficult or envisioned
to find difficult in their future were combined into broad categories (Fig 4D) of working,
self-care, and moving. MS could affect all these aspects of everyday life as highlighted by one
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Pain
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Fig 3. Diagnosis and symptomology. (A) Years since MS diagnosis. (B) Symptoms experienced organised by num-
ber of responses.

https://doi.org/10.1371/journal.pone.0319811.g003
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Computer/phone
difficulty

Never

Sometimes
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Often or
always

Never
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Often or
always

Walking aids

Speech-to-text

Hand dexterity
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Orthosis (leg)
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Text-to-speech

Visual aid/cane
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(c)

Working

Moving

Self-care

mm Now
. Future

T
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Respondents

T
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Fig 4. Assistance needs of respondents. (A) Require assistance of a carer. (B) Find using a phone or computer difficult.
(C) Type of assistive technology used. (D) Activities they find difficult now or expect to find difficult in the future.

https://doi.org/10.1371/journal.pone.0319811.9004
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respondent with multiple symptoms who stated that “everyday life [could] be difficult” and
another who found “life in general” difficult.

Respondents reported various aspects of self-care problematic (24%, n=8). As described
by one respondent “bathing and dressing, as well as household chores like cooking and
washing dishes were all difficult”. They also found work difficult (18%, n=6). Working with a
computer, using a mouse or keyboard, meetings, and lengthy periods of concentration were
challenging and could cause nausea and fatigue. Moving their body was another challenging
task (24%, n=8) for respondents, where walking even short distances and “standing for more
than ten minutes” was difficult. One runner said: “on bad days I cannot run ... I fall [down] a
lot”. Looking into the future, most respondents (44%, n=15) were worried that their ability to
move, for example, “walking and using [their] hands”, would deteriorate.

Desired technologies

Of the three BCI scenarios surveyed, communication (47%, n=16) was the scenario chosen
by the most respondents, followed by wheelchair (38%, n=13) and robotic arm control (15%,
n=>5) (Fig 5). Across all three scenarios, more respondents preferred the less invasive options
of scalp (n=12) or sub-scalp electroencephalography (EEG) (n=15), compared to intracra-
nial electrodes. Overall, 75%, 77% and 100% of respondents that chose the communication,
wheelchair control and robotic arm control scenarios, respectively, preferred sub-scalp or
scalp EEG.

When asked about a selection of other bionic technologies, communication (6%, n=2),
wheelchair control (12%, n=4), and robotic arm control (6%, n=2) were voted as less import-
ant than temperature regulation (18%, n=6) and bowel control (15%, n=5), although the
differences between the responses were small (Fig 6). In a comparison of these results to the
BCI scenario choices (Fig 5), most people who chose communication (41%, n=14), wheelchair
(26%, n=9), or robotic arm control (9%, n=3), selected an alternative (non-BCI) technology.
In addition to sensory symptoms, most people wanted a device for temperature regulation
despite experiencing a broad range of other symptoms. However, respondents who currently
experienced bowel/bladder dysfunction instead preferred a device for bowel control (Fig 7).

Symptoms vs. scenario selection

The distribution of symptoms factored by BCI scenario were compared to the overall distri-
bution of symptoms within the entire study population (Fig 8). The distribution of the most
prevalent four symptoms (fatigue, sensory symptoms, motor symptoms in the arms, and
pain) between BCI scenarios was similar. As expected, respondents who experienced motor
symptoms in the arms favoured the robotic arm scenario, and those that experienced speech
impairment preferred a BCI for communication. A BCI for communication was also more
frequently favoured by those reporting cognitive impairment, respiratory dysfunction, and
depression, which can all impair the ability of a person to communicate. Respondents with
bowel and bladder dysfunction preferred a BCI for wheelchair control or communication,
with none selecting the robotic arm scenario. A BCI for robotic arm control was more com-
monly selected if respondents experienced fatigue, sensory symptoms, pain, vertigo, visual
impairment, difficulty swallowing, and other symptoms, such as nausea (free text response
labelled as ‘Other’ in Fig 8).

As depression can affect all aspects of daily living, it is essential to understand which MS
symptoms often occurred together with depression to understand how depression affects BCI
scenario selection. Respondents who reported depression (n=16) more frequently reported
symptoms of fatigue (n=15), sensory disturbances (n=13), motor symptoms of the legs
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https://doi.org/10.1371/journal.pone.0319811.g005
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Fig 6. Preferred bionic technology.
https://doi.org/10.1371/journal.pone.0319811.9006

(n=10), cognitive impairment (n=9), pain (n=9), bowel or bladder dysfunction (n=8), and
motor symptom of the arms (n=7). Only five respondents with depression reported difficulty
with speech. Despite these associated symptoms, people with depression and MS ranked a BCI
for communication the highest.

Assistance needs vs. desired technology

The level of independence of each respondent, reflected by their reliance on a carer and dif-
ficulty using a phone or computer, appeared to have little effect on preferred device type (Fig
9). Of the four respondents who required a carer often, most (n=3) preferred the scalp EEG
system (followed by sub-scalp, n=1), selecting the less invasive device options over intracra-
nial BCI or continued carer assistance. Similarly, most of those who sometimes required carer
assistance preferred BCI solutions (n=9, sub-scalp; n=4, EEG; n=1, intracranial) over a carer
assisted solution (n=2). The one respondent who reported often having difficulty using a
phone or computer also opted for a sub-scalp BCI as their top preference. The one respondent
who opted for an intracranial device reported assistance by a carer was sometimes required,
and never having difficulty with a phone or computer.

Discussion
Overview

This study is the first to identify and report user preferences of BCI systems to guide research
and clinical goals in BCI and bionic technologies for people with MS. The results also
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Fig 7. Number of respondents with a given symptom who selected a specific technology.

https://doi.org/10.1371/journal.pone.0319811.9007

challenge our hypothesis that reduced independence correlates with a tendency to select
higher-performing invasive BCIs. Our results show that people with MS are interested in
using BCIs and were more receptive to a non-invasive or minimally invasive BCI as the
optimal device (Fig 5) that balances the benefits (e.g. improved performance) against the risks
associated with surgery and device aesthetics (summarised in Table 1). Of the three options
provided, BCI to support communication was preferred to wheelchair and robotic arm
applications (Fig 5). In addition, people with MS also wanted bionic technologies to manage
abnormal sensory symptoms and functions of the autonomic nervous system as opposed to
the traditional BCI functions previously mentioned (Fig 6). Furthermore, the preference for a
non-invasive or minimally invasive BCI did not appear to be influenced by current assistance
needs (Fig 9).

Invasiveness preferences

Most people (>75%) preferred sub-scalp or scalp EEG over invasive BCIs that needed brain
surgery. This preference aligns with previous studies of those with spinal cord injury [23-25]
and ALS [22]. Only one respondent preferred intracranial electrodes despite this design option
providing the user with the highest performance. This result suggests aversion to intracranial
BClIs, which was described in terms of performance and invasiveness to encompass devices
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ber who chose each BCI scenario. The stars indicate the proportion of all respondents who had each symptom.

https://doi.org/10.1371/journal.pone.0319811.9008
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Fig 9. Comparisons between the highest ranked BCI device type and (A) how often a respondent requires the
assistance of a carer or (B) finds using a computer and/or phone difficult. The numbers indicate how many
respondents are in each category.

https://doi.org/10.1371/journal.pone.0319811.9g009

using electrocortical (ECoG) or intracortical (Utah-array) electrodes [45,46]. Therefore, a similar
aversion may be expected for both of these devices, despite the improved wireless ECoG aes-
thetic which was ranked least important to people with ALS and spinal cord injury [22,23].

In addition to aesthetics, the reduced invasiveness and lack of an in-hospital recovery may
explain the preference for scalp-EEG and sub-scalp EEG options. Previous studies suggested
people with spinal cord injury prefer non-invasive electrodes (71%) [23] and consider non-
invasive technology to be an important functional requirement (>50%) [25], but do not have a
preference between an outpatient (46%) and inpatient (43%) procedure [23]. However, people
with ALS did not have a preference between invasive (72%) and non-invasive (84%) electrodes
but would be more willing to accept an outpatient procedure (72%) compared to an inpatient
one (41%) [22]. The findings of these studies [22,23,25] highlight that people with ALS and
spinal cord injury have different preferences, and therefore, may not align with people with MS.
Furthermore, these studies did not account for differences in performance between invasive
and non-invasive options, which may have biased the results. Unfortunately, respondents in the
current study were not given the opportunity to express the reasoning behind their rankings.

As such, it is unclear what aspects of the design options were most important. This should be
explored in subsequent work to ensure BCI designs meet user preferences, with consideration of
the potential positive and negative impacts on quality-of-life when using an implanted BCI [47].

In conjunction with prior studies, our results suggest that a sub-scalp EEG may provide an
appropriate balance between invasiveness and performance for various degrees of indepen-
dence. Similar conclusions on the risks and benefits of the three types of EEG devices (scalp,
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sub-scalp, intracranial) has led to the recent development of long-term sub-scalp EEG for epi-
lepsy monitoring ([48] for a review). Additionally, the technology has potential applications
across a broad range of patient cohorts that may benefit from chronic EEG monitoring, such
as persons with depression, attention disorders, sleep apnoea, or traumatic brain injury [49].
These systems provide a minimally invasive alternative to standard EEG without the need for
ongoing donning and doffing procedures, which was highlighted as a main concern in a pre-
vious study [50]. To the best of our knowledge, this survey is the first to assess potential user
preferences of sub-scalp EEG for a BCI application. The results encourage further investiga-
tion that assesses sub-scalp EEG signal quality and BCI performance, as well as preferences of
other potential BCI user cohorts.

Future research aimed at understanding user preferences between scalp, sub-scalp, and
intracranial (ECoG or intracortical arrays) BCIs would benefit from trialling various non-
invasive EEG systems, such as wet, dry, or wireless electrodes, which may alter user experience
and preference. Additionally, experiments that simulate low and high BCI performance could
be tested in combination with dedicated questionnaires or interviews to explore user experi-
ences and concerns regarding intracranial BCIs. However, studies into invasiveness prefer-
ences will likely always be limited, as it is challenging to simulate the process of selecting an
invasive inpatient procedure in a situation with real risks. Though, in-depth interviews with
research trial participants who have experienced various types of BCI devices could provide
valuable insights into these preferences.

Providing assistance with BCIs

The current assistance needs of respondents, in terms of support from a caregiver and dif-
ficulty using technology, did not appear to directly influence BCI preferences towards the
higher performing and more invasive intracranial device (Fig 9). This may be explained by an
overall preference towards less-invasive devices, as discussed in the previous section, but may
also be explained by a preference towards existing assistive technology (i.e. speech-to-text and
text-to-speech) which may already sufficiently achieve their desired tasks. Therefore, for those
using assistive technology, the quality-of-life improvement from using a higher performing
device may not be sufficient to undergo an invasive inpatient procedure.

Furthermore, for all scenarios, most respondents who were assisted by a carer preferred a
non/minimally invasive BCI solution over carer assistance. This suggests that people with MS
who have experienced the benefits that a caregiver provides are still interested in using a BCI
for assistance. There are multiple unexplored reasons why this could be the case. Respondents
may have considered BCI as a more cost-effective assistance alternative to carers. Preference
for BCI over a carer may have also stemmed from a desire for independence, particularly in
young adults who may wish to separate themselves from their parent-caregiver as they enter
adulthood [51], or those who hold various and complex beliefs about autonomy and how it
may be positively or negatively impacted by a BCI [52]. Respondents may have also consid-
ered the wellbeing of carers, who are often under considerable strain [53]. Family or friends
will often become informal caregivers, which can cause strain on the relationship [51]. A
desire to relieve this strain may have driven respondents to prefer a BCI over carer assistance.
Employing a qualitative research approach to explore these reasons, which may be unique to
people with MS, warrants future attention.

However, our understanding of the possible relationship between level of independence
and BCI preference may be limited by the methodology used. We focused on carer reliance
and difficulty using a computer/phone as these are the functions that current BCIs can
potentially achieve [8,54-57]. For example, a BCI may reduce carer dependence if the user can

PLOS ONE | https://doi.org/10.1371/journal.pone.0319811  March 18, 2025 15/24




PLOS ONE

Towards developing brain-computer interfaces for people with Multiple Sclerosis

utilise the BCI, instead of a carer, to assist with tasks such as drinking from a cup. Moreover,
BClIs can assist with computer and phone use, which otherwise require normal motor and
sensory function, by directly interfacing with these devices using brain activity. Conversely, if
we had compared MS type (RRMS/PPMS), time since diagnosis, symptom severity or other
measures of functional independence, our results may have differed. However, due to the vari-
ability of MS progression and symptomology between people with MS [2], metrics such as MS
type and time since diagnosis may be poor indicators of a need for BCI technology.

BCI for communication for people with MS

Our findings indicate people with MS prioritise a BCI system that can support communica-
tion. However, the impact of MS on communication is multifaceted [58], which needs to be
considered in development of BCI technology. Symptoms such as dysarthria, aphasia, hearing
impairment, problems with vision, cognitive impairment, and fatigue hinder the ability to
effectively communicate and opportunities to communicate [58]. Additionally, reduced hand
dexterity and somatosensory disturbances can pose challenges in written, electronic, and
telecommunication means of communication. These difficulties are especially important in
young, working-age adults, a demographic commonly affected by MS [58].

Moreover, depression affects communication through psychological barriers (e.g., minimis-
ing thoughts and feelings, negative expectations of interactions, and feeling too overwhelmed to
communicate [59,60]) as opposed to physical barriers, and it is estimated that one in two people
with MS will experience major depression [61]. Conversely, impaired communication can lead
to feelings of isolation, and both factors are known risks for depression. Fortunately, the use of
communication technologies can mitigate these risks [62]. Therefore, it is important to draw
attention to our results, which support the possibility that people might want a BCI to overcome
the psychological barriers of communication, since respondents with depression preferred a
BCI system to aid communication over other functions. This is despite only a minority of this
sub-cohort reporting current or anticipated future difficulty with speech.

The two previous studies of BCI in MS demonstrated an application that supports commu-
nication and was successfully controlled by most recruited MS participants [11,12]. However,
some participants were unable to produce a sufficient control signal, which was based on the
widely validated P300 speller investigated in people with ALS [8,54-57]. Furthermore, MS
participants achieved lower performance compared to a neurotypical control group [11], and
participants who were unable to control the device also reported symptoms of cognitive impair-
ment [12]. These results suggest development of BCI technology for people with MS may pose
novel challenges, in particular related to cognitive impairment, which are unique from the more
widely studied ALS group that mainly consider symptoms of dysarthria [8,54-57].

Given our survey was only designed to broadly gauge user preferences of BCIs, we only
touched upon the surface of how BClIs can aid communication in this group. Therefore, future
research aimed at developing this technology would benefit from collaboration with MS spe-
cialist speech pathologists to determine which components of communication (e.g., speech/
text production, aiding word finding, and cortical visual/auditory restoration) would benefit
from BCI support. This will be essential to aligning BCI functionality with various preferences
of the end-user. Furthermore, inclusion of people with MS, their family, and caregivers should
be prioritised in future work.

Adapting to a dynamic condition

A successful BCI for MS requires the ability to adapt to long-term, medium-term, and short-
term changes to the signal that is used to decode user intention. We define long-term changes
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as those caused by the progressive neurodegenerative processes that occur over years.
Medium-term refers to MS flairs where new regions of the central nervous system are affected;
these new symptoms may only be present for days to months if treated with an effective
intervention. Short-term refers to the most common symptom, fatigue, which affects brain
function over hours and days.

As BCIs were initially designed for people with locked-in syndrome, typically due to ALS
[31], researchers already focus on adaptive technology to cope with the long-term changes in
brain activity that BCI users may experience [27]. However, the challenge with MS stems from
the nature of the disease progression, which is more unpredictable and variable, both between
and within individuals and over both time and location [2]. This implies that the EEG signal
may change temporarily or permanently due to inflammatory processes, demyelination, axo-
nal and cortical loss, and immunomodulating therapy. As both structural and functional cor-
tical changes occur with MS [5,63], the BCI system could be implanted in the target cortical
region that also has the lowest probability of developing MS lesions and permanent tissue loss
(i.e., avoiding sulci and areas of low cerebral artery perfusion) [63]. A BCI may also be made
more robust to medium- and long-term changes in signal quality by decoding source rather
than sensor activity. The initial feasibility of extracting source-level features for decoding in
those with MS has been shown [20].

Similar to previous studies [17,18], our results showed that fatigue is one of the most
common symptoms experienced by people with MS. This symptom is not unique to MS and
presents a key challenge for any BCI technology where fatigue can negatively affect overall
system performance [64]. For an EEG BCI, this drop in performance may even be a result of
fatigue directly modulating the patterns of brain activity [64,65], thus making it harder for the
system to decode the intent of the user.

Opverall, it is critical that a BCI can operate while a person is fatigued, as that is when they
are likely to need the system the most. In this situation, a BCI can be designed to directly
monitor the mental state of the user and adapt its level of assistance [66]. However, this
requires being able to detect what mental state the user is in (either based on their brain
activity [16,67,68] or control behaviours [66]), thus making the system more complex and
requiring additional training data. A simple alternative would be to allow the user instead to
select manually the level of assistance and type of BCI control (e.g., switching from a virtual
keyboard to yes/no communication when fatigued).

Even without trying to adapt to the mental state of the user, current BCIs require the
collection of training data for the creation of a custom machine-learning model that decodes
brain activity. Continuously gathering training data and re-calibrating the model improves
decoding performance [43] and may address the challenges associated with changes in brain
activity over time. However, the need for recalibration could prevent someone from imme-
diately using their BCI and burden the user, especially if they are prone to fatigue. To address
this problem, BCI training should be infrequent but engaging, with decoders designed to be
trained on small, high-quality datasets [69]. In the ideal case, once a user has calibrated the
system once, it could continue to automatically adapt based on everyday use, without dedi-
cated training sessions [70].

Bionic technologies to address symptoms of MS

Our results suggest that bionic devices that, in the future, could manage sensory or auto-
nomic symptoms, e.g., through somatosensory cortical stimulation [71] or regulate bowel and
bladder function [72], may be as relevant to people with MS as typical active BCI applications.
Bowel/bladder control and temperature regulation appeared to directly influence the technol-
ogy of choice (Fig 7). This is unsurprising given bowel and bladder dysfunction are strongly
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correlated with a poor quality of life [73]. Furthermore, abnormal temperature regulation
combined with heat sensitivity, impairs conduction of demyelinated nerves. This transiently
worsens all symptoms including fatigue, and there are limited treatment strategies to address
this problem [74].

The symptoms experienced by our respondents were consistent with larger cohort studies
of MS [17,18] and align with the preferences of people with spinal cord injury [25], which may
be expected as MS can cause lesions in the spinal cord. Therefore, it is reasonable to propose
that our findings should advocate for future research towards bionic devices in addition to
BCI, as our results are likely to reflect the preferences of the broader MS population.

Due to the scope of our survey, we grouped the multitude of sensory symptoms experi-
enced by people with MS (e.g., paraesthesia, loss of sensation, hyperesthesia, heat sensitivity,
L'Hermitte’s sign, pain, impaired proprioception, and visual disturbances [2]) into the coarse
categories of pain, vertigo, vision impairment, and sensory symptoms. Respondents may also
have provided answers based on their perceived future symptoms when selecting a technology
and requires clarification. To better understand how bionic technologies can best assist people
with MS, we recommend that future work explore user preferences for bionic devices that
address specific sensory or autonomic symptoms.

Limitations

Similar to previous studies [22-25], our survey did not capture how people in a low-resource
setting may evaluate the technologies as all our respondents were from high-income countries,
which have higher rates of MS [4]. Additionally, many of the respondents had a postgradu-
ate education, which may have affected their willingness to adopt technology. The sex of the
respondents, which is approximately two-thirds women in the general MS population [17],
was not collected. However, the distribution of symptoms, with fatigue as the most prevalent,
suggests the results may be generalised to the population of MS [17].

The use of an online survey likely biased our sample towards people who could easily use
a computer or phone, while recruitment from MS clinics could possibly lead to respondents
with a reduced level of disability compared with those who disengaged from healthcare
services [75-77]. Consequently, our sample only had a few respondents who often needed
the assistance of a carer or found the use of a computer/phone difficult. Therefore, we remain
cautious in our conclusion that people with more severe symptoms are not more open to
invasive BCIs. Future work is required to understand the bionic technology preferences of this
user demographic, especially since these technologies could deliver the most benefit to this
cohort.

The perspectives of carers, especially informal carers (such as family or friends), were not
considered in our study. As the disease and disability associated with MS progresses, it is com-
mon for partners of individuals with MS to assume the role of an untrained and unpaid carer
[78]. It is important to consider that carer strain affects 42% of carers for people with MS [53].
This leads to carers struggling to perform the caregiving role, reducing both persons’ quality
of lives, and increasing rates of neglect, abuse, morbidity, need for respite services, permanent
institutionalisation and mortality [53]. Assistive technologies like BCI have the potential to
alleviate demands on carers, allowing them more time for paid employment, rest, and sleep.
Previous focus groups on adopting BCI at home, which involved people with MS and their
caregivers, found caregivers were more likely to advocate for the use of BCI technology than
the user [50]. Thus, reducing the burden of care with assistive technology may be an under-
explored solution that could improve the long-term quality of life for the person with MS and
their caregiver. Furthermore, inclusion of people with MS and their caregivers in the survey
design should be prioritised in future work. This may include implementation of a co-design
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approach that utilises focus groups and deliberative methods, with qualitative data analysis, to
ensure BCIs are personalised for the unique experiences of those living with MS [79,80].

Adequately describing the experience of using a BCI is challenging, especially when
communicating differences in performance. It is possible that our scenario descriptions did
not adequately capture the frustration of using a lower information transfer rate system,
thus biasing selection towards the non/minimally invasive BCIs. Further, non-invasive BCIs
involve more time to setup, requiring daily (or more frequent) human assisted application of
gel-based electrodes for scalp EEG. Depending on the EEG system, this could take longer than
the 30 minutes stated by our survey and might be difficult to comprehend without personal
experience. Previous qualitative research, involving people with impaired motor function due
to MS and other neurological conditions, reported that none of their participants would reg-
ularly use the study specific wired scalp EEG BCI system at home, as the challenges of setting
up the system and issues with comfort outweighed the perceived benefit [50]. Future work
should investigate the effect of firsthand BCI experience on system preference, specifically for
those who reported increased fatigue during long periods of concentration, as we may expect
the results to shift towards lower effect invasive devices.

In addition, to ensure the survey could be easily understood and reduce survey length,
the potential side effects/adverse events of each device were not fully described, which
may have resulted in a potential bias. However, it is expected that most people in general
would opt for a device associated with fewer risks related to implantation [24]. Future
work should collaborate with user experience designers to consider strategies for bet-
ter explaining system performance, setup time, and training time that does not require
participants to take part in a full BCI experiment. This could be done by including videos
displaying system performance, interviews with people who have used the systems, and
deploying systems that simulate the experience (e.g., an online keyboard with a given
information transfer rate).

To reduce the survey length, the current study collected minimal free-text responses,
which limited the amount of insight possible into how BCIs may be personalised. Inves-
tigation of why BCI devices and scenarios were chosen was also limited as the survey did
not collect the reasoning behind respondent rankings. In addition to the focus groups and
deliberative qualitative methods previously suggested, free-text responses and opt in inter-
views should be conducted in future work, with the aim of ranking the importance of each
design parameter (invasiveness, set up time, training, and performance) for each scenario.
This may include separate ranking of speed and effort, which was assumed to be equivalent
for scalp EEG and sub-scalp EEG as the signal quality may be similar [44]. In addition, this
may confirm if there is a generalisable preference for sub-scalp EEG over scalp-EEG for
people with MS.

Furthermore, the design options presented to respondents were based on previous
research, which may not represent the technologies that will be available in the near future.
With considerable investment and clinical trials underway for both intracranial [81] and
novel endovascular BCIs [10], combined with research efforts into artificial intelligence,
future BCI devices should have improved performance and aesthetics, lower training
commitments and setup time, and reduced associated risks. As invasive BCIs progress and
gain these additional benefits, we expect users with reduced functional independence will
shift their preference away from non-invasive scalp EEG. However, challenges to produce
high performing BCIs may persist when translating these technologies into the home envi-
ronment. As more BCIs become commercially available and better understood, regularly
re-evaluating design options would improve our understanding of the user specifications of
people with MS.
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Conclusions

Multiple Sclerosis (MS) can be a severely disabling condition that has received minimal con-
sideration from Brain-Computer Interface (BCI) researchers. Our survey of people with MS
indicated that we need to revise this viewpoint. We provided preliminary evidence that people
at different stages of MS are interested in BCI technology and would opt to use a BCI over

a carer, particularly if the device was non-invasive or minimally invasive. We suggested key
research goals for this technology, including robust signal acquisition and novel training par-
adigms in anticipation of the dynamic temporal and spatial pathological changes associated
with MS. Additionally, respondents expressed a strong interest in bionic technology for thera-
peutic applications, such as assistance with temperature regulation and bowel/bladder control.
Future work should collect additional insights using focus groups and deliberative methods,
long form surveys, and demonstration of BCI equipment to ensure realistic preferences. Con-
sidering the potential to enhance independence and quality of life for people living with MS,
successful personalisation of BCI solutions for those with MS is crucial, and we advocate for
advancement in this research field towards a user-centred design approach.
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