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Abstract 

Progressive ataxia can render a person incapable of communication with the outside world due 

to multiple sensory and motor disabilities. In light of these disabilities, a brain-computer 

interface (BCI) might serve as an alternative way of control or communication for people with 

ataxia. Research has already been done with other patients groups (e.g. amyotrophic lateral 

sclerosis, spinal cord injury) to investigate their attitude towards potential BCI use (Al-Taleb, 

Purcell, Fraser, Petric-Grey & Vuckovic, 2019; Nuyujukian et al., 2018). However, it is still 

unknown how people with ataxia consider the potential use of a BCI as an assistive technology, 

even though it has been shown that it is possible for people with ataxia to successfully operate 

a BCI (Okahara et al., 2017).    

  In the current study, we explored what disabilities are associated with different forms 

of ataxia, how it impacts ones daily life, and how this condition progresses over time. 

Furthermore, we investigated what people with ataxia expect from a BCI system and which 

applications they would like to use it for. We also aimed to shed some light on potential positive 

and negative implications of BCI use.  

  Fifty-two people with ataxia completed a survey indicating their BCI interest and design 

preferences. Seven participants were then invited for a follow-up interview to explore their 

experience with ataxia and attitude towards BCI technology more in-depth.   

  This study showed that expression of ataxia-related symptoms and progression over 

time is different for everyone, but difficulties with coordination and speech are typical 

problems. People with progressive ataxia are interested in being supported by BCI technology, 

especially as a tool for communication, control of personal computers and mobility support. A 

BCI with an electrode implant seems to be a suitable option, especially considering the 

importance of good BCI performance as indicated by people with ataxia. A BCI that works with 

a dry-electrode cap can be a practical, non-invasive alternative.   
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  If people with ataxia are to use a BCI at home, it is important to them that the BCI does 

not become a burden for caregivers or relatives (e.g. cleaning, setting-up). Regarding the BCI 

as a device that requires a form of shared control, people with ataxia are not worried at all and 

perceive a BCI like any other technological device. As a last point, having to accept a new aid 

is not always easy. Engaging people with ataxia in BCI research early-on will give them time 

to get accustomed to the thought of potentially using a BCI in the future. 

Introduction 

An important good in life is the ability to communicate and connect with others. This ability 

allows us to form meaningful relationships that contribute to our mental health and quality of 

life, reduce feelings of stress, and can serve as a social safety net (Post, 2014). However, the 

ability to engage in social interaction cannot be taken for granted by everyone. People with 

certain medical conditions may find themselves unable to communicate with the outside world, 

such as those suffering from severe speech and physical impairments. For example, people with 

locked-in syndrome (LIS) are not able to speak or move but are still consciously aware. While 

the physical constraint is extreme, the social isolation that accompanies those with LIS has been 

described as worse than any physical problem (Johansson, Soekadar & Clausen, 2017). Social 

isolation and feelings of loneliness can have considerable negative effect on people’s wellbeing 

and are strongly associated with suicidal behaviour (Stickley & Koyanagi, 2016; Holt-Lunstad, 

Smith, Baker, Harris & Stephenson, 2015). To enable people with severe speech and physical 

impairments to interact with others again, a BCI could be used to serve as an alternative 

communication method. A BCI does not rely on physical movement or speech but instead 

operates an external device based directly on someone’s brain activity.   

  People with progressive ataxia may end up locked-in in their own body or in a state that 

renders them unable to communicate with others. Ataxia is not a disease itself, but rather 

describes a group of conditions and disorders that lead to difficulties with coordination and 
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balance (Box, Bonney & Greenfield, 2005). These symptoms are often caused by disruptions 

in the basal ganglia, cerebellum, cerebral cortex or sensory pathways. Ataxia can be inherited, 

acquired (e.g. head trauma, cerebral palsy, alcoholism) or have an unknown cause (Akbar & 

Ashizawa, 2015).  

  Genetically hereditary ataxias can be inherited in a dominant or recessive manner. In 

medical terms, these can be referred to as autosomal dominant cerebellar ataxia (ADCA) and 

autosomal dominant cerebellar ataxia (ARCA), respectively. The most common type of the 

recessively inherited ataxias is Friedreichs Ataxia (FA; Pilotto & Saxena, 2018). On average, 

onset of FA symptoms already starts at the young age of 15 years. The most common 

dominantly inherited ataxia is spinocerebellar ataxia (SCA). Subtypes of SCA are indicated 

with different numbers (SCA1, SCA2, etc.), which all have their own specific causes and 

symptoms. In contrast to FA, symptom onset of SCA typically occurs in a later stage in life, 

somewhere around the age of 30-40 (de Silva et al., 2019). Nonetheless, in both ataxias, gait 

imbalance is the first symptom to occur, which causes people with ataxia to walk as if they are 

drunk, often leaving them unable to walk independently. Incoordination of muscles in the upper 

limbs and slurred speech (dysarthria) are the next symptoms to follow, making it difficult to 

talk, write, type or use other devices that require (fine) motor skills (Pilotto & Saxena, 2018). 

FA and SCA are both progressive ataxias, which means that due to neurodegeneration the 

patient’s condition worsens over time and may eventually lead to severe impairments or even 

have a fatal outcome.  

  Ataxia is a condition that many people, including doctors, are not familiar with, which 

may be attributed to the rarity of this condition (Pilotto & Saxena, 2018). Most types of ataxia 

are currently not treatable but are instead managed symptomatically to reduce patient suffering 

and to avoid complications (de Silva et al., 2019). To be able to engage in (social) activities and 

remain as independent as possible, patients may use assistive technologies such as a smart 
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walker, speech-generating devices or even a 3D printer for printing ergonomic products (Jung 

et al., 2019; Rouleau, Cazes, Dupont, Benadda & Piazza, 2016; Sigafoos et al., 2014). However, 

at some point, devices that rely on verbal or motor input are no longer sufficient to provide 

assistance to the patient. Progressive ataxia can render a person incapable of communication 

with the outside world due to multiple sensory and motor disabilities.   

  Considering these physical conditions, a BCI may be the only system that can assist 

late-stage ataxia patients in communication with their environment or control of certain devices. 

It has already been shown that it is possible for patients with SCA to operate a BCI, even with 

accompanying cerebellar abnormalities, and researchers have suggested that assistive BCI 

technology may contribute to their quality of life (Okahara et al., 2017). Regardless, no further 

steps have been taken to include ataxia patients in BCI research or development. End-users that 

have been most involved in BCI research are patients suffering from amyotrophic lateral 

sclerosis (ALS) or spinal cord injury (SCI; Al-Taleb et al., 2019; Nuyujukian et al., 2018). 

However, to the best of the authors knowledge, people suffering from ataxia have received 

virtually no attention from the BCI community.  

  According to the framework of responsible research and innovation, it is important to 

involve end-users at each stage of a technological development (Stahl, 2013). This study aims 

to involve ataxia patients as potential users for BCIs at an early stage by exploring their interest, 

needs and preferences, but also explore what risks and usage burdens would be considered as 

acceptable. Studies on these topics have already been conducted with other patient groups 

(ALS, SCI) of which the outcomes can be used for continue with BCI development that is in 

line with the wishes of the end-user (Huggins, Moinuddin, Chiodo & Wren, 2015; Huggins, 

Wren & Gruis, 2011). However, it is important to consider potential patient groups separately, 

because of differences in physical impairments, disease progression and mental adjustment to 

a new assistive technology (Huggins et al., 2015). Therefore, this study will investigate the 
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following research question: (1) what is the physical, psychological and social effect of having 

ataxia? Moreover, we will explore what people with ataxia would want from a BCI and what 

they consider to be acceptable when using this system. This leads to the research question: (2) 

what do people with ataxia as potential BCI users want from a BCI system and what risks and 

burdens are they willing to accept? Lastly, we aim to shed some light on the potential 

implications of using a BCI: (3) what are psychosocial and ethical implications of using a BCI 

as an assistive technology for people with ataxia?    

Background 

While we typically use our gestures, touch or speech to control a computer, smartphone or 

voice-based digital assistant, it is also possible to use your brain directly to control digital 

interfaces. This type of control can be achieved with brain-computer interfaces (BCIs). A BCI 

uses input from the brain by extracting useful signals with a type of neuroimaging technique 

(e.g. EEG, ECoG, fMRI) and uses this information to select the appropriate action for control 

of an output device. The system consists of an input, a translator and an output component as 

shown in Figure 1 (Wolpaw, Birbaumer, McFarland, Pfurtscheller & Vaughan, 2002). The 

input component consists of a neuroimaging device that records neuronal activity that occurs 

in the brain of the user. This can also be described as the signal acquisition phase. The translator 

then extracts the usable and relevant features from the data and translates these features into 

actions for the output device using an algorithm. As a result, an output device will be able to 

perform a certain action based on the decision of the translator.   
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Figure 1. Schematic overview of the input, translator and output components of a BCI system. 

BCIs are very versatile in the sense that different neuroimaging techniques, signal features, and 

brain areas can be selected to create a specific BCI system that is suitable for a certain type of 

context or application. A popular BCI neuroimaging technique is electroencephalography 

(EEG) because it is non-invasive, cheap and has a good temporal resolution. Therefore, this 

technique is typically used in contexts with a healthy users. EEG measures synchronized 

activity of groups of pyramidal neurons in the cerebral cortex that is caused by postsynaptic 

potentials. Components from event-related potentials (ERPs) such as P300 and visually evoked 

potentials (VEPs) can be derived from EEG recordings and have proven to be useful signals 

features for BCI operations (Gembler, Benda, Rezeika, Stawicki & Volosyak, 2020; Lin, 

Zhang, Zeng, Tong & Yan, 2018).   

  A similar but more invasive neuroimaging technique with good temporal and frequency 

resolution is electrocorticography (ECoG; Kaiju et al., 2017). Due to the invasive nature of this 

technique, BCI studies that use ECoG for signal acquisition are often conducted with patients 

that are already planned for neurosurgery.   

  A technique that is still relatively new in the context of BCIs is functional magnetic 

resonance imaging (fMRI). By measuring the change in oxygen concentration in the brain, it 

can be observed which areas in the brain are activated. This signal is called the blood-oxygen-
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level dependent (BOLD) contrast. Implementation of an fMRI-based BCIs has the downside of 

being expensive, non-portable and loud. Nonetheless, a big advantage of fMRI is its high spatial 

resolution and there have been some promising results showing that fMRI-based BCIs can be 

used for communication by enabling people to spell words (Schoenmakers, 2019).  

  A another relatively new technique that has been explored for BCI use these in the past 

ten years is functional near-infrared spectroscopy (fNIRS). fNIRS-based BCIs use 

spectroscopic measurements to detect hemodynamic changes in the brain. Although there are 

some practical limitations due to hair on the scalp and light penetration through brain tissue, 

fNIRS has the benefit of being portable, safe, easy to use and having low costs (Shin, Kwon, 

Choi & Im, 2017).  

  A BCI can be considered dependent or independent based on how brain signals are 

elicited. A dependent BCI relies on minimal motor-control of the user, like eye-gaze. To 

illustrate, Sutter (1992) instructed participants to look at a matrix of letters and spell a word by 

looking at each of the letters in the word, while making an EEG recording. The output device 

produced a word based on the visually evoked potentials (VEP) elicited by looking at each of 

the letters. The generation of this VEP is dependent on the gaze direction of the participant and 

thus requires an exogenous stimulus for BCI operations (Chan, Quiroz, Dascalu & Harris, 2015; 

Wolpaw et al., 2002). In contrast, in another experiment using an independent BCI design, 

people had to spell a word by looking at letters flashing on a screen one by one without having 

to change their gaze direction (Farwell & Donchin, 1988). In this scenario, all letters elicited a 

P300 response but the magnitude of the response depended on the intention of the user and not 

on eye-gaze, but still allowed for a distinction between the target letter and the others (Chan et 

al., 2015; Wolpaw et al., 2002). This approach is in particular useful for users that are not able 

to control their eye movements.  

  Because BCIs require the use of neuroimaging techniques, a BCI can be also be 
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classified as being invasive, partially-invasive or non-invasive (Ramadan & Vasilakos, 2017). 

An invasive technique requires the implantation of microelectrodes directly onto the surface of 

the brain, while a non-invasive technique does not require neurosurgery or any type of 

penetration of the skull. Each level of invasiveness of the technique has different advantages 

such as spatial resolution, temporal resolution or ease of use (Pandarinathan, Mishra, 

Nedumaran, Padmanabhan & Gulyás, 2018).   

  BCIs can also be classified as being active, reactive or passive (Kögel, Schmid, Jox & 

Friedrich, 2019). This classification depends on how brain signals are produced and how the 

system uses this input. An active BCI, as the name implies, requires active and conscious 

control by the user and functions independently from external events. Instead, the user applies 

a certain mental strategy (e.g. motor-imagery) to activate certain brain regions. A reactive BCI 

does rely on brain signals that are produced by external events, as is the case in BCIs that utilize 

VEPs (Chan et al.,2015; Wolpaw et al., 2002). Passive BCIs track a person’s current brain state 

that is activated unconsciously and spontaneously by the user, such as ones affective state or 

mental workload (Protzak, Ihme & Zander, 2013). 

Method 

Research Design  

For this study, both a quantitative and qualitative approach was utilized. An online survey was 

used to quantify the interest, preferences, and risk acceptance of patients with ataxia for 

potential use of a BCI. In order to obtain a more in-depth understanding of what it means to 

have ataxia and how a BCI may provide assistance, one-on-one semi-structured interviews were 

conducted to follow-up on the survey. This semi-structured approach allowed for some 

flexibility during the interview. The participant was able to introduce and reflect on experiences 

or topics that were not covered by the interview guide and the researcher was able to ask any 

additional questions to expand on certain issues.   
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Ethical research  

The main researcher was not familiar with ataxia before the start of this study. Of course, this 

required extensively studying literature about this rare disease to learn about its causes, 

symptoms and different subtypes. To be able to answer the research questions, this study 

required personal interviews with people that have progressive ataxia. To prepare for these 

interviews, the researcher explored different forums and Facebook support groups, contacted 

ataxia foundations, and was even invited to join an online support group meeting. These 

explorations allowed for informal conversations with people with ataxia and to get a sense of 

the daily issues that they encounter. This allowed the researcher to be better prepared to conduct 

interviews from a more informed perspective about a complex and rare disease, in a sensitive 

manner. No notes or recordings were made during this phase, as this was not part of the official 

study. These preparations were purely a means to get a better understanding about ataxia as an 

‘outsider’ and for personal development.   

  The interview covered sensitive topics such as physical/mental health and required 

participants to reflect on personal thoughts and memories. It is important to provide support to 

the participants when they are in a vulnerable state. Therefore, a list was created with physical 

and emotional cues for the researchers to pay attention during the interviews and what approach 

should be taken if these situations would arise (see Appendix A). As a last point, the researcher 

paid attention not to give a false sense of hope that this assistive technology will soon be 

available for people with ataxia. 

Participants 

Participants for the survey were recruited by approaching members from the ADCA/Ataxie 

Vereniging via e-mail, via personal contacts and by promoting the study on closed Facebook 

groups for ataxia support with permission of the group admins. Participants had to be at least 

14 years of age to join the survey. Moreover, for both the survey and the interview, participants 
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had to be diagnosed with a form of ataxia and able to speak and understand Dutch or English.  

  52 participants completed the survey between the ages of 14 to 90 (M = 57, SD = 17.17) 

of which 29 were male and 23 were female. This sample size is comparable to those on similar 

studies with different patient groups (Huggins et al., 2015; Huggins, Wren & Gruis, 2011). To 

join the follow-up interview, participants had to be at least 18 years of age, due to the sensitive 

nature of the interview. These participants were selected based on their gender, age and type of 

ataxia, in order to ensure a varied sample. Seven participants joined the interview between the 

ages of 29 to 78 (M = 52, SD = 16.50) of which three were male and four were female. Interview 

participants suffered from a type of ADCA (SCA6, SCA3, SCA23), ARCA (FA), or ataxia type 

unknown. 

Materials 

Survey  

The survey consisted of 60 items on BCI interest, preferences and risk acceptance, including 4 

questions that were added to explore the willingness of ataxia patients to use an fMRI-based 

BCI (see Appendix B). The questions were based on a survey that was used to explore the 

opinion of patients with SCI (Al-Taleb et al., 2019). Moreover, five questions regarding 

participant demographics and physical disabilities were included at the start. The survey ended 

with the invitation to join a follow-up interview. Depending on the physical abilities of the 

participants, the survey could be completed via LimeSurvey or verbally via an online call with 

the researcher. In the end, all participants completed the survey online, either by themselves or 

with help of a relative or caregiver. 

Interview 

An interview guide was created, inspired by the interview questions from two studies on 

psychosocial and ethical issues of BCI users (Kögel, Schmid, Jox & Friedrich, 2019; Grübler 

et al., 2014). Relevant questions from these studies were used as the basis for the interview 
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guide and new questions were added about topics of interest that have been discussed in the 

introduction but were not covered by these studies. The guide was adjusted to match this 

specific patient group and certain questions were removed or reformulated since the participants 

did not have any experience with using a BCI. Interview questions were eventually arranged 

according to the following topics: background, impact of ataxia, dealing with ataxia, disease 

progression and support, and considerations of BCI use (see Appendix C). The guide consisted 

of a combination of open-ended and focused questions. 

Procedure 

Participants received a link to the survey via email, which they could digitally fill in at a suitable 

time as long as the participant limit was not reached. The informed consent was included at the 

start of the survey. Completing the survey took about 30 minutes. If participants indicated that 

they were willing to join the follow-up interview (and got through the interview selection 

procedure), they would receive an email with a detailed description of the research and the 

informed consent form. This email was sent at least four days before the interview session 

would take place, so there was enough time provided for the participant to read through the 

documents. At the start of the interview session the researcher gave the participant a brief recap 

of the informed consent form. The participant was asked to sign the consent form if he/she 

agreed to the terms. The participant was free to quit the study at any point without having to 

provide an explanation. The interview took place via an online video call due to the prevalence 

of COVID-19 during the time of the study. The interview was conducted in Dutch or English, 

depending on the preferred language of the user. This session took about 45 minutes. The 

interview session was recorded with consent of the participants. 

Analysis 

Survey 

A descriptive analysis of the data was performed using IBM SPSS Statics 27. These outcomes 
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were described and visualized to allow for insightful interpretation of user preferences. RStudio 

was used for visualization of the data. 

Interview 

Before analysis of the interviews, the voice recordings were transcribed verbatim with the 

exception of pseudomized participant names. A thematic analysis was performed to analyse the 

data. Transcription of the data was the first step for the researcher to familiarize with the data. 

This step was accompanied by creating an initial list of ideas that were present in the data. This 

was followed by an iterative process of coding the data and organizing these codes according 

to broader themes in the data. The codes were a way to organize all relevant data extracts. For 

the purpose of this study, each data extract was also tagged with the type of stakeholder that 

provided the data. The codes were then organized according to more general themes and sub-

themes. Identification of the themes and sub-themes was data-driven, meaning that they were 

based on the data itself.  

Results 

Survey 

Demographics 

To explore differences in opinions of people of different ages, the 52 participants were divided 

into four age groups: teenagers and young adults (14-39), middle aged adults (40-64), and 

elderly (65+). Group sizes were not evenly divided, as can be seen in Table 1. The majority of 

the participants suffered from a type of ADCA (N = 27), with the most common specified 

subtype being SCA3 (N = 11). Those with an ARCA all suffered from FA (N = 9). A simplified 

overview of the types of ataxia (occurrence of at least 2) that participants reported can be found 

in Table 1, and a complete overview of the types of ataxia can be found in Appendix D. Most 

participants had difficulty with coordination (N = 47) and speaking (N = 41). To accommodate 
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their difficulties, participants used different aids for mobility (e.g. walker, wheelchair), 

communication (e.g. speech computer, text-to-speech app) and/or sensory input (e.g. glasses, 

hearing aids). An overview of the demographics and characteristics of the participants can be 

seen in Table 1.  

Table 1.  

Participant demographics and characteristics. 

 Frequency Percentage 

Age   

     14-39 10 19.2% 

     40-64 26 50.0% 

     65+ 16 30.8% 

Gender   

    Female 23 44.2% 

    Male 29 55.8% 

Type of ataxia   

    ADCA (not further specified) 4 7.7% 

    ADCA SCA23 3 5.8% 

    ADCA SCA3 11 21.2% 

    ADCA SCA6 9 17.3% 

    Friedreichs Ataxia 9 17.3% 

    Unknown 10 19.2% 

    Other (occurrence less than 2) 6 11.5% 

Impairments   

    Blinking difficulty 3 5.8% 

    Difficulty with coordination 47 90.4% 

    Eye gaze difficulty 18 34.6% 

    Hearing difficulty 18 34.6% 

    Speaking difficulty 41 78.8% 

    Reading difficulty 20 38.5% 

    Not applicable 2 3.8% 

Use of aids   

   Mobility related 33 63.5% 

   Communication related 5 9.6% 

   Sensory related 10 19.2% 

   No use of aids 15 28.8% 

Dutch speaking   

    Yes 40 76.9% 

    No 12 23.1% 
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BCI interest  

In total, 42 (80.8%) participants indicated to have an interest in using a BCI now or in the future 

and the other 10 (19.2%) did not. Their most common reasons for wanting to use a BCI were 

the importance of communication, to remain independent, to support their self-esteem, and to 

be supported in terms of walking and balance. Two participants also indicated that they 

expected to need such a device in the future. Reasons for not being interested in using a BCI 

now or in the future included the potential psychological burden, the additional burden for the 

partner (e.g. cleaning of the device), and cognitive difficulties that pose a problem to be able to 

use a BCI (e.g. mental aberrations, unclear stream of thought). Moreover, one person indicated 

that he would “not let it get that far”. Four participants that  expressed not having an interest in 

using a BCI now or in the future, did not actually give a reason why, but only indicated they 

were not in need of such an assistive at the moment. Participants could indicate their interest in 

using a BCI in different contexts on a scale of 1-10. They were slightly more interested in a 

BCI for personal use at home (Mdn = 8) than in a hospital setting (Mdn = 7). Participants were 

also interested in using a BCI for research purposes (Mdn = 8 ). 

Neuroimaging techniques  

Participants also indicated their level of interest on a scale of 1-10, for BCIs based on different 

neuroimaging techniques. As can be observed in Figure 2, participants reported higher interest 

ratings for EEG-based BCIs (Mdn = 8) than for fMRI-based BCIs (Mdn = 6). Considering the 

acceptance of different EEG-based BCIs, it can be observed in Figure 3 that more participants 

were willing to accept a dry electrode cap (84.6%) than a gel electrode cap (55.8%) or surgically 

implanted electrodes (51.9% for both outpatient and short hospital stay). 
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          Figure 2. Violin plots representing the distribution of interest in different types of BCIs.  

          Boxplots including median (line), mean (dot), and one outlier (cross) are shown. 

  

                 
                  Figure 3. Acceptance of different types of EEG-based BCIs.  

                  OS = outpatient surgery, HS = hospital stay. 

 

Zooming in on the interest for using a BCI for different age groups, higher interest ratings for 

using an fMRI-based BCI are observed with increasing age (see Figure 4). Other questions 

regarding fMRIs pointed out that 90.5% of the participants had previous experience with an 

MRI scanner and 71.4% of the participants were able to get into a scanner independently. 
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Moreover, on a scale of 1-10, participants considered a quiet surrounding to be more important 

(Mdn = 6) than being surrounded by an open space (Mdn = 4.5) when using an fMRI-based 

BCI. 

   
    Figure 4. Violin plots representing the distribution of interest in an fMRI-based BCI per  

    age group. Boxplots including median (line), mean (dot), and outliers (cross) are shown. 

 

BCI tasks  

Participants rated how important they considered the use of a BCI for support of different types 

of tasks. Communication during an emergency was considered to be the most important task 

(Mdn = 9). All other communication related tasks (except operating a speaker phone) and 

operating an electrical wheelchair had a median importance score of 8. A complete overview 

of the importance scores and their distribution for each BCI task is visualized in Figure 5. 
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Figure 5. Violin plots representing the distribution of importance of different BCI tasks. Boxplots 

including median (line) and mean (dot) are shown. 
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Considering the importance scores (on a scale of 1-10) of different tasks per age group, it 

appears that the youngest age group considered almost all tasks to be quite important (median 

score > 8) except for communication in writing and TV, light, and temperature control (see 

Appendix E). In comparison, the other age groups only rated one task with a median importance 

score higher than 8, which for both was communication during an emergency. Considering 

these low ratings by older age groups, it stands out that using a BCI to control the temperature 

appeared to be more important to the elderly (Mdn = 7.5), compared to middle aged adults (Mdn 

= 4.5) and the youngest group (Mdn = 6.5). These findings can be observed in Figure 6.  

           
 Figure 6. Violin plots representing the distribution of importance of temperature  

  control with a BCI per age group. Boxplots including median (line) and mean (dot)  

  are shown. 
 

 

BCI performance  

Participants were asked to indicate the minimal level of performance that they expected of the 

BCI in terms of typing speed, accuracy and reliability of the stand-by mode. Figure 7 shows an 

overview of the percentage of participants that considered a certain level of BCI performance 

to be acceptable. The median response of 15-19 letters per minute reflects the minimally 
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acceptable BCI typing speed for 52.4% of the participants. The median BCI accuracy of 80% 

is an acceptable performance for 73.8% of the participants. Lasty, the median response 

considering acceptable BCI reliability was that it can leave stand-by mode by accident once 

every 2 hours, which is acceptable for 59.5% of the participants.  

 

 
Figure 7. Acceptance of BCI performance levels (speed, accuracy  

and standby mode reliability). Cumulative percentages are 

presented above each bar.  

 

BCI setup and training  

Participants indicated what they would find acceptable in terms of setup time of the BCI and 

the characteristics of the training session(s). The median acceptable setup-time is 10-20 

minutes, which satisfied 57.1% of the participants. Based on the median responses, participants 
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considered a BCI training session of two hours or longer, with 3 sessions per week and 11-15 

sessions in total to be acceptable, which satisfied 65.9%, 63.4%, and 75.6% of the participants 

respectively. Moreover, the median response with respect to the location of the training sessions 

was the option for most sessions in the lab with a final training session at home. This amount 

of training at another location was acceptable for 54.8% of the participants. Lastly, the median 

response towards supervision was the option to have researchers monitoring the training 

remotely, which was acceptable for 63.4% of the participants. 

Most important BCI features  

As can be seen in Figure 8, almost all BCI features were approximately equally important with 

a median importance rating of 8. Importance ratings of training location, training duration and 

appearance were lower than the others, with median scores of 6.5, 6.5, and 7 respectively. 

Moreover, we can observe most variability in the importance ratings of training location (IQR 

= 8-2) and appearance (IQR  = 8-3). 
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Figure 8. Violin plots representing the distribution of the importance of different BCI features. Boxplots 

including median (line), mean (dot), and outliers (cross) are shown.  

 

 

Considering at the importance scores (on a scale of 1-10) of different BCI features per age 

group, it appeared that speed (Mdn = 10), functionality (Mdn = 10), and accuracy (Mdn = 9.5) 

were more important to the youngest group compared to the older groups, which showed 

median importance scores of 8 for each feature (see Appendix F). The type of electrode that 

was used to measure brain activity appeared to be least important to the elderly (Mdn = 6), 
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compared to middle aged adults (Mdn = 8) and the youngest group (Mdn = 7.5). These findings 

can be observed in Figure 9. Other tasks did not seem to differ as much per age group (difference 

between medians ≤ 1).   

 

  

 

Figure 9. Violin plot representing the distribution of the importance of different BCI features. Features 

from top left to bottom right: speed, accuracy, importance and electrode type. Boxplots including median 

(line), mean (dot), and outliers (cross) are shown. 

 

Underage participants  

Taking apart the two underage participants from the youngest age group, it seemed that 
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appearance was more important to those under the age of 18 (Mdn = 9.5) compared to the adult 

groups, which all gave a median importance score of 7 or lower. Following a similar pattern, 

the underage participants gave high importance scores to the training location feature (Mdn = 

8), compared to the adult age groups which gave a median importance score of 6 or lower. 

Visualizations of these findings can be found in Appendix G. 

Interview 

Based on the thematic analysis of the interview data, six main themes were identified which 

each contained more specific sub-themes. In this section, the themes will be discussed around 

two topics: (1) living with ataxia and (2) using a BCI as an assistive technology. Supporting 

quotes have been translated from Dutch such that the text keeps as close as possible to the 

original content and message. 

Topic 1: Living with ataxia  

Theme 1: Impact of ataxia  

1.1 Physical difficulties  

All participants (P1-P7) experience the physical struggle experienced of having an unsteady 

gait (walking style). However, participants were at different stages of the disease progression, 

so this physical limitation expressed itself in different ways such as: walking slower, difficulty 

walking straight, difficulty walking the stairs, or a combination. Multiple participants also 

described their gait as “walking like a drunk”. For two participants, their unsteady gait had 

progressed to such an extent that they were not able to walk independently anymore. Typing on 

a keyboard or carrying around drinks also posed a problem for some (P3: “If I walk with a full 

mug with water or tea […] I don’t have to try and walk to the room from the kitchen because I 

will arrive with half a glass.”). These problems with balance and coordination are exemplars 

of ataxia in general and are associated with cerebellar degeneration (Klockgether, Mariotti & 

Paulson, 2019). Other motor control disfunctions with a neurological cause were also reported, 
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such as speech issues (i.e. difficulty speaking understandably), uncontrolled movements of the 

legs and arms, and having a nystagmus. A nystagmus is a condition where a person suffers from 

uncontrollable eye movements, however, in this specific case it did not pose a problem in the 

daily life of P6 because she was blind before this symptom manifested itself (unrelated to ataxia 

according to the participant). More so of an issue were the uncontrolled movements which pose 

a risk for falling down, which is particularly dangerous because she cannot see objects which 

she may fall into and will not be able to catch herself. Participants also reported having 

uncomfortable or hurtful sensations such as cramps, tingling sensations, and feelings of extreme 

dizziness (P6: “When I was lying in bed I had the feeling like I was at sea, in a little boat on a 

raging sea”). One participant suffers from progressive vision loss which is the cause for most 

difficulties in his daily life (e.g. not being able to draw, cycle and drive anymore). Two 

participants also reported hearing loss, but this was not assumed to be ataxia-related by the 

participants themselves and/or their doctor. 

1.2 Cognitive and mood disturbances  

Two participants experienced a change in their mood, such as feeling more emotional, being 

less patient and having difficulty dealing with unexpected events (P1:  

 “I’m surprised more quickly and I takes more time to deal with something new. That really 

gets me. […] I prefer to see things going like I’m used to. […] I used to do 100 things at the 

same time in different functions without any problem. Now, if I have 20 things and number 21 

is added, it can suddenly have a big impact. Much bigger than it should be.”). One person also 

reported being a bit more forgetful. 

1.3 Psychological effect  

Most participants had a parent diagnosed with ataxia and decided to get tested once they started 

experiencing ataxia-related symptoms as well. However, even though they were aware of the 

possibility of inheriting this disease, the initial impact of the diagnosis was still hard to deal 
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with for some (P5: “When I received the diagnosis I was very involved with it for quite some 

time, thinking: oh no, this is the end of everything.”). Nonetheless, getting a diagnosis could 

also have a positive effect (P2: “Then I can give it a name. I actually already knew that the time 

had come, but if you get researched and you are able to give it a name, it will be more accepted 

by people”). Participant’s worries about having ataxia were not focused on their current 

situation but rather about their future disease progression, which will be discussed in theme 3. 

Two participants also expressed worries about their own children inheriting the same disease 

and being affected later in life. The introduction of ataxia-related symptoms also brought along 

major life changes for some of the participants, mainly with respect to their working life (e.g. 

reduce working hours, quitting job). These types of changes could have a strong impact on their 

mental wellbeing (P7: “[…] when I was declared 100% unfit for work, I had a very difficult 

period. It was mentally tough.”). Moreover, having to accept the use of physical aids also 

caused feelings of resistance, but these feelings would also diminish over time (P7: “[…] I 

could not walk without help anymore because that became too scary. So I started using a walker 

[…]. No 21-year-old wants to use a walker, but like I said, it is a process and my acceptation 

was improving.”). One participant also reported feelings of frustration due to physical 

difficulties (P4: “And I can get really frustrated when walking is not going well at all. Then I 

really think, come one, just walk normally! But I’m not able to.”). 

1.2 Social effect  

Having ataxia also influenced the social life of some of the participants. Three participants 

indicated that their motivation for social events had declined, which they expressed by having 

less contact with others, being more reticent and in the background during conversations, 

preferring solitary activities over social events, and/or experiencing more and more tiredness 

during meetings. Even if a participant was interested in certain social activities, impairments in 

mobility and speech could still form an obstacle in terms of the type of activities that were 
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possible. (P7: “But of course you also got out [to bars] a lot as a student, but with my voice 

and wheelchair, and I don’t drink alcohol, it’s just not as fun. So you have to look for other 

things to do.”). However, it could also pose a problem for fluency of the conversation or cause 

social stress (P3: “Well, it can be difficult sometimes because I met a guy and I get very nervous 

to walk when he comes over. And then my walking actually gets worse”). Another participant 

noted that his visual impairment impeded his ability to help out others like before. Social 

interactions also changed with respect to treatment and judgement by others (e.g. interact more 

carefully, assume a cognitive deficit). Interestingly, P7 offered a different perspective on the 

social impact of ataxia: her condition might have made her closer with her family as she now 

spends a lot of time with them.  

Theme 2: Coping mechanisms  

2.1 Coping with ataxia in general  

To live and deal with the impact that ataxia can have on one’s life, participants tried to do as 

much as possible themselves (P5: “And the deal is, if I don’t ask for it, I will do it myself.  And 

if I think I need help then I will ask for it. Otherwise, I have a very sweet husband, he will do 

everything for me even though I can absolutely do some things myself.”). To deal with things 

that they were not able to do themselves anymore, participants used emotion-focused or 

problem-focused coping strategies (Carver, 1997; Tan-Kristanto & Kiropoulos, 2015). Denial 

and acceptance are emotion-focused coping strategies that were utilized by participants. Two 

participants explained that it was a process to learn to accept new aids and to ask for help when 

necessary, instead of denying this need of assistance. Participants also used problem-focused 

strategies such as active-coping and planning. To illustrate, four participants had to adjust their 

working habits to accommodate for their condition by having an accessible working space, 

taking on different tasks at work, working less, or even quitting their job altogether. One person 

also dealt with the risk of passing on genes that are associated with ADCA by conducting a pre-
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implantation genetic diagnosis, which allows for identification of genetic defects of an embryo 

prior to implantation.  

2.2 Dealing with physical difficulties  

To deal with their physical difficulties, all participants used problem-focused coping strategies 

that allowed them to address the problem at hand. They did so by using different aids to relief 

their physical problems (active-coping) or having others help out (instrumental social support; 

Tan-Kristanto & Kiropoulos, 2015). Since balance and coordination are the most important 

physical problems, most participants used aids/assistive devices for mobility support (e.g. 

walker, wheelchair, tricycle) or to deal with (fine) motor control of the hands (e.g. adjusted 

keyboard, automatic car transmission). Surprisingly, one participant even used a balance belt 

(with audio and vibrations) for walking, standing, and even dancing support when her balance 

issues were at a less progressed stage (P6: “[…] they replace the function of your organ of 

balance. Thanks to that belt, I can stand better, walk better. So yes, it is an amazing aid. […] 

beforehand I almost couldn’t walk, and with the band I could almost walk at my old pace.”). 

This balance belt is not commercially available yet, but like the participant herself suggested 

and considering the similar difficulties of the other participants, this type of assistive device 

may be valuable for others with ataxia as well. In addition to assistive devices, one participant 

also discussed adjustments that were made to her house so it would be completely wheelchair 

accessible (e.g. ramps at doors, modified kitchen). Some participants also made some changes 

in their behaviour, which served as a way to prevent falling down (e.g. walking slower, not 

wearing heals), causing accidents (e.g. not driving a car/bike), or having to ask for help. While 

one participant reported the latter, most others did opt for help by others. These could be 

relatives/colleagues taking over small tasks, home care for more intensive care/cleaning, friends 

that drive the car, or even a guide dog for outside navigation. Moreover, an ergotherapist 
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provided P5 with tips and tricks to keep doing certain activities, such as sewing, even when 

physical difficulties get in the way. 

2.3 Delay progression  

While it is not possible to halt disease progression altogether, physical rehabilitation can help 

to remain physically independent and improve daily live functions (Fonteyn et al., 2014; Ilg et 

al., 2009; Sartor-Glittenberg & Brickner, 2014). Most participants tried to keep their body fit 

and strong by doing physiotherapy, hand biking, jogging, following a diet and/or taking walks. 

Such a workout could also be a freeing experience (P5: “You know, in my head I can still do 

everything. I know exactly how to run and I used to love dancing very much and how to do it. 

But even though I can think it, my body does not do what I want. It is way too slow and it costs 

too much effort. And in the water I can still jog. I can keep my feet up for a couple of hundred 

meters and I really cannot do that on the ground! So I think it’s very pleasant.”). One participant 

also clarified his motivation to keep fit: to be able to keep doing things for others, to minimize 

the effect of his condition on his surroundings, and even to participate in an interview like this. 

2.4 Coping with psychological impact  

To cope with the psychological burden of having ataxia, participants used emotion-focused 

coping strategies (Tan-Kristanto & Kiropoulos, 2015). They sought out professional 

psychological help, found support by talking and connecting with friends, or devoted some time 

for self-reflection. This helped participants to adopt a mindset that allowed them to learn to live 

with their disease. However, this mindset was different for everyone: while one decided that 

there was nothing else left than just accept it, another was determined to not have this condition 

define her. Distinctly from the rest, one person strongly opposed the word “acceptance” (P1: “I 

had many discussions with non-patients about the word acceptance. I will never accept it. 

Never. I will never accept it. […]. But you can learn to integrate it. So I prefer to use the word 

integrate in my daily life. If you look into the mirror now, you will look different than 10 years 
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ago. And you can say, ‘but that’s a part of life, that is my development’. But that is also the way 

I look at my disease. It is a part of life, it is my development […]. You can strongly try to resist, 

but you can also say I will accept it or not. But those are not the right words. You have to 

integrate it such that you can keep looking at yourself without feeling anger or sadness […].”).  

Theme 3: Progressive nature of ataxia  

3.1 Expected disease progression  

Most people based their expected disease progression on the experience of family members 

and/or their own progression thus far. Participants indicated that they expected their overall 

muscle control to deteriorate over time, including movements of the hands which would make 

it hard to perform tasks such as eating or typing. Speech issues were also expected to become 

worse, possibly to the extent of being incomprehensible. P1 expected his vision loss to progress 

a bit more every week. All participants that could still walk independently, indicated that they 

would need to use a type of mobility aid in the future (e.g. wheelchair, walker). One participant 

additionally indicated that he expected to need help from a caregiver in the future for house 

cleaning and personal care.  

3.2 Attitude towards progressive nature of condition  

Some participants expressed their worries about the future and what it might bring. One person 

was afraid of losing his place in society because of deterioration of his sensory abilities. Another 

person had existential thoughts about the willingness to keep on living if he would get 

dysphagia (difficulty swallowing) and require probe feeding. He also expressed that his fathers’ 

progressed state had made a deep impact on him (P1: “I had seen with my dad what was 

awaiting me. And I worried a lot about it. Because all the time I had this idea of my father in 

my head. I saw him in that wheelchair and being able to communicate with much difficulty or 

actually not communicating. And I saw him get angry. Incredibly angry at the whole world. 

And I thought, that is not what I want, I don’t want to be like that.”). However, participants also 
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recognized some ‘benefits’ of having a progressive disease over acute onset ataxia. It allowed 

them to mentally prepare for future progression, but it also left some room for hope to find a 

cure or delay progression. Moreover, the progressive nature made it possible to anticipate 

difficulties and arrange aids for this ahead of time. This was very useful considering the 

practical issue of having to wait about nine months before an aid will be approved and delivered, 

but it also allowed people to avoid the ethical dilemma on how to give permission to use a BCI 

while not being able to communicate. Lastly, one person highlighted the importance of being 

supported by your municipality to remain independent over time (P6: “With certain adjustment 

I can easily manage to cook for example. But then the municipality simply says: ‘no, just get a 

catering service because that is easiest’. So the possibilities you still have, they [municipalities] 

are taking away from you. I have great difficulty with that. Your independence and self-

sufficiency is taken away instead of something that is being done to maintain or improve it.”). 

Topic 2: BCI as an assistive technology  

Theme 4: Reasons to use a BCI  

4.1 To enable communication  

According to the participants, the ability to communicate is essential as a BCI functionality but 

also for daily life in general. This message was made very clear by most participants by 

hypothesizing about the impact that speech issues would have on their lives. Not being able to 

communicate will leave you helpless, disconnected from the world, unable to perform your job, 

and was even described as being the worst aspect of this condition. They also highlighted the 

importance of using a BCI for communicative purposes and perceived it as much more 

important than functionalities related to physical support. These findings were reflected by their 

interest in using a BCI for communication: five participants were willing to use a BCI for this 

purpose. One person was not interested in a BCI at all and another did not expect to need it 

herself but did recognize the potential benefit of using a BCI for communication. The ability to 
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operate a computer or tablet with a BCI was also interesting to most participants, as this would 

allow them to get in touch with others digitally. Of course, due to the broad functionality of 

such devices, it was not limited to communication but could also be used for other tasks and 

activities (P5: “You know, the possibilities of a tablet are already very big. You can watch TV 

and Netflix. You can communicate. So in that sense, if a BCI can achieve that, then I can do a 

lot already”).   

 4.2 To support physical tasks  

While communication was the primary interest of potential BCI users, participants also 

expressed their interest in using a BCI for physical support. Participants indicated that they 

would like to use a BCI to control household apparatus, control an electrical wheelchair, 

perform fine motor tasks (e.g. grabbing a drink), do household chores or use the restroom. In 

line with the survey responses, two participants explicitly expressed their interested to be 

supported with walking. One person also wondered if a BCI could be used to support 

swallowing.  

4.3 Overarching goals  

Several specific ways have been described in the previous themes in which a BCI can provide 

support as an assistive device. However, participants also stated reasons to use a BCI at a more 

global level: to improve their quality of life, remain independent and be able to experience 

doing something that you were not able to do by yourself anymore. While using a BCI does 

come with certain costs and risks (e.g. effort, surgery), some participants said that benefits 

would be worth it, especially if it would enable communication. Moreover, as P6 stated: “If that 

[using a BCI] would be applicable, it is definitely worth the effort for me to at least try it. It’s 

how I’ve come this far in life, just by trying and then see: what is still possible?”. 

4.4 Trust in BCI technology   

To explore the potential ethical issues the participants foresee when using a BCI, participants 
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were asked if they had any doubts about using a BCI, especially considering the shared control 

with the system. Interestingly, none of the participants was worried about this. They viewed the 

BCI as any other technological device that can provide a positive contribution and did not 

expect the BCI to take over control (P5: “You know, I don’t have that sort of obvious idea like: 

oh no, I will be taken over by a computer or anything [laughs]. I just see it as an aid. Just like 

a stick can help you, that [the BCI] will also help you.”). If anything, participants responded 

by emphasizing their interest in and positive attitude towards gadgets and technology. However, 

participants did have some other doubts about BCI use which will be discussed in the next 

theme.  

Theme 5: Doubts about BCI use  

5.1 BCI performance  

The biggest concern that participants had for using a BCI, was whether the BCI would be up to 

standard. Participants requirements and worries mostly referred to performance aspects related 

to speed and accuracy. In line with the survey outcomes, participants required a certain level of 

performance that would make it worth using a BCI (P7: “[…] if such a BCI can only say 6 

letters per minute, then it’s not worth the effort from my point of view. There are of course 

people who cannot talk at all and are then able to talk with it [a BCI], but 6 letters per minute 

would not be enough for me. More like 6 per second at least.”). If the benefits were not worth 

the effort, participants were not or less willing to use it. Also the type of support a BCI can offer 

is relevant and should be focused on supporting disabilities that have a big impact, such as 

communication, to be worth the effort (P1: “[…] I mean turning the TV on and off is not 

relevant considering the other, bigger limitations that I experience. So then I would say, never 

mind the BCI, because it is more of a burden than a benefit”). Lastly, one participant considered 

it as a downside that even if using a BCI for communication would be possible, it would not 

allow for spontaneous communication. 
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5.2 Practical considerations  

Even in this explorative research phase, participants already addressed some practical 

considerations of using a BCI, such as the possible high costs of such a device, how it will 

connect to other appliances at home, and at what phase of progression one should start training 

with the BCI. The oldest participant in this study also made the pragmatic remark that he would 

not be around anymore once BCIs would actually be commercially available. Two participants 

also addressed the issue of not being able to foresee if one would like to use a BCI. As expressed 

by one of the participants, it is hard to predict if the high standards that you have now, will be 

lower in the future (P7: “I can also imagine that if your communication is really bad, you will 

be satisfied more easily about the effectivity. I also think that for myself in the future. So now I 

would have impossible demands, but in the future I might be a bit milder”).  

5.3 Alternative solutions  

While a BCI may be a useful and appropriate device in the future for some, it is not the only 

solution that comes to mind when considering assistive devices. Participants suggested the use 

of assistive devices that used eye-tracking technology, or smart sensors at home. Moreover, two 

participants mentioned that is at a stage of progression where minimal hand movements are still 

possible, they were interested in others devices as well (e.g. control a speech computer by 

selecting images or use an app to control household apparatus). Specifically for support of 

physical tasks, participants noted that they could receive some help from others (e.g. relatives 

or care professionals). The participant that did not have any interest at all in using a BCI, 

decided that the best solution for him would be to live out his life as healthy and peacefully as 

possible, supported by his wife, “without any bells and whistles”. 

Theme 6: Neuroimaging methods  

6.1 Attitude towards electrode cap  

In response to the question how participants felt about wearing an electrode cap, three 
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participants responded that they were willing to wear an electrode cap if the BCI worked well. 

One of them was not bothered at all with having to wear the electrode cap in public, as long as 

the performance was up to standard (P7: “I don’t care, if that thing [the BCI] works well than 

I don’t care about looking foolish. I mean come one, I was walking around with a walker when 

I was 21!”). The other two were a bit more reserved: one participant preferred to only wear the 

cap at home and the other was fine with it, but also offered the suggestion to maybe cover it 

with a shawl. The reasons for not wanting to wear an electrode cap were predominantly related 

to the aesthetics of the electrode cap: the cap is ugly, there are visible wires, and it is very visible 

to others (P2: “You see, the moment you go outside with such a cap, you will look super 

handicapped. If that’s not necessary, I won’t do it”). However, one participant had a different 

reasoning: he did not want to bother his wife or district care with having to clean the cap. 

6.2 Attitude towards electrode implant  

In contrast to the electrode cap, five participants indicated that they were willing to have an 

electrode implant and another participant said that he would have considered this option if he 

would have been younger. Reasons for preferring the implant over the electrode cap were the 

better efficiency and effectivity of the system, but also that it was less visible. More so than 

with the cap, participants emphasized that they would only consider the implant if the BCI 

performed really well. Moreover, even though most participants were willing to accept an 

implant, the required operation still posed an obstacle for some. This was also the main reason 

for those uninterested to not want an implant and/or prefer to use an electrode cap. Some also 

suggested that they would first like to test the BCI with an electrode cap and decide to have an 

implant once they would know that the BCI works well and what it can offer. Regarding the 

operation itself, participants were worried about the risks because the brain is such an essential 

part of our body and if the BCI does not work well, it would require another operation to remove 

the implant. Lastly, the general fact of having an implant in your body was a reason for caution 
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(P5: “Well, it’s more that I prefer to have as minimal foreign objects in my body as possible. 

So I would be fine with an operation to remove my appendix, but putting something, an implant, 

into my body is not something I’m comfortable with. That something new gets put into my body. 

[…]. I noticed that I respond quite sensitive to medication and those sort of things. So then I 

think: I’m not sure if I will respond well to those things [implants].”). Reasons related to both 

the operation and the implant itself can thus make a person hesitant towards a BCI that uses 

electrode implants.                                                                       

Discussion 

This study shows that expression of ataxia-related symptoms and progression over time is 

different for everyone, but difficulties with coordination and speech are typical problems. 

Vision and hearing related difficulties are less prevalent but could still pose a problem for 

control of common-used BCIs. Implementation of a tactile user interface and/or speech-to-text 

functionality are potential solutions to make BCIs accessible for people with ataxia that are 

dealing with sensory issues.   

  Furthermore, we found that people with progressive ataxia are willing to be supported 

by BCI technology. Implementation of a BCI as an assistive device for people with ataxia is 

most interesting as a tool for communication and control of personal computers. They would 

also like to use a BCI for mobility support and to a lesser extent to support them with other 

physical tasks.  

  To match the needs and wishes of people with ataxia and the type of tasks they want to 

be supported with by a BCI, an ECoG-based BCI seems to be the best option. However, many 

prefer a less invasive method, for which a BCI that works with a dry-electrode cap is a suitable 

and practical alternative. For those of older age, an fMRI-based BCI seems to be most 

acceptable and can provide support for communication with doctors or relatives. Although not 

included in the current study, another promising alternative that may be of interest for people 
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with ataxia is an fNIRs-based BCI. This non-invasive technique is expected to reach higher 

levels of accuracy and speed in the future and good BCI performance is considered to be very 

important to people with ataxia.   

 A potential implication of using a BCI at home is that it needs to be set-up and cleaned 

by a caregiver. People with ataxia do not want the BCI to be a burden to others, so it is important 

that it is easy and quick to prepare and remove the BCI. Using a BCI also requires a form of 

shared control, which is something people with ataxia were not concerned about at all. Instead, 

they perceived a BCI like any other technological device. As a last point, it turns out that having 

to accept new aids was sometimes mentally challenging. Engaging people with ataxia in BCI 

research from an early point will give them some time to get accustomed to the thought of 

potentially needing a BCI in the future. 

Impact of having ataxia  

To develop a BCI that suits the end-user, it is essential to know what it means to have a certain 

disease or condition, like ataxia. Combining both quantitative and qualitative outcomes, we can 

answer research question 1: what is the physical, psychological and social effect of having 

ataxia? 

   In line with medical research, difficulty with coordination (90%) and speech (79%) are 

typical problem for those with ataxia (Kuo, 2019). A considerable amount of people was already 

using aids for mobility (64%) and sensory issues (19%). People also use aids to deal directly 

with their physical disabilities (active-coping) or avoid engaging in certain activities that could 

cause any problems (planning; Tan-Kristanto & Kiropoulos, 2015).  

  In smaller numbers, people report having issues related to vision (reading, eye-gaze, 

and blinking) and hearing. These sensory problems can be symptoms of ataxia, but they can 

also be age-related, especially considering the respondents’ mean age of 54 (Kuo, 2019). 

Regardless of the cause, these sensory issues can pose a problem for being able to control a 
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BCI, especially with the expected progression further down the road. Most BCIs work with a 

graphical user interface and/or are dependent on brain activity caused by eye movements (Chan 

et al., 2015). However, other types of BCIs have been developed so people with any type of 

vision problems can use them. For example, a BCI with a tactile user interface was successfully 

controlled by ten blind users (Grigoryan et al., 2020). In another study, users with a simulated 

severe visual impairment were able to use a BCI speller at performance levels similar to those 

with normal vision (Peters et al., 2018).   

  Hearing loss is not a problem for physical BCI support or socializing online, but some 

adjustments may have to be made for real-life communication with a BCI. For this application, 

a speech-to-text translator could be added to the BCI system to make responses from the 

conversation partner interpretable to the BCI user.   

  Being diagnosed with ataxia has a psychological impact. Getting the official diagnosis 

and being aware of the progression that lies ahead, especially if one has seen it happen with a 

family member, can have a big impact on one’s mental wellbeing.   

  The progressive nature of this condition means dealing with new disabilities and having 

to arrange new aids over and over again. To deal with these situations, people with ataxia use 

emotion-focused coping strategies: they look for support from friends or professionals and learn 

to accept that they have to use aids to assist their disabilities (Tan-Kristanto & Kiropoulos, 

2015). 

  Having ataxia also changes peoples social lives. Physical issues cause conversations to 

be less fluent and limit the type of activities that people with ataxia can engage in. Over time, 

these problems will become more prominent. This means that the effect on their social life will 

become bigger and bigger, possibly until the point that they cannot make themselves 

understandable at all.  
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BCI preferences indicated by people with ataxia   

Another purpose of this study was to explore what people with ataxia would like to use a BCI 

for, what design preferences they have and what requirements a BCI should meet. Again, the 

obtained results from both methods in this study allow us to answer research question 2: what 

do people with ataxia as potential BCI users want from a BCI system and what risks and 

burdens are they willing to accept?   

  Using a BCI to enable communication is a very important functionality and the most 

important reason for potentially using this device in the future. Communication with a BCI 

entailed communication in terms of offline contact, but also online communication by operating 

a phone or sending text messages. Moreover, phones, tablets and other personal computers have 

other functionalities that are of interest to people with ataxia, in addition to keeping in touch 

with others online. In the recent years, personal computers have come to play a significant role 

in our lives, not just for those suffering from ataxia. We use them for entertainment, staying up 

to date with the news, and can even use them to control other devices at home. It has already 

been shown with tetraplegic patients that it is possible to use a BCI to control a personal 

computer (Nuyujukjan, 2018). By allowing people with progressive ataxia to operate a 

computer using a BCI, they may be able to engage in online activities that they were to be able 

to do at an earlier stage in their lives.   

  Using a BCI to control a wheelchair is also of interest to people with ataxia. For this 

application, an essential requirement is that the BCI must be mobile, which can be achieved 

with EEG/ECoG-based BCIs (Lahane, Adavadkar, Tendulkar, Shah & Singhal, 2018; 

Vansteensel et al., 2016). Moreover, it has been shown that healthy users and different types of 

patients (SCI, cerebellar infarction, and stroke) can successfully use EEG-based BCIs for 

control of a wheelchair in real and virtual environments (Achic, Montero, Penaloza & Cuellar, 

2016; Eidel & Kübler, 2020; Tang, Liu, Hu & Zhou, 2018).   
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  Related to this application is the request for a BCI that can be used to support their 

balance when walking. While this type of support was not originally included in the survey and 

interview questions, it is clearly a relevant BCI function for people with ataxia. BCIs can be 

used to control an exoskeleton, which is a wearable robotic system that can be used to improve 

mobility. A patient with tetraplegia has already been able to use a BCI to control an exoskeleton 

and he has successfully performed various walking and movement tasks, both at home (in a 

virtual environment) and in a lab (Benabid et al., 2019). ECoG-based BCIs seem to be the most 

reliable option for exoskeleton control because they are stable over time and are therefore 

suitable for BCI use over longer periods of time (Benabid et al.,2019). However, other types of 

assistive devices in this field are being developed that show promising results for people that 

have problems with coordination and balance and may be less costly than a BCI (Buurke, 

Lamoth, Vervoort, van der Woude & den Otter, 2018; Jung et al., 2019).  

  Other types of BCI support that allow people with ataxia to perform other physical tasks 

is considered to be less important than support for communication, operating a computer, and 

wheelchair control. Some do not consider these functionalities to be worth the effort that it takes 

to train, use and/or clean a BCI. They prefer having caregivers or relatives help out or to use 

other devices as alternative solutions to deal with their disabilities. However, being able to 

adjust the room temperature with a BCI does seem to be of interest to the elderly in particular, 

This finding makes sense considering that the core temperature of people of old age decreases 

more quickly when exposed to cold temperatures than younger people (Wang et al., 2018). 

  Ataxia progression is different for everyone, so even if someone is not able to speak 

anymore, this person may still have some control in their hands. Even if their fine motor control 

does not allow them to use a regular computer or household device, they may be able to use 

other assistive devices that are cheaper than a BCI and do not require extensive training. For 

example, spelling computers have been developed that work by pressing simple icons or that 
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use eye-tracking information (Sigafoos et al.,2015). BCIs seem to be specifically of interest for 

people with ataxia that have progressed to such an extent that they have severe speech and 

physical impairments and cannot rely on other devices anymore. 

Acceptable BCI performance and state-of-the art BCI technology   

In this study, acceptable BCI performance has been evaluated in terms of typing speed, accuracy 

and stand-by mode reliability. A median typing speed of 15 to 19 letters per minute is acceptable 

according to 52% of the respondents, which is a higher performance level than the 2 to 10 letters 

per minute that EEG-based BCI spellers (based on traditional P300 matrix spellers) have been 

able to achieve in the last years (Rezeika et al., 2018). However, promising results have been 

shown by experimenting with BCI spellers that utilize different event-related potentials, 

different paradigms and varying graphical user interfaces, with the fastest BCI being able to 

achieve an impressive result of 90 letters per minute (Rezeika et al., 2018; Willett, Avansino, 

Hochberg, Henderson & Shenoy, 2020).   

  In 2011, a study similar to the current one was conducted with ALS patients where a 

median acceptable typing speed of 10-14 letters per minute was found, which satisfied 59% of 

the respondents (Huggins, Wren & Gruis, 2011). In contrast, even though ALS patients that 

actually used a BCI speller only achieved an average typing speed of 5 correct letters per 

minute, they still rated the BCI as very useful, with a mean score of 9.75 on a scale of one to 

ten (Guy et al., 2018). This response was quite different compared the opinion of ALS patients 

that never used a BCI before which may also be the case for patients with ataxia. Moreover, 

someone with ALS that uses a BCI at home has reported high levels of satisfaction even though 

she is only able to type approximately two letters per minute (Vansteensel et al., 2016).   

  Interestingly, BCI users even preferred to have a slower typing speed if this leads to a 

decreased mental work-load (Peters, Mooney, Oken & Fried-Oken, 2016). Typing faster 

required more mental effort, which is something that people in the current study were not able 



Running head: BRAIN-COMPUTER INTERFACES FOR PEOPLE WITH ATAXIA  

 

to experience since they never used a BCI before.  

  Another possible explanation for the high expectations in terms of typing speed could 

be that they primarily considered synchronous face-to-face communication when filling in the 

survey questions instead of asynchronous communication, for example via text or mail. The 

former requires immediate responses and a communication delay may cause feelings of 

frustration for both the person typing and the person waiting for a response. The conversation 

partner may ‘fill in’ the rest of a word or sentence even if the person is not finished typing yet. 

Asynchronous communication with BCIs allows for more comfort and choice for own resting 

times (Saravanakumar, Vishnupriya & Reddy, 2019). The problems of delay during 

synchronous communication may be reduced by letting the BCI user type a complete 

word/sentence before showing it to the other person. However, the aim should be to reach the 

typing speed as requested by the person who will actually be using the BCI. Flawed technology 

should not hinder people with ataxia to be able to be an equal conversation partner to a healthy 

person. Therefore, researchers and developers should aim to create BCIs that are up to a 

comfortable standard in order to allow for meaningful communication and to create a 

satisfactory assistive technology, especially for people with ataxia that already have to put their 

energy into dealing with an impactful disease.  

  The median acceptable level of BCI accuracy is that the system should perform the 

correct action 80% of the time, which satisfies 73.8% of the respondents. In contrast with typing 

speed, a review of BCI performance between 2010 and 2018 showed that accuracy levels of 

EEG-based BCI spellers already achieved 80-90% accuracy. Of these studies, almost all were 

performed with healthy users and one study performed with ALS patients showed an accuracy 

level of only 24%-55% (Benabid et al., 2019). However, more recently developed BCIs showed 

that patient groups can achieve accuracy levels that are comparable to the achievements of 

healthy users (Miao et al., 2020; Willett et al., 2020).  
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 Acceptable levels of reliability of the stand-by mode of the BCI are also considered. 

59.5% of the respondents is satisfied with a BCI that comes out of stand-by mode once every 

two hours. The BCI standby mode is meant to prevent for unintended commands (false 

positives) that are generated by a person’s brain activity when he or she temporarily does not 

want to control the BCI, while still wanting to be connected to the system. This may be the case 

when a person uses the BCI for longer periods of time during the day, but wants to take a break 

or is engaged in another task that does not require the BCI (e.g. watching TV after turning it 

on). Because BCIs are typically not used outside of a laboratory setting, not much is currently 

known about the reliability of the stand-by mode of BCIs. However, based on an estimation, it 

seems that a stand-by mode may be a successful way to lower the amount of unintended 

commands to only once every 100 hours (Zhang, Guan & wang, 2008).  

Preferred neuroimaging techniques for BCIs  

Considering the functions that people with ataxia would like to be supported with, a BCI that 

works with an electrode cap or implant may be the most suitable option, especially considering 

the mobility aspect. For those that want to communicate words and sentences to relatives or 

friends, an fMRI-based BCI in a hospital is still an option. However, in general, people indicate 

being most interested in a BCI with an electrode cap or implant.   

  More specifically, most people consider a BCI with a dry electrode cap to be a more 

acceptable option, compared to a gel electrode cap or implant. This finding makes sense, 

considering the practical issues of the gel electrodes (e.g. getting gel in your hair, cleaning up 

afterwards) or having to undergo surgery to place the electrode implant. On the other hand, dry 

electrodes make less contact with the scalp compared to gel electrodes, making it more 

susceptible to noise in the brain signals (Shad, Molinas & Ytterdal, 2020). With a dry electrode 

cap it will thus be harder to achieve the level of accuracy that people with ataxia consider to be 

acceptable.   
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  Age seems to play a role in preferences for neuroimaging techniques, with older people 

being more interested in an fMRI-based BCI. A possible explanation for this finding can be that 

people of older age are at a more progressive stage of ataxia and are therefore more willing to 

use a BCI that they can only use at the hospital and not at home.   

  Furthermore, as we have seen in the interview outcomes, people require a high level of 

functioning of the BCI before they are willing to use it. Based on current technology, an 

electrode implant would be the best option since it is more precise and faster than an EEG cap. 

This does however require an operation, to which the attitude differs from one person to the 

next, yet 52% of the respondents considers this to be an acceptable risk. In the coming years, 

fMRI-based BCIs are expected to improve in terms of measurement and analysis of brain 

activity, making it an interesting option in the future in terms of performance (Schoenmakers, 

2019).  

  As a next point, a median BCI setup-time of 10-20 minutes is acceptable to 57% of the 

respondents, which is certainly possible with an electrode implant. This setup-time can also be 

achieved with an electrode cap when placed by experts, but it is unclear if this will also be 

possible for caregivers of those with ataxia (Guy et al., 2018).   

  Getting ready to use an fMRI-based BCI is even faster than attaching an electrode cap. 

However, there is still the downside of having to visit a hospital and that an fMRI-based BCI 

cannot be used for other tasks of interest, such as control of an electrical wheelchair. (Sorger & 

Goebel, 2020). Travel may be especially an issue now since MRI scanners are not available in 

every care-facility, but this may be less of an issue in the future. MRI scanners can be used for 

a range of other medical purposes and therefore may be a useful attribute at many care-facilities. 

Moreover, old MRI scanners can be refurbished, making them more accessible to institutes with 

a smaller budget. This can make it easier for people to reach an fMRI-based BCI. If people with 

ataxia are permanently in the hospital anyway for medical reasons, travel time will not be an 
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issue and an fMRI-based BCI may then be a suitable solution.     

  Over time, when more progress has been made with successful BCI developments, more 

people with ataxia may be open to an electrode implant. At this point in time, people are still 

uncertain about the quality of BCI performance. Alternatively, fNIRS techniques may be used 

to control a BCI, especially considering the promising developments in the recent years 

(Borgheai et al., 2020; Shin et al., 2017). While there is still a lot of development going on, it 

seems to match many of the preferences that people with ataxia have: it does not require a 

person to wear an “ugly” cap, no surgery is needed, it is a mobile device, and nothing will be 

implanted into the body.   

  Lastly, people are willing to accept a BCI training session of two hours or longer, with 

three sessions per week and 11-15 sessions in total. This goal of limited training cannot be 

achieved with EEG/ECoG-based BCIs at the moment. Currently, a BCI with an electrode 

implant that is currently used at home had to be trained for several months to fine-tune the BCI 

algorithms for different tasks (Vansteensel et al., 2016). This is a strong contrast with training 

of an fMRI-based BCI, where the brain can be mapped in approximately ten minutes and no 

algorithm has to be trained (Miyawaki et al., 2008). People using this BCI will still have to get 

used to performing a certain task with just their thoughts, but this is expected to fall within the 

range of what people with ataxia consider to be acceptable. 

Psychosocial and ethical implications of using a BCI  

As we know from the answer to our first research question, having ataxia does not only affect 

the physical body, but can also have an effect on the mental health and social life of a person. 

The last goal of this study was to explore what it would mean to someone with ataxia to use a 

BCI, now or in the future. The outcomes of this study allow us to shed some light on research 

question 3: what are psychosocial and ethical implications of using a BCI as an assistive 

technology for people with ataxia?  
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  Communication is considered to be an essential part of our lives. Not being able to 

communicate anymore would leave people with ataxia feeling helpless and disconnected from 

the world. Relatively mild speech issues can already form a problem to keep working and limit 

the social activities that people with ataxia can engage in. Since SCA and FA are hereditary 

ataxias, most interviewees have seen a family members progress in time. These relatives 

experienced frustration because they could not make themselves understandable to others, or 

only with a lot of effort. If a BCI is a way for people with progressed ataxia to interact with 

others again, be it in real-life or online, this is seen as a valuable service even if it comes with 

certain risks and burdens (e.g. surgery and training).   

  People with ataxia would like to use a BCI in the future to improve their quality of life 

and remain independent. This can be achieved by enabling independent communication, but 

also by enabling people to be more mobile by for example being able to control an electrical 

wheelchair. This way, people with ataxia could go outside independently and enjoy the outside 

world on their own terms.   

  However, one person indicated in the survey that he is not interested in using a BCI now 

or in the future because “he would not let it get that far”. This remark seems to refer to living 

with a state of progression where you would have to rely on devices like a BCI and raises the 

dilemma whether life is worth living when you suffer from severe speech and physical 

impairments. There is no correct answer to this dilemma as people will always have their own 

experience and situation to deal with, which may lead to different views on this sensitive matter. 

However, previous research showed that quality of life of people with ALS can be outside the 

range of depression and remain constant even if a person’s physical condition worsens 

(Gauthier et al., 2007). This suggest that it is still important to develop BCIs for palliative care, 

in order to be able to give people with ataxia the option to use a BCI if they choose to live with 

severe impairments.  
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  Moreover, a BCI can allow people with ataxia to be less dependent on relatives or 

caregivers if they are able to do certain physical tasks by themselves. However, if setting-up 

the BCI is complex and requires a lot of cleaning, it may actually be more of a burden for a 

caregiver, which is a reason for people with ataxia to not want to use a BCI. It is thus important 

that a BCI is easy and not too time-intensive to prepare and remove, even by those without 

technical expertise.   

  Moving on to the ethical implications of (potential) BCI use, it became apparent that 

people were not worried at all about using a technology that requires a form of shared control. 

People expressed their trust in technology and positive attitude towards BCIs and technology 

in general. They had no concerns about using a BCI, but viewed it like any other technological 

device that can offer certain possibilities. This is an interesting finding, because it is a big 

contrast with the many ethical concerns expressed by researchers (Nijboer, Clausen, Allison & 

Haselager, 2013).   

  Of course, there are certain implications that people cannot foresee if they never used a 

BCI, such as the potential change in experience of the self (Gilbert, Cook, O’Brien & Illes, 

2019). Moreover, some implications are being considered far ahead in time, so they may not 

seem relevant to a potential user at this point.  

  Compellingly, the interviews showed that there was a clear interest in using a BCI in 

the future if necessary. However, people with ataxia previously had difficulty accepting new 

types of aids, which may be a psychological hurdle for acceptance of a BCI as an assistive 

technology when they will actually need it. On the other hand, after learning to live with a few 

aids, people tend to change their mindset and become more open minded to the use new aids 

and devices. A BCI will probably not be the first assistive device that people with progressive 

ataxia will start using, which will give them time to get accustomed to the thought of potentially 

needing a BCI in the future. 
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Limitations 

It should be noticed that 90% of the survey respondents indicate that they are interested in using 

a BCI now or in the future. In comparison, the BCI interest rate of people with spinal cord injury 

(SCI) was only 76%. This high interest rate of people with ataxia could be explained by the fact 

that people who are interested in BCI technology filled in the survey. Moreover, it could be the 

case that those who are more hesitant towards this type of assistive device never opened the 

survey or stopped after a few questions.   

  Another reason for the high rate of acceptance of BCIs could be that everyone filled in 

the survey online, while in the other studies the surveys were administered verbally, by phone 

or in real-life. It might cost a lot of effort to fill in a long survey online and, as one person 

indicated, some may require help from their partner to complete it.   

  If people in this sample are actually biased positively towards BCI technology, the same 

goes for the interviewees. According to the interviewees themselves, they have a very positive 

attitude towards technology. Those who were willing to join a follow-up interview are probably 

more interested in this topic in general. However, the interview participants were sampled to 

ensure that people with different types of ataxia, ages and gender would be represented. So, 

there is no sampling bias expected with respect to the characteristics of the participants.   

  Another limitation was more generally related to the methodological approach of this 

study. Respondents received information in the survey about how a BCI works and different 

neuroimaging techniques that could be used, but the fact remains that their responses were 

based on hypothetical future scenarios. They never used a BCI before and at this point they are 

still able to communicate and/or use a computer independently (except for one respondent). It 

has been indicated repeatedly by the participants that it is hard to imagine what it will be like 

to use a BCI and what requirements you may have when using a BCI if you reach the point 

where you have no other means of communication. Standards and expectations may be lower 
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when a person is in a condition of not being able to communicate at all, compared to their 

current state where this is still possible, and they can still use personal computers. However, 

the detailed insights from the interviews could not have been obtained if the people who joined 

the study were at a stage of progression where they would actually need a BCI.   

  However, alternative communication techniques (including BCIs) can be used to study 

user experience of a BCI by people with severe speech and physical impairments to some extent 

(Peters et al., 2016). This is useful to shape the design and development of BCI technologies 

for people with severe impairments. Some narrative feedback is even possible to obtain with a 

rapid serial visual presentation (RSVP) keyboard. Nonetheless, it is still important to investigate 

the wishes of people with ataxia at an early stage that do not need the system just yet, to 

understand if this technology is wanted by the end-user and to which criteria it should adhere. 

Moreover, this gives potential future users the time to get used to a new technology, learn to 

understand how it works and think about what may be able to offer. By including people with 

ataxia at different stages of progression and by using different methodologies, we can combine 

this range of valuable perspectives to create assistive devices that enhance their quality of life. 

Future research  

A next step would be to involve people with ataxia that suffer from severe speech and physical 

impairments in user research with actual BCI applications. This way, people with ataxia can 

indicate how they experience using a BCI and what usability issues they encounter.   

  Considering the potential benefits of an fNIRS- or fMRI-based BCI, it will also be 

interesting to have people with ataxia use this type of BCI, in addition to BCIs that are based 

on more common neuroimaging techniques such as EEG and ECoG.  

  If people with ataxia use a BCI in their daily lives, this can also have an impact on 

people in their close environment, including caregivers, relatives, and health professionals. 

They may be responsible for setting-up the BCI or provide mental support for the person using 
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the BCI. Multiple studies have shown that the opinions of the end-user and other stakeholders 

about BCIs do not always align (Jochumsen, Knoche, Kidmose, Kjær & Dinesen, 2020; 

Taherian & Davies, 2018). Therefore, future research should involve these other stakeholders 

as well in the process of developing a suitable BCI system for people with ataxia.  

  Research that is similar to the current study could also be conducted with children or 

young adults who suffer from ataxia. This can be done by for example including more people 

with FA, since their symptoms develop at a younger age than those with SCA. These young 

people may have different needs and requirements, especially considering the fact that those 

who are still underage are not yet allowed to make certain decisions themselves (e.g. operation 

for implant) and still rely on their parents (e.g. for money, transportation). While only two 

children joined this study, their survey results suggest that underage participants may have 

different priorities (for instance, their appearance when using a BCI) compared to older adults. 

However, no conclusions can be made based on the current data because of the small sample 

size. 

  This study showed that people with ataxia have an interest to be supported to walk and 

keep their balance. Therefore, it could be interesting to research if people with ataxia are 

interested in using an exoskeleton and if they are able to use a BCI to control an exoskeleton. 

Moreover, since this is not the only potential solution, it could be investigated how this 

compares to other mobility-related assistive devices that aim to provide balance support.  

  As a last point, dysphagia (difficulty swallowing) is a big issue for people with 

extensively progressed ataxia, as mentioned by one of the participants. Dysphagia is related to 

a lung infection called aspiration pneumonia which is the main cause of death for people with 

SCA. Over time, people with SCA lose muscle due to neurodegeneration, including the muscles 

of the tongue and other muscles in the mouth. This makes it hard for people to swallow and 

food can accidentally end up in the lungs, which can cause aspiration pneumonia. Deep-brain 
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stimulation (DBS) has been studied as a way to diminish dysphagia complaints, but results are 

still inconclusive (Olchik et al, 2018). DBS is a method where, similar to an ECoG-based BCI, 

electrodes are implanted in the brain. However, it is different in the sense that the implant 

produces and sends signals to certain brain areas to counteract other problematic brain signals 

(Lozano et al., 2019). No solution has been found yet, since limited research is being done to 

help people with an extensive progression of a disease. More research could be done to look 

into the possible benefits of DBS on dysphagia as this was requested by one of the participants. 

Conclusion 

Even though people with ataxia have rarely been included in BCI-related research, people with 

ataxia have a positive attitude towards BCI technology. They want to be supported by this type 

of technology to remain independent and improve their quality of life. While use of a BCI to 

operate a personal computer or a wheelchair are interesting applications for people with ataxia, 

the strongest unfulfilled need is having a system that prevents them from being locked out of 

life and not being able to express themselves. Implementation of a BCI as an assistive 

technology could thus be worthwhile to improve life for people with ataxia that suffer from 

severe speech and physical impairments. However, disabilities and preferences that are specific 

to people with ataxia have to be taken into consideration when designing and developing for 

this patient group in order to create a satisfactory and suitable system. 
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Appendix 

Appendix A 

Interview cues and approach 

Difficulty expressing oneself, 

stuttering (not due to physical issues) 

Give some time for the participant to get his/her thoughts 

in order. If possible, resume interview, shortened if 

necessary. Ask questions at a slower pace. If participant 

still has difficulty answering questions, end interview. 

Sadness Give the participant some room to express the emotion, 

show empathy. Pause interview to allow the participant to 

feel more calm. Suggest to continue the interview with 



Running head: BRAIN-COMPUTER INTERFACES FOR PEOPLE WITH ATAXIA  

 

questions on a different topic or end the interview 

altogether. Ask participant to talk to family or friends if 

necessary. 

Frustration, anger Give the participant some room to express the emotion, 

show empathy. Pause interview to allow the participant to 

feel more calm. Suggest to continue the interview with 

questions on a different topic or end the interview 

altogether. Ask participant to talk to family or friends if 

necessary. 

Hyperventilation, panic End interview. Initiate breathing exercise (breathing 

example: 2 seconds in, 4 seconds out) until participant 

calms down. Ask participant to talk to family or friends if 

necessary.  

Fatigue (become quiet, slow responses, 

short answers) 

Ask how participant feels and suggest to pause or end the 

interview.  

 

Appendix B  

Survey questions 

1. What is your age?  

2. What is your gender?  

3. What type of ataxia do you have? 

4. Please indicate which of the following physical difficulties apply to you: 

a. Hearing difficulty 

b. Speaking difficulty 

c. Reading difficulty 

d. Eye gaze difficulty 

e. Blinking difficulty 

f. Difficulty with coordination 

g. Not applicable 

5. Do you use any aids to compensate these difficulties? If so, please indicate which ones. 

Brain-computer interfaces, which are also called BCIs, are devices designed to allow people to operate 

assistive technology simply by thinking and without physical movement. BCIs measure the 

brainwaves that your brain normally produces and can detect certain changes in your thought 

processes. When you change your thoughts in specific ways, the BCI recognizes those brainwaves as a 

command to operate an assistive technology device. The assistive technology might do a simple task 

such as controlling a light switch or a more complex task such as driving a power wheelchair. Access 

to BCI devices, however, is primarily available to people involved in research studies. Also, BCIs tend 

to be slow, are not very accurate, and perform only a few functions. 

We want to know what you would like to use a BCI for. Please rate the importance of using the BCI to 

perform the following tasks yourself without a caregiver on a scale of 1 to 10, where “1 = Not at All 

Important” and “10 = Extremely Important.” 

 

1. Communicate with someone face to face? 

2. Communicate with someone in case of emergency? 

3. Communicate in writing or via e-mail? 

4. Communicate with someone not in the room via texting or another quick method? 

5. Operate a computer? 

6. Operate a speaker phone? 

7. Control a television? 
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8. Control a light switch (e.g. turn it on and off)? 

9. Control the room temperature? 

10. Operate a robot arm to feed yourself? 

11. Operate bed controls? 

12. Operate seat tilt or recline on a wheelchair or other chair? 

13. Operate a power wheelchair? 

14. Operate a lift to get on and off the toilet? 

15. Other:  

Please refer back to the tasks that you rated as “10” or most important to you. 

16. Of these, which single task is the most important to you?  

 

17. Which task is the second most important to you?  

Please refer back to the tasks that you rated as “1” or least important to you. 

18. Of these, which single task is the least important to you? 

The next section is going to ask you some questions about the design of a BCI. There are several 

possible ways that the BCI could measure your brainwaves. Brainwaves can for example be measured 

by electrodes worn in an electrode cap, or by electrodes that are implanted by a surgery. The electrode 

cap looks like a swimmer’s cap with button-shaped electrodes all over it and wires coming out. You 

do not have to shave your head or cut your hair to use an electrode cap. However, the ones used now 

require gel under the electrodes, which means that you would get electrode gel in your hair. 

Dry electrode caps are being developed that do not require gel. They would also be quicker to set up 

than a standard electrode cap. They look like a complicated set of headphones with extensions towards 

the front and back of the head. 

There are two different ways you might have electrodes implanted by surgery. One is through an 

outpatient surgery, and the other would require a short hospital stay. 

Assuming that a BCI would let you independently operate any one device that you choose, which of 

the following methods of measuring brainwaves would you be willing to use? (Yes, No) 

19. Dry electrodes in an electrode cap 

20. Electrode cap with gel on the scalp 

21. Surgically implanted electrodes, outpatient surgery 

22. Surgically implanted electrodes, requiring a short hospital stay 

23. Do you have an interest in using any BCI? (yes → continue to Q24, no → end survey) 

 

24. Use of a BCI at home would mean that someone would need to connect the BCI and set up the 

BCI for you each day. There may also be some maintenance tasks, such as washing the electrode cap 

or charging the batteries. What is the longest amount of time you would be willing to spend setting up 

a BCI each day if you could then use it on your own for the next 6 to 8 hours? (1 = Less than 10 

minutes, 2 = 10-20 minutes, 3 = 21-30 minutes, 4 = 31-45 minutes, 5 = 46-60 minutes, 6 = more than 

1 hour) 

 

25. Currently, electrode caps are very visible and have obvious wires. However, design changes 

may make the electrodes less obvious. How important would your appearance be to you when using a 

BCI on a scale from 1 to 10, where “1 = Not at All Important” and “10 = Extremely Important”? 

 

26. How interested would you be in using an electrode cap for a BCI on a scale from 1 to 10, 

where “1 = Not at All Interested” and “10 = Extremely Interested”? 
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27. Surgically implanted electrodes would likely shorten the daily setup time to less than 10 

minutes, and the electrodes could not be seen. With surgically implanted electrodes, the visible portion 

of the BCI would probably be no bigger than a behind-the-ear hearing aid. Given this information, 

how interested would you be in using surgically implanted electrodes for a BCI on a scale from 1 to 

10, where “1 = Not at All Interested” and “10 = Extremely Interested”? 

The next questions are about a BCI that is situated at the hospital. In this case, brainwaves are 

measured using an MRI scanner (see figure below). Instead of wearing a cap, you will be lying in the 

scanner to communicate with your family or doctor. 

28. Do you have previous experience with an MRI scanner? Yes/No 

 

29. An MRI scanner produces noise while in use. You will receive earplugs to minimize the 

sound, but you will still be able to hear it. How important would a quiet surrounding be to you when 

using a BCI on a scale from 1 to 10, where “1 = Not at All Important” and “10 = Extremely 

Important”?  

 

30. Using an MRI scanner requires you to lie inside the scanner. How important would it be to 

have open space around you when using a BCI on a scale from 1 to 10, where “1 = Not at All 

Important” and “10 = Extremely Important”? 

 

31. How interested would you be in using an MRI scanner for a BCI on a scale from 1 to 10 

where “1 = Not at All Interested” and “10 = Extremely Interested”? 

The next section is about learning to use a BCI. Different kinds of BCIs require different amounts of 

training and provide different functions. Some BCIs can be used almost immediately, but offer a 

limited set of functions. Other BCIs take weeks or months to learn to use, but provide much greater 

flexibility in the functions they provide. The next set of questions is about training you to use the BCI 

and training the BCI to recognize the meaning of your brainwaves. 

BCI training sessions could be performed in a research laboratory or at your home. 

32. At what locations would you be willing to participate in BCI research? Please pick the one 

with the most travel you would be willing to do to get a BCI. (1 = no training, → skip to Q33, 2 = only 

at my home, 3 = most sessions at home, but willing to travel, 4 = most sessions in the lab with final 

training at home, 5 = whatever travel is required to get a BCI) 

BCI training sessions may require that the researcher be present or may be performed yourself with 

help from a caregiver. 

 

33. After learning the training process, under what circumstances would you be willing to 

participate in training sessions? (1 = only if researchers were present, 2 = after a few sessions with 

researchers I would do them on my own, 3 = with researchers monitoring the training remotely, 4 = 

with researchers available by the phone for questions, 5 = I could do the training independently) 

 

34. The length of time needed to complete BCI training varies. What is the longest amount of time 

you would be willing to spend in a single session? (1 = less than 1 hour, 2 = one hour to just less than 

an hour and a half, 3 = 90 minutes to just less than 2 hours, 4 = two hours or longer) 

 

35. Assuming the training sessions took the amount of time you chose, what is the largest number 

of training sessions per week you would be willing to take part in? (1= one session per week, 2 = two 

sessions per week, ... 7 = seven sessions per week) 
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36. Assuming the length of training sessions and the number of sessions needed matched your 

choices above, what is the largest number of training sessions you would be willing to attend in order 

for the BCI to properly perform a task? (1 = 1 session only, 2 = 2-5 sessions, 3 = 6-10 sessions, 4 = 

11-15 sessions, 5 = 16-20 sessions, 6 = more than 20 sessions) 

The next section is about BCI performance. There are 3 main measures of BCI performance the ability 

of the BCI to recognize your brainwave commands, the ability of the BCI to remain in a standby mode 

when you are not trying to send commands, and the speed of the BCI. 

37. First, we’d like to ask you about the ability of the BCI to recognize your brainwave 

commands. If you sent 100 brainwave commands to the BCI, what is the lowest percentage of the time 

it would have to recognize your commands correctly for you to think that its performance was useful? 

(1 = less than 60% of the time, 2 = at least 60% of the time, 3 = at least 70% of the time, 4 = at least 

80% of the time, 5 = at least 90% of the time, 6 = 100% of the time) 

 

38. The second question is about the ability of the BCI to stay in standby mode. Occasionally, if 

the BCI accidentally came out of standby mode, it might incorrectly send a command to the assistive 

technology when you weren’t trying to do anything. What is the most often that the BCI could 

accidentally leave standby mode and you would still think that its performance was useful? (1 = Every 

15 minutes or less, 2 = about once every half hour, 3 = about once every hour, 4 = about once every 2 

hours, 5 = about once every 3 hours, 6 = about once every 4 hours, 7 = less often than once every 5 

hours) 

 

39. The third question is about the speed with which the BCI can work. Current BCIs are quite 

slow. People who use them for typing 1 letter at a time can only type about 5 letters per minute. To 

speed up communication using a BCI, each selection can be set up to produce a word or a sentence 

instead of a single letter, but this restricts the number of things that you can say with a BCI. What is 

the minimum letters per minute that the BCI could provide and you would still think that it was 

useful? (1= less than 5 letters per minute, 2 = 5-9 letters per minute, 3 = 10-14 letters per minute, 4 = 

15-19 letters per minute, 5 = 20-24 letters per minute, 6 = 25 or more letters per minute) 

Now that you have been given some information about the BCI technology and how it works, we’d 

like to find out how interested you are in using a BCI. 

40. How interested would you be in participating in BCI research studies on a scale from 1 to 10, 

where “1 = Not at All Interested” and “10 = Extremely Interested” 

 

41. How interested would you be in using a BCI in the hospital on a scale from 1 to 10, where “1 

= Not at All Interested” and “10 = Extremely Interested”? 

 

42. How interested would you be in owning a BCI once it eventually could be purchased on a 

scale from 1 to 10, where “1 = Not at All Interested” and “10 = Extremely Interested”? 

In the last section, we would like to ask how important different BCI features are to you. Please rate 

the importance of each of the following aspects of BCI use on a scale from 1 to 10, where “1 = Not at 

All Important” and “10 = Extremely Important.” 

43. The type of electrodes used to measure brainwaves?  

44. The time required to set up the BCI each day?  

45. The simplicity of the BCI set-up?  

46. Your appearance while using the BCI?  

47. The mobility of the BCI? 



Running head: BRAIN-COMPUTER INTERFACES FOR PEOPLE WITH ATAXIA  

 

48. The time required to train the BCI?  

49. The location of BCI training?  

50. The functions the BCI would provide?  

51. The accuracy of the BCI operation?  

52. The reliability of the BCI standby mode? 

53. The speed with which the BCI works?  

54. Other: 

Please refer back to the tasks that you rated as “10” or most important to you. 

55. Of these, which single task is the most important to you?  

 

56. Which task is the second most important to you?  

Please refer back to the tasks that you rated as “1” or least important to you. 

57. Of these, which single task is the least important to you?  

 

58. Do you have any other remarks regarding what is interesting or important to you if you were 

to use a BCI in the future?  

 

59. In order to compensate you for your participation, please leave your email below so the 

researcher can contact you about the payment. 

 

60. For this study we are also looking for people who are willing to join an interview about their 

expectations, preferences and considerations for using a BCI (note: you can only join the interview if 

you are 18 years or older). If you are interested in joining this interview, please leave your email 

below so the researcher can contact you at a later point. 

 

Appendix C 

Interview guide 

Background 

- Could you tell something about your personal situation considering your health?  

- What type of ataxia do you have and can you explain what this entails? 

- At what age were you diagnosed with ataxia? 

Impact of ataxia 

- In your daily life, what are things you need help with and what can you do yourself? 

- How does having ataxia influence your mood and personality, or does it not affect this? 

- Does it also have an influence on your cognition, your thinking ability? 

- How does having ataxia influence people around you, or does it not affect them? 

- Can you describe what your social life looks like? 

- How does having ataxia influence your social life, or does it not affect this? 

- Do you communicate with others mostly offline or online? 

Dealing with ataxia 

- What do you do yourself to deal with your condition? 

- What do people in your environment, like family or caregivers, do to support you? 

- Do you use any aids for support in your daily life? 

- Why do you use these aids?  
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- What else would you like to be supported with at the moment 

- How can this be realized? 

Disease progression and support 

- How will your condition progress over time? Or do you not know this? 

- What does this mean for the activities you will be able to undertake? 

- What type of aids do you think could help you in the future? 

- How do you expect that other people in your environment will deal with this progression? 

- What is your view on the progressive nature of your condition? 

- Are you worried about your disease progressive, or not? 

- How do you feel about the idea that in the future you may not be able to communicate? 

What does it mean to you if you will be able to be supported in this with a BCI? 

- How do you feel about the idea that in the future you may only be able to perform limited 

physical actions? What does it mean to you if you will be able to be supported in this with a 

BCI? 

Considerations of BCI use 

- What doubts do you have about using a BCI, or do you not have these? 

- How do you feel about using a BCI that requires and electrode implant on the brain, that will 

be placed during an operation? 

- How do you feel about using a technology that requires a form of shared control? 

- Is it important to you to be involved in BCI research, or not? Why? 

- If you will not be able to give permission to use a BCI in the future, how would you feel 

about somebody else making this decision for you?   

- Is there something else you would like to discuss that we haven’t talked about? 

 

Appendix D 
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Figure A1. Type of ataxia of all survey participants. MS = multiple sclerosis. ILOCA = 

idiopathic late-onset cerebellar ataxia. 
 

Appendix E 

BCI task importance per age group 

 

Figure A2. Violin plots representing the distribution of importance of different BCI tasks according 

teenagers and young adults (14-39). Boxplots including median (line) and mean (dot) are shown. 
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Figure A3. Violin plots representing the distribution of importance of different BCI tasks according to 

middle aged adults (40-64). Boxplots including median (line) and mean (dot) are shown. 

 

 



Running head: BRAIN-COMPUTER INTERFACES FOR PEOPLE WITH ATAXIA  

 

 

Figure A3. Violin plots representing the distribution of importance of different BCI tasks according to 

the elderly (65+). Boxplots including median (line) and mean (dot) are shown. 

 

Appendix F 

BCI feature importance per age group 
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Figure A4. Violin plots representing the distribution of importance of different BCI features according 

teenagers and young adults (14-39). Boxplots including median (line), mean (dot) and outliers (cross) 

are shown. 
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Figure A5. Violin plots representing the distribution of importance of different BCI features according 

to middle aged adults (40-64). Boxplots including median (line), mean (dot) and outliers (cross) are 

shown. 
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Figure A6. Violin plots representing the distribution of importance of different BCI features according 

to the elderly (65+). Boxplots including median (line), mean (dot), and outliers (cross) are shown. 

 

Appendix G 

Importance of appearance and training location per age group. 
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Figure A7. Violin plots representing the distribution of importance of appearance with a BCI per age 

group. Boxplots including median (line) and mean (dot) are shown. 

 

 

Figure A8. Violin plots representing the distribution of importance of training location with a BCI per 

age group. Boxplots including median (line) and mean (dot) are shown. 
 


