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Current brain-computer interface (BCIs) software is oftertailored to the needs of
scientists and technicians and therefore complex to allowdfr versatile use. To facilitate
home use of BCls a multifunctional P300 BCI with a graphicalser interface intended
for non-expert set-up and control was designed and implemeted. The system

includes applications for spelling, web access, entertament, artistic expression and
environmental control. In addition to new software, it alsancludes new hardware for
the recording of electroencephalogram (EEG) signals. TheH& system consists of a
small and wireless ampli er attached to a cap that can be equiped with gel-based or

dry contact electrodes. The system was systematically evahated with a healthy sample,
and targeted end users of BCI technology, i.e., people with avarying degree of motor
impairment tested the BCl in a series of individual case stueés. Usability was assessed in
terms of effectiveness, ef ciency and satisfaction. Feedack of users was gathered with
structured questionnaires. Two groups of healthy particignts completed an experimental
protocol with the gel-based and the dry contact electrodes ll D 10 each). The results
demonstrated that all healthy participants gained controbver the system and achieved
satisfactory to high accuracies with both gel-based and dryelectrodes (average error
rates of 6 and 13%). Average satisfaction ratings were highyut certain aspects of the

system such as the wearing comfort of the dry electrodes and dsign of the cap, and

speed (in both groups) were criticized by some participantsSix potential end users
tested the system during supervised sessions. The achievedccuracies varied greatly
from no control to high control with accuracies comparable® that of healthy volunteers.
Satisfaction ratings of the two end-users that gained contil of the system were lower
as compared to healthy participants. The advantages and dadvantages of the BCl and
its applications are discussed and suggestions are presertd for improvements to pave
the way for user friendly BCls intended to be used as assistvtechnology by persons

with severe paralysis.
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INTRODUCTION small and lightweight, waterproof ampli er that is attacheal t
the back of the cap and submits the EEG signals wirelessly to a
Brain-computer interfaces (BCls) based on event-relatedomputer (g.Nautilus). The system can be operated with active
potentials (ERPs) are widely used in research settii@sif(  gel-based or dry contact (g.Sahara) electrodes.
et al, 2011; Mak et al., 20l1Research conrms that the  To allow the caregivers to set-up the soft- and hardware
majority of healthy study participants were able to gain cohtr without expert supervision, the nalBackhomeprototype,
over an ERP-BCI within the rst sessioris(iger et al., 2009  consists of a graphical user interface that guides the cazegi
Furthermore, users with degenerative neuromuscular diss through the steps necessary to set-up the system and enable
and a varying degree of paralysis were able to control an ERP-Bfe BCI user to control the various applications afterwards
spelling application{tbler and Birbaumer, 2008; Nijboer et al., (Miralles et al., 2019b All the applications mentioned above
2008; Sellers et al., 2010; Kaufmann et al., 2013a,b; Ka@hale,  (speller, web browser, multimedia player, Brain Paintingngs
2015a,b; McCane et al., 2)1t the classic ERP (P300) spellerfor cognitive rehabilitation, switches for environmentaintrol)
introduced byFarwell and Donchin (1988yows and columns  were integrated into the prototype.
of a letter/symbol matrix are highlighted in random order. \jjralles et al. (2015bjeported on the results of a 6-week
The participants are asked to focus on the symbol that thejjome based evaluation with the n&ackhomérototype. Two
wish to select and to silently count, whenever it is highlegh  ysers performed prede ned tasks with the BCI supported by their
This paradigm is a variant of the oddball paradigm in whichcaregivers, who had been trained on how to set up the system.
the attended rare target stimulus elicits speci ¢ ERPs of Whicalthough both users expressed to be satis ed with the device,
the P3 and the N2 are the most prominent in an ERP-BClonly 61 and 72% of the tasks could be completed respectively and
(Kaufmann et al., 201)aDue to the di erences in the elicited technical di culties proved to be challenging for the caresis.
ERP waveforms for the attended compared to the unattended |n the current study, for the rsttime, we investigated whet
Stimu”, the target SymbOl can be identi ed at the intersentof the nal BCI prototype can be Operated with Satisfactory and
the row and column that contain the target symbol. similar accuracies with both the gel-based and dry electdnje
Apart from its function as a muscle-independent healthy participants. A second aim was to test the potential of
communication aid, several other applications have beefhe system for use in daily life of persons in need for muscle-
implemented. These include applications for artistic expessi independent communication and control. For this, personshwit
(Brain Painting, a web browser, a multimedia player, 3 varying degree of motor impairment tested the BCI during
games intended for cognitive rehabilitation and switchesuypervised sessions.
for environmental control {/tnRinger et al., 2010; Carabalona  Therefore, a study in which two groups of healthy users had to
etal, 2012; Yu etal., 2012; Botrel et al., 2015; Halder, @5,  complete an experimental protocol that consisted of performing
Holz et al., 2015a)bThe vast majority of studies with ERP-BCIs tasks with the di erent applications (e.g., playing a video with
have been conducted with healthy participants in controlledthe multimedia player, posting a message on facebook, turning
laboratory environments{ubler et al., 2013 These studies used on/o a light) was conducted. One group performed the tasks
soft- and hardware optimized for research purposes and reduirewith gel-based electrodes and the other with dry electrodes
expert knowledge to set-up and con gure the system. However, Conventionally, wet electrodes are used in research setting
BCls are intended to be used as assistive technology in ee' us pecause they allow for high quality EEG recordings from the
homes. Therefore, e orts are necessary to transfer BCls fr0@0a|p_ Comm0n|y Ag-AgC] electrodes are mounted in a cap and
laboratory to home environments. a conductive gel is applied to ensure good contact between the
Within the European FP7 projedBackhomt we aimed at electrode and the skin. The application of the gel results in
developing an ERP (P300)-BClI that is multifunctional and eas¥onsiderable preparation time prior to recordings and to remov
to use and congure. Therefore, we designed and evaluatefle gel after use, the hair needs to be washed which constitute
prototypes within a user-centered process to continuouslyn issue in people with severe paralysis. Dry contact electafdes
improve the soft- and hardware<(ibler et al., 201§ Previous  various shapes and materials were proposed to simplify the set-
hardware and software solutions were targeted to EEG exper{gp procedure and facilitate long-term recordings (&é®o et al.,
To facilitate home use, a number of improvements were madgo12H for a review).
within Backhoméo allow for a simple setup and at the same time  For dry electrodes, it is necessary to establish good cbntac
versatile functionality, as outlined below. Evaluatiosuis for  with the skin to achieve satisfactory impedance levels and
a previous prototype have been publishédiner et al., 2014; sjgnal quality, while also ensuring good wearing comforthf t
Daly et al., 2015a)bThe development e orts resulted in a nal electrodesl(opez-Gordo et al., 20)4The previously proposed
prototype that was rst described byliralles et al. (2015alhe  sensors include various spring loaded metal piria¢ et al., 2011;
system is outlined brie y in the following section and its ma | in et al., 2011; Toyama et al., 2012; Lo et al., pGeléctrically
components are illustrated iRigure 1 conductive foaml(in et al., 2011; Liao et al., 20)ailicon based
The hardware for the recording of EEG signals developegins (Yu et al., 201)} metal coated polymer bristle§(ozea et al.,
within Backhomesonsists of electrodes that are arranged in arp017) and micro-needles inserted beneath the skiriés et al.,
electrode cap made of exible fabric. These are connecteal t02001; Carabalona et al., 2)8%eel.opez-Gordo et al. (2014)
for an overview about EEG systems based on dry electrodes
Lhttp://cordis.europa.eu/project/rcn/101842_en.html and their respective advantages and disadvantagesan and
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A - Caregiver User Interface
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First time here and feeling lost?

Click the owl and
he'll help you!

@ load caregiver
application

B - BCI controlled
applications
Media player

-

Not depicted: Speller,
Brain Painting,Games,
Environmental control

C - EEG Hardware

g.Nautilus system equipped
with dry g.Sahara
electrodes (depicted) or gel-
based g.Ladybird electrodes
s M\l ; ‘,

Media player

feedback

matrix size
determined

applications

D - BCI User Interface (Control matrices)

Web browser

dynamically —

more elements than the control matrix for the media player).

FIGURE 1 | Components of the BCI prototype developed within th e project Backhome. Caregivers and/or researchers are guided through the proces
necessary to start the BCI in a stepwise procedure with a grafpical user interface(A). The user is seated in front of the screens used to display thepplications (B)
and control matrices (D). The EEG Hardware(C) consists of the g.Nautilus system that is either equipped wh dry contact (depicted) or gel-based electrodes. The
control matrices (D) contain a xed number of elements except for the web browser, ér which the number of elements is determined dynamically deending on the
number of hyperlinks on the web page. For all other applicaiins, the number of elements in the matrix depend on their furtonality (e.g., the speller matrix contains
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Jafari (2014jnvestigated various con gurations of metal pins a history of neurological or psychiatric illness. All pantiants

as sensors and used the dry electrodes (g.Sahara) employedsigned informed consent prior to participation in the study,
our study as a benchmark, which yielded favorable results iwhich was approved by the Ethical Review Board of the Institute
terms of impedance, signal quality and robustness. In ali¢i#gi  of Psychology, University of Wirzburg.

study Guger et al. (2012¢valuated an ERP speller with the dry  The data was acquired with a g.Nautilus headset from 8
g.Sahara electrodes. With a xed number of 15 sequences, alectrodes (Fz, Cz, Pz, P3, P4, PO7, PO8, Oz) with a ground
23 participants were able to spell a ve-letter word correctlyelectrode positioned at FPz. The electrodes were xed in a
Within the framework of theBackhomeproject, Pinegger et al. medium size cap made of exible fabric. For the gel-based
(2016)evaluated the g.Sahara electrodes with an ERP spellidgg/AgCl g.Ladybird electrodes the reference electrode was
task, the multimedia player and web browser and adjusted thelipped to the right earlobe. For the dry gold coated g.Sahara
number of sequences for online use according to the resulelectrodes a combination of the available short (7 mm) amgjlo
achieved during a classi cation run (10022 sequences). With pins (16 mm) was used to ensure good contact with the scalp.
an average of 12.7 sequences, the 7 participants reached Tdre reference electrode was attached to the right mastoid an
average 87% correct for spelling 10 letters in the beginning ahe ground electrode to the left mastoid (both using disposable
the experimental protocol and 70% in the end. The achievedg/AgCl electrodes).

accuracies for the multimedia player and web browser tasks The electrodes were connected to an ampli er attached to
(minimum of 10 selections required) were 87 and 64%, resglltinthe back of the cap that transmitted the signals wirelessls to

in an overall accuracy of 77% (1.8). The noise level of the base station (sampling rate 250 Hz). Data was recorded and the
dry electrodes was low (root mean square of @B2within the  applications displayed with a Hewlett-Packard ProBook 6460b
frequency range of 0.1-40 Hz) but higher as compared to gewith a dual-core CPU, 4 GB of RAM and a 64-bit Windows
based electrodes (0.6%; Pinegger et al., 20).6Zander et al. 7. An external 22" LCD monitor (LG Flatron E2210) displayed
(2011)compared the prototype of a three channel dry electrodéhe symbol matrices used to control the di erent applications,
system to conventional active gel-based electrodes rieggitte  henceforth referred to as control matrices.

performance in a variant of the oddball task. Although the The number of elements in the control matrices was xed
average online accuracy of the 12 participants was slightlgrio for the dierent applications (sed-igure 1) except the ones
with the dry (72%) compared to the gel-based electrodes (78%)that controlled the web browser. The web browser is an
was not statistically di erent. improved version of the one described Bialder et al. (2015)

To investigate the external validity, the ndBackhome that determines the number of elements in the control matrix
prototype was evaluated in our study by potential end usersavithdynamically depending on the number of hyperlinks displayed
varying degree of motor impairment during supervised sessionon the web page. Each hyperlink is overlaid with a letter or
in their home or caregiving environment. In these case stadi combination of two letters on the screen displaying the web
parameters were optimized to maximize performance with thdrowser. Compared to the previous version, these hints (&tter
system for each user. Following the user-centered desigjUC were more clearly silhouetted against the web page. The hiats a
performance of the BCI was evaluated and feedback of the usetisplayed in the control matrix along with 8 icons for navigat;j
gathered to assess the usability of the system. Advantages an icon for pause and one for back function. A maximum of
possible disadvantages of the prototype were revealed iimicat 14 6 (84) elements can be displayed in the control matrix.

the need for improvement in the future. In the main menu of the web browser (3 5 elements) up to
10 shortcuts to web pages can be de ned (in the default mode,
METHODS icons for facebook, google search, youtube, news page, eveath

forecast, and email are displayed).
We evaluated the nal BCI prototype implemented within the At the bottom of each control matrix, 5 icons were displayed
project Backhomelt consists of newly developed hardware forto allow switching between the applications (smart home
data acquisition (g.Nautilus headset, g.tec, Austria) softiare ~ control including multi media player, web browser, games
(Figure 1). For a thorough description of the individual elements intended for cognitive rehabilitation, Brain Painting, sige). The
of the system we refer telintermiiller et al. (2015and Miralles ~ experimental protocol (described below) included tasks \ith

etal. (2015a) applications except the Brain Painting application, which has
o o already been thoroughly evaluated by end usérstiel et al.,
Healthy Participants and Data Acquisition 2015; Holz et al., 20153,b

Two groups of ten healthy participants each took part in the

study. One group tested the system with gel-based (g.Lediybi Procedure for Healthy Participants

g.tec, Austria) electrodes (9 naive to BCI, 6 female, mean agrhe external monitor displaying the control matrices was
245 3.4 years, range: 19-29 years; not age-matched with epdsitioned in front of the participants, who were seated in a
users) and the other with the dry contact (g.Sahara) eleeso comfortable chair. Participants were asked to adjust the dista
(all naive to BCI, 9 female, mean age: 24.2.7 years, range: tothe screen such thatthey were able to see properly all idbres.
21-28 years; not age-matched with end users). Data caltecti laptop displaying the applications was placed next to the monitor.
with the gel-based electrodes started after the study \kighory The caregiver interface was started to judge the signaltgual
electrodes had been nished. All participants were paid 8 Eur@nd, if signal quality was su cient, start the calibration mu
per hour for their participation. None of the participants repadte (Figure 1A). For caregivers, it depicts a simple color-coding
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system, where an electrode position marked red indicates tha maximum number of ten sequences, the system refrained from
no signal is obtained and the electrode connection should ba selection to minimize the number of false positive selections
checked. Yellow indicates that the signal is outside anptabe  and continued ashing. In the following, we will refer to thi
range (amplitude>100mV) or artifacts are detected (variance case as “suppressed selection.” As determined in a pre-study,
>25mV within a 1s window) and contact to the skin should the dynamic stopping method did not work properly with the
be improved until all electrodes are highlighted in greeneTh dry contact (g.Sahara) electrodes. In the pre-study with tiye d
caregiver interface also depicts the electroencephalogoam felectrodes, 10 healthy participants (7 female, mean age 24.2
each electrode. Prior to testing, the signal was visuadlpaented 3.4) performed the same experimental protocol as in the current
and assured that eye blinks were clearly visible and the alpkia w study, but with the dynamic stopping method activated. The
was apparent, when participants closed their eyes. maximum number of sequences for online use was set to 10. If

At rst, each participant had to perform a calibration run. the probability threshold for a selection was not reacheéraft
Inthisrun, a5 10 letter/symbol matrix was displayed on the 10 sequences, the system kept on ashing and the selection was
monitor. Participants were instructed to focus on a given bpin  marked as “suppressed.” In the pre-study, 30.6% of selections
and silently count whenever it was overlaid. During openatio were wrong and in 45.5% of cases, the selections were sugpresse
the rows and columns were overlaid in random order with black For these reasons the dynamic stopping method was turned
and white photographs of Albert EinsteirK@§ufmann et al., o in the current study for the second experimental group that
2011b, 2013p The pictures overlaying the icons were displayedested the dry electrodes and a selection was always ededtde
for 120 ms and the interstimulus interval was set to 80 mshEaden sequences (each row and column ashed 10 times).
row and column was overlaid 15 times. For the calibratiore th  To determine the accuracy of the system, the users were
BCI users had to focus consecutively on ve symbols inditateinstructed to select predetermined icons with di erent couitr
by the system (copy spelling). At the end of the calibratiomrmatrices. In order to complete the experimental protocol a
run, the system automatically performed a classi cationngsi minimum of 47 selections had to be made. The experimental
linear discriminant analysis and the performance estimatio protocol consisted of turning on and o two remote control
was displayed on the laptop screen (accuracy and number ebckets, which turned a light/radio on/o, playing a video
sequences to achieve that accuracy). with the XBMC media player Halder et al., 2015 writing

In the following runs, the classication parameters were“DREAMTEAM, ”with the spelling application, completing the
applied to allow the user to control the di erent applications. rst level of the cognitive rehabilitation task/érgiu et al., 201y}
During these runs, the system selected the symbol detedhiige playing a video on YouTube, writing the word “QUIZMASTER”
the classi er and additionally the selected icon was disglage  as status text on Facebook and selecting icons to switchelestw
line above the control matrix. the applicationsFigure 2depicts schematically the experimental

In the rst task, the investigator selected the spellingprocedure.
application and the user was asked to spell a 5-letter word If a wrong icon was selected it was marked as a wrong
(“Hallo™) witha 6 10 symbol matrix with the above described selection. If the dynamic stopping method did not make a
method; the number of sequences was set to 10 (each row asdlection after 10 sequences, ashing continued and we etark
column was overlaid 10 times), prior to a selectidfigure 2, this case as “suppressed selection”. In both cases, the user was
Guger etal., 2032 asked to select the same icon. For each icon the user had a

After the copy spelling run, a dynamic stopping method wasmaximum of three attempts. If the user was unable to select
activated Gchreuder et al., 20).3Henceforth, a selection was an icon within three attempts, the icon was selected manually
made as soon as a certain probability threshold was reached by the investigator and the icon marked as “unable to sélect.
increase the selection speed. If the threshold was notreadtesy  The control matrices di ered for each application. Selections

CALIBRATION SPELLING EXPERIMENTAL PROTOCOL
Calibration run Spelling of 5 Minimum of 47 selections necessary
with copy-spelling letters with a fixed to complete the protocol

of 5 letters with number of 10 =smart home: radio/light on/off (4)
15 sequences to sequences and = Xbmc media player: video (8)
train the classifier online feedback of =spelling (11)

results = cognitive rehabilitation game (7)
=web browser: youtube/facebook (17)

FIGURE 2 | Experimental Procedure for the testing of the protot oype. For the experimental protocol, the number in parentheses Hgnd the applications
indicates the minimum number of selections necessary to coplete the individual tasks. For the dry electrodes, the numér of sequences was xed to 10 during the
experimental protocol. For the gel-based electrodes, the @namic stopping method was activated.
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had to be made with a total of eight di erent control matrices.  Further, satisfaction was assessed with an extended mersio
The time needed to complete the protocol was noted alongf the Quebec User Evaluation of Satisfaction with assistive
with the respective number of selections (e.g., if two sielest Technology (eQUEST 2.0Zickler et al., 201)land a usability
were suppressed and one selection was wrong, 50 instead qufestionnaire concerning the system design. The origindtEQT
the minimum of 47 selections were required to complete the2.0 Oemers et al., 200Zonsists of 12 items that have to be rated
protocol. on a5 point scale to indicate the level of satisfaction witbreint

We calculated the average percentage of icons that thespects of the assistive technologip(tiot satis ed at all, 2D not
users were able to select within three attempts and theery satis ed, 3 more or less satis ed, B quite satis ed, 5D
average percentage of false selections. Furthermore,oudatatl  very satis ed). For the BCI speci c eQUEST 2Xidkler et al.,
the average percentage of suppressed selections to assess2fli€) eight items of the original questionnaire were adopted
performance of the dynamic stopping method during testing[dimensions, weight, adjustment, safety, comfort, easesef,
with the gel-based electrodes. To calculate the percenfacens e ectiveness, professional services (information/instiares)]
the participants were able to select within three attempts thand 4 items added to assess also reliability, speed, leatyahil

following formula was used for each participant: aesthetic design of the BCI prototype. To calculate a totalesco
. of the eQUEST 2.0 only the average of the 8 original items was
100 'otalnumber of icons unable to selet, calculated to ensure validity of the questionnaire and therage
a7 for the BCI speci c items is reported separately. Whenever the

jsers indicated that they were not very satis ed with thetesys
they were asked to comment. At the end of the questionndie, t
users were asked to indicate the three most important items.

To calculate the percentage of wrong/suppressed selectiens
following formula was applied:

total number ofwronguppressed icons To gather further feedback from the users, we speci cally
total number of selections 100 asked them to name a positive and a negative experience and
suggestions on how to improve the system and a set of closed-
Usability Assessment ended questions: Did you feel in control while using the system

E ectiveness, e ciency and satisfaction are the three aspectDid you get useful feedback from the system while you were using
of usability according to the de nition by the ISOIO it? Did you ndthe system intuitive? Did you like the colorsed
9241-210, 20038Di erent measures were previously proposedon the screen? Did you like the pictures/icons used on the s@ree
to operationalize these aspects for BCI controlled application
to allow for a user-centered BCI development and evaluatiofarticipants with Motor Impairments
(Zickler et al., 2011; Kubler et al., 201%¥hese measures provide All six participants gave informed consent using their standard
a standard for usability assessment in the BCI context amd cacommunication channel prior to participation in the study,
be adapted and supplemented according to the applications @fhich was carried out in accordance with the recommendation
interest. of the Ethical Review Board of the Institute of Psychology,
To assess how accurate and complete (e ective) the usedniversity of Wirzburg. Participants 1, 2, and 3 gave writtad a
accomplished the tasks, we calculated the accuracy as timormed consent and on behalf of participants 4, 5, and 6 their
percentage of correct responses, the percentage of icons usesspective legal guardians gave written and informed consent
were able to select within three attempts and the number oh accordance with the Declaration of Helsinki. The protocol
suppressed selections as described above. was approved by the Ethical Review Board of the Institute of
E ciency relates the costs invested by the userto e ectiwne Psychology, University of Wirzburg.
As a measure of e ciency, the subjective workload was asdesse An overview of the potential end users, who participated in
with an electronic version of the NASA Task Load Index (NASA-the evaluation is listed iffiable 1
TLX; Hart and Staveland, 19R&ach of the six factors (mental, = The aim was to apply the same experimental protocol as in
physical and temporal demands, e ort, own performance, anchealthy subjects to assess the performance of the system with
frustration) had to be rated on a 20 point Likert-type scale (Opotential end users. However, due to individual di erences in
100). In a second step, the participants indicated, in a paiewiscapabilities, the experimental protocol had to be adjusted ¢hea
comparison of all six factors, which contributes more to theparticipant and parameters had to be changed in an iterative
workload. Weights are assigned to each factor accordingiso t process between the end-users and experimenters to optingze th
procedure by dividing the number of times a factor is chosen aperformance of the system. For these reasons, the performance
more relevant and dividing this value by 15 (the total numberand usability assessments of the healthy participants and end
of paired comparisons). This weight is then multiplied with users are not directly comparable and the ndings with respect
the respective dimension score. The summation of all wedyhteto end-users should be considered as stemming from indiidua
scores yields a total score ranging from 0 to 100, where a higtase studies. The possible adjustments with the prototype will be

score indicates high workload. described in the following paragraph and changes to the protocol
To assess satisfaction with the BCI, the participants werhskwill be described for each user in the subsequent sections.

to mark their overall satisfaction with the BCI on a visuabéog For users with a restricted eld of view, both the applications

scale (VAS) ranging from (X not satis ed at all) to 10D very  and the control matrices can be displayed on a single scredh (spl

satis ed) after completing the experimental protocol. screen mode) and/or the window size of the control matrices

Frontiers in Neuroscience | www.frontiersin.org 6 May 2017 | Volume 11 | Article 286


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Kathner et al. Brain-Computer Interface for Home Use

TABLE 1 | Information on health status of end users.

End user Sex Age Diagnosis Degree of motor-impairment Verbal sp eech Arti cial ventilation
01 Female 59 Cerebral palsy Tetraparesis, residual controler right arm and Slurred No
hand
02 Male 34 Cerebral palsy Spastic tetraparesis Intact No
03 Male 51 Stroke Hemiparesis None No
04 Male 26 Lipid storage myopathy Tetraparesis, only residal motor control over two None Yes
ngers and eyes
05 Male 52 Spinal cord injury Tetraplegia Intact No
06 Female 62 ALS Locked-in state None Yes

can be adjusted. Other parameters that can be modi ed werspelling task de ned within the protocol followed by all other
the ashing stimuli (e.g., pictures of famous faces or a blac#t  tasks. He did not wish to answer the NASA-TLX due to time
white picture of Albert Einstein) and the timing parameters fo restrictions.
the ashing and the number of (maximum) stimuli prior to a
selection. End User 4

In generaL the adjustment process began with ttmg theThe participant was 26 years old and had been diagnOSEd with
electrode cap and checking the signal quality as described iipid storage myopathy (LSM) at the age of 2.5 years. This
Section Procedure for Healthy Participants and illustratad i rare disorder, lead to a progressive loss of muscle control.
Figure 1A Afterwards the classier was trained (see Sectiorf\t the time of the study, the participant was completely
Procedure for Healthy Participants afiigure 2). The estimated paralyzed except for residual control over two ngers of his
classi cation accuracy and optimal number of sequencesdolre fight hand. With tiny movements of these ngers he could
this accuracy were displayed automatically by the systeenthfe ~ Use a touchpad to control a computer program to write text.
classi er training ended. The determined accuracies agaaii This method (dasherWills and MacKay, 2006was also the
quality served as decision base, whether online spellingdcouone we used to communicate with him during testing. His
be attempted. If online spelling yielded satisfactory actiesa Vision was intact, but his eld of view restricted to the size
( 70% Correct)’ the participants were asked to Comp|ete th@f his 22" Computer monitor. Therefore, OnIy his monitor was
tasks of the experimental protocol (Seigure 2). If signal quality used to display the control matrices and/or applications. Due
was insu cient, we tried to improve the signal quality using to ptosis his eyes had to be kept open with an aid. He had
the equipment available at the time of testing and repeatetpst his hearing, therefore communication was only possible
the classi cation run. The adjustment procedure could di er through his computer. Prior to the study he had tried to actéev
due to dierences in available equipment, dierences in thecontrol over an eye tracking system, but the attempts were
capabilities of the end-user and time constraints. The miim unsuccessful.
goal was to allow participants to gain control over the spelling During testing he was lying in a modi ed armchair and the 22”
application and parameters mentioned above (window siz&computer monitor was positioned in front of him with a exible
timing parameters, number of sequences, ashing symbolewermetal holder (se&igure 3.
changed in an iterative procedure. He tested the system on three consecutive days. On the rst

Tests with end users 1, 2, and 3 were conducted a:{ay he tested the g.NaUt”US with the dry g.Sahara elecsrode
an information center for Augmentative and Alternative and the system was displayed in the split screen mode (see
Communication. Tests with end users 4, 5, and 6 were conductd=igure 3A). On the second day, he tested the system equipped
at their respective homes during multiple sessions. Due ti thewith the gel-based electrodes rst in the split screen and
severe motor impairments and necessary individual adjustme Subsequently in the full screen mode ($@gure 3B). Using the

of the experimental protocol, they are described individuaily full screen mode, we rst tested the standard timing paramete
the following. (2120/80 ms) and subsequently changed it to 200 ms/200 ms to

decrease the stimulation frequency. Further, to ensuré¢ #fla

icons could be equally well recognized, we reduced the $ize o
End Users 1-3 the window (seeFigure 3D) to match the size used during his
End users 1-3 (s€kable 1) were sitting in their wheelchairs in conventional communication (with the dasher program) and
front of the computer screens that displayed the control ne@si  performed a run with the standard timing parameters. On day

(seeFigure 1) during testing in single sessions. End users 1-3 e tested the system again with the same parameters as on day
were asked to test the g.Nautilus system with the dry eldeso 2 (120/80 ms and window size adjusted).

(short pins) and a medium size cap. All others were o ered to

test both the dry (with long and short pin sizes) and the gel-End User 5

based g.Nautlilus system. User 3 performed the experiment@he participant was a 52-year-old male, who had a spinal cord
protocol with 12 instead of 10 sequences and started with thiejury 4 years and 8 month prior to the tests. He was tetraplegic
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FIGURE 3 | End user 4 during testing of the prototype. In (A) the split screen mode is shown. In(B) the spelling matrix is displayed in full screen mode. The
selected symbols were displayed in the line above the matriguch that the user received feedback although the correspoding application window for spelling was
not inside his eld of view. (C) depicts a close-up of the user and the electrode cap and in(D) the window size of the spelling matrix is adjusted to t the apfication
window size of his conventional software (dasher) used foraenmunication. End user 4 gained only rudimentary control er the spelling application and did not test
the other applications. Pictures are published with consenfrom the participant and his legal representative.

and only able to move his head and neck. In daily life, he used &t sporadically (about once per week) for short periods of time
eye tracker to operate his computer. (about 20 min) according to her caregivers.

We tested the g.Nautilus equipped with the gel-based She participated in sessions on three consecutive days. On
electrodes on two separate days. In the rst session, theay 1, we rsttested a medium size cap equipped with gel-based
participant sat in his wheelchair in front of the computer sarse electrodes. The participant was sitting in her wheelchaihwait
used to display the applications and matrices. In the seconexternal 22" monitor positioned in front of her. Secondly, we
session, the participant was lying in his bed and the system wéssted a smaller electrode cap equipped with the dry electrode
displayed in the split-screen mode on a 22" monitor positionedlong pins). Afterwards we switched back to the gel-based
such that the screen was within his eld of view (degure 4).  electrodes (small cap size) and displayed the calibratiomixnat
We then instructed his wife on how to set-up the system. She puin a large screen TV in front of her (séégure 5. On day 2,
on the electrode cap and also started the software by hevgelf we used the BCI2000 software framework to display a 6
rst asked him to spell a ve-letter word (“HALLQ”), afterwas letter matrix on her large screen TV (s&&gure 5. EEG data
he could explore the system by himself, while we explained theas recorded with 8 gel-based g.Gamma electrodes mounted in

functions to him. small cap and ampli ed with a g.USBamp. The same stimulation
Due to a broken lead, no signal could be recorded fronimage was used as for testing with tBackhomeprototype and
electrode POS8. timing parameters were identical. The participant performed a
total of 7 runs, in which she had to select 5 target lettersnfro
End User 6 the matrix respectively. During the stimulation, each row and

The participant was a 62-year-old woman and had beegolumn was ashed t10 times per letter selection. On day 3, we
diagnosed with amyotrophic lateral sclerosis 6 years prior téested theBackhomeprototype with the dry electrodes (small
the study. She was arti cially ventilated and fed and hadyonl cap/long pins). The calibration matrix was displayed on the
residual control of her eye movements. Binary communigatio large screen TV. Afterwards we asked her and her caregiver to
was possible employing slow horizontal eye movement. Blmkindemonstrate the eye tracking system. It was positioned intfron
was not possible. She had previously used an eye trackingsystef her such that her eyes could be detected by the system (see
for communication (sedigure 5, but had only limited control  Figure 5. At the end of testing we asked her a setaaf-hoc

of it during the last 4 weeks prior to testing due to a decline inquestions that she could answer with the help of her eye tragcki
her ability to control eye movements. Therefore, she onlgdus System.

Frontiers in Neuroscience | www.frontiersin.org 8 May 2017 | Volume 11 | Article 286


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Kathner et al. Brain-Computer Interface for Home Use

FIGURE 4 | End user 5 during testing of the prototype. (A)  depicts the user wearing a medium sized electrode cap with th gel-based electrodes.(B) shows him
in his wheelchair during testing on day 1(C) is a picture taken on day 2 of testing andD) a close up of the electrode cap with the reference electrode #ached to the
right earlobe. End user 5 gained control over the system. Piares are published with consent from the participant and Isi legal representative.

Caregivers Healthy Participants

For end users 4-6 the relatives and or professional caretakeEffectiveness

were present during the testing. Therefore, we includedehedn the run in which participants spelled a ve-letter word with
stakeholders in the evaluation since we were also intatestaa xed number of 10 sequences, all subjects reached a spelling
in their feedback about the ease of use of the caregiveiccuracy of 100% with both gel-based and dry electrodes. An
interface and the set up procedure. If end users were able tverview about the participants' performance with gel-baset an
control the BCI and caregivers agreed, we let them condudiry electrodes during completion of the tasks of the experiraent
the set up by themselves in a supervised session after weotocol is depicted irfFigure 6.

had explained the functionality of the soft- and hardware to With the gel-based electrodes and the dynamic stopping
them. To gather their feedback, we asked them to indicatmethod activated, 90% of icons could be selected, whereas
how di cult/easy the setup up was with a VAS ranging from with the dry electrodes signi cantly more icons (99%) could be
0 (D very dicult) to 10 (D easy) and posed a range of selected within three attempts per icon (Mann-Whitney U-test.
questions about the usability of the system in general from t U D 14,p D 0.005).

caregivers point of view and about the caregiver user interfa Table 2 lists the performance for each healthy participant.

particular. Participants needed on average 24.B.2 min to complete the
experimental protocol with the gel-based electrodes and 28.8

RESULTS 8.0 min with the dry electrodes (Mann-Whitney U-testl. D

47,p D 0.605;N D 9). These times do not include time for
Results are rst presented for the healthy study participantsetup and the spelling task with a xed number of 10 sequences.
followed by the results of the end users in Section Endhe selections per minute (and correct selections/min) for
Users. completing the protocol with théBackhomeprototype can be
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FIGURE 5 | End user 6 during testing of the prototype. ~ The end user wearing the electrode cap with the g.Ladybird ettrodes (A). (B) shows the end user
seated in her wheelchair in front of the TV used to display thBCI2000 control matrix for spelling. The eye tracking syster{C). The calibration matrix displayed on the
TV screen(D). Pictures are published with consent from the participant ad her legal representative.

It is apparent fromFigure 6 and Table 2that high a number
of selections was suppressed with the gel-based electrodes and
the dynamic stopping method activated. In the prototype, the
size of the displayed icons was adjusted according to the size of
the matrix, i.e., the less elements were in a matrix, theelattge
size of the displayed icons (and the larger the di erence in aize
compared to the icons used for the calibration run). To explore
whether there was a dependence of performance on the size of the
control matrices and consequently of the size of the symbvels
plotted Figure 7. For this, the average accuracies achieved with
the di erent control matrices were calculated for the groupat

FIGURE 6 | Average accuracies of healthy participants durin g the tested the gel-based electrodes.
experimental protocol with the gel-based and dry electrodes . For the

group with gel-based electrodes, the dynamic stopping metlod was

activated, whereas for participants with the dry electrods, the number of Ef ciency and Satisfaction

sequences for a selection was xed to 10.

The results of the eQuest2.0 are listedTable 3 the overall
satisfaction ratings with the VAS and the answers to the custom
questionnaire on system design Tiable 4 and the NASA-TLX
roughly estimated fronTable 2 The healthy users had an averagescores are presented ifiable 5 In the following we will
of 2.8 selections per minute (1.8 correct selections/mirthwi complement and highlight some of the ndings listed in these
the gel-based electrodes and 1.9 selections/minute (tréato tables.
selections/min) with the dry electrodes. E ectiveness and comfort were considered the most
The estimated number of sequences to obtain 100% accuracyportant aspects of the BCI (each named by 7 participants with
in the calibration run was lower for the gel-based electo(®9 the eQUEST2.0 in both experimental groups). While average
1.5) as compared to the dry electrodes (5.2.3) albeit this ratings for the total score of the eQUEST2.0 were above 4
di erence did not reach statistical signi cance (Mann-Whiy  (Dquite satis ed), some items scored below this value. In the
U-test,U D 29.5pD 0.112). group that tested the gel-based electrodes, these were speed
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TABLE 2 | Perfomance for individual participants for completing t he experimental protocol with the dry or gel-based electrode S.
Selections and time required to complete the tasks of the proto col
Healthy (Gel) Healthy (Dry)
Participant Total Suppressed  Wrong Icons unable to Time to Total Wrong Icons unable to Time to
select within complete the select within complete the
three attempts protocol (in three attempts protocol (in
minutes) minutes)
1 70 21 5 3 28 56 9 0 30
2 83 44 2 10 34 78 33 2 43
3 55 3 5 0 16 48 0 n/a
4 59 14 1 2 19 50 0 25
5 59 6 3 n/a 53 0 26
6 50 4 0 1 13 48 0 25
7 81 37 7 10 32 61 15 1 30
8 56 8 2 0 15 50 0 26
9 79 45 0 13 30 48 0 24
10 72 16 12 3 30 57 10 0 30
Mean 66.4( 12) 20.1( 16.2) 4( 3.8) 45( 4.7) 24.1( 8.2) 54.9( 9.3) 8.2( 9.9) 0.3( 0.7) 28.8( 5.8)

them for a while, but he was still “quite satis ed” with the oaé
wearing comfort. One user commented that he felt a slight
pressure of the electrodes, but compared it to a head massage
and another user stated that he did feel the electrodes &t rs
but didn't notice them any longer after wearing them for some
time. One user in each group commented that the chin strap
was uncomfortable (“a bit too tight,” “pressure on chin”).téf
testing the gel-based system, a user perceived uncomfottably
ear clip that attached the reference electrode to the usar's e
lobe.

Concerning the speed of the system users in both groups
commented that it was slightly slow, in particular when
comparing the speed to standard computer input methods such
as a keyboard or mouse and for complex tasks such as writing a

text.
Auto-completion was among the suggestions on how to
FIGURE 7 | Performance with the gel-based electrodes as a functi ~ on of improve the system named in the usability questionnaire

matrix size.

concerning the system design. Participants also suggested
abolishing the gel, increasing the wearing comfort of dry
electrodes and improving the speed. Most study participants
(3.7) and aesthetic design (3.7) and during testing withdhe  were fascinated that they could give commands using theinbrai
electrodes, aesthetic design (3.8) and comfort (3.9).h&@ist only. Some representative remarks on the positive aspects of the
design, comfort and speed were also the items most comment&iistem were: “I would have never thought that somethingtlike

on in the eQUEST2.0. Participants across both groups remarketias possible,” “positive how easy commands could be executed
negatively on the conspicuous design of the electrode capjth the system,” and “exciting to give commands basicai$t j

but also commented that functionality is more important. using the brain.” Several comments on the negative expegenc
Concerning the wearing comfort, participants who tested theconcerned the time and high concentration needed for one
gel-based electrodes commented on the electrode cap, twe uséelection and the di culties selecting certain symbolsiiftg,
speculated that wearing it for some time would be annoyingbecause of repetitive ashing,” “frustrating if wrong symiyeits
Four users who tested with the dry electrodes also commentegelected,” and “high e ort needed.”

on the wearing comfort of the electrodes, which were in direc  On average, the mental workload score as determined with
contact to their skin. One user remarked that the subjectivéhe NASA-TLX was higher for the group that tested the dry
pressure of the dry electrode pins increased over time an€lectrodes (total score of 55) as compared to the gel-basgd (42
another stated that the electrodes were “painful” after wgar Substantial di erences in the average values for the suéscal
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TABLE 5 | The average scores of the NASA-Task Load Index (NASA  -TLX) likelihood for successful operation online. During the siogjlof

and the weighted scores of its subscales for the group of healt hy 10 letters with the dry electrodes, he reached 70% accur&ty a

participants that tested the gel-based and dry electrodes. testing was continued with the remaining tasks of the protoco

NASA-TLX The participant reached an overall accuracy of 60.6% thaltezsu

Subscale Healthy (Gel) Healthy (Dry) in a time to complete the protocol of 43 min. Except for two icons
(xbmc in the smart home matrix and the last selection with the

Mental demand 8(8) 18 ( 9) web browser), he was able to select all icons within thresvgits

Physical demand 2(2) 0.3( 0.7) pericon.

Temporal demand 7(8) 12(7) His satisfaction with the device, as rated with the VAS,

Performance 10 ( 9) 13( 7) was 3.8 and he stated that the accuracy should be 100%. The

Effort 9(9) 9(7) average eQUEST 2.0 score (2.9) indicated that he was more or

Frustration 6( 5) 2(2 less satis ed, but the average score of the BCI specic items
(reliability, speed, aesthetic design, learnability) voagel (2.2),

Total score 42 ( 20) 55( 15 and he indicated that he was not satis ed at all with the aetith

The maximum possible subscale score is 33.33 and the maximum total scor&00, with deSign of the electrode cap (rating of 1)' He rated ease of use,

higher score indicating higher workload. speed and aesthetic design as most important aspects with the

eQUEST 2.0. Although he was not satis ed with the design of the
EEG cap (he asked for a method to attach the electrodes that is
less conspicuous and does not require a cap), he was satisaéd th
signals were transmitted wirelessly.

were observable for the mental demand scale (dry: 18 vsB)gel:
and the temporal demand (dry: 12 vs. gel: 7).

End Users End User 4

Table 6 provides an overview of the main results, in terms . .
'p . . . . As can be inferred fronTable 7, the best results were achieved
of maximum accuracies achieved over all sessions with the

prototype, for the end users. Only end users 3 and 5 had su cienf" day 3 \.N't.h the gel-based electrodgs_, (window size adjusted,
control over the BCI to perform the experimental protocol to standard timing parameters). The participant was able to spell 6

" out of 10 letters correctly with a xed number of 14 sequences

test all applications of the prototype. For all other end useses, w S
: L . None of the other applications were tested due to the low lefvel o
aimed to maximize the control over the prototype by changing

the parameters in an iterative procedure for each user an@\/allocorxlrtﬂoindhlmge(it”:ﬁ‘; i?rrc;[gzgncgc;ul d be tightly attached to the
for control over the spelling application. In the following, the 9 Y ghtly

results are described in detail for each participant head of the user on day 1, the EEG signal quality was insu tien
' for controlling the BCI. We tried to create a classi er thrémés

End User 1 (as listed inTable 7) with the dry electrodes, but this did not

We could not establish a su cient signal quality (as assessed €Sult in accuracies promising for satisfactory online usewe
visual inspection of the EEG) with the short electrode pins an@imed at maximizing the performance, we tried the gel-based
a medium size electrode cap. The contact of the dry electrod&ctrodes.

on the scalp was not good, caused by the long hair of the user. After we had explained the functions of the user interface to
Testing was discontinued after three unsuccessful atterigpts the caregiver and taught him how to set up the electrode cap, th
generate classi er weights. caregiver felt con dent that he could operate the interfacthvai

little practice and could include the set-up of the BCI in hislga
End User 2 routine. He stated that it contained all the relevant fuocis, was
The dry electrodes could be tightly attached to the useapsbut  intuitive and remarked that it was “easy to understand anduie
the EEG signal was disturbed by the spastic movements offhis |éaid-out.” He had no suggestions on how to improve the system.
arm (assessed by visual inspection of the EEG). We performddne patient was generally satis ed with the GUI, but stated that
three calibration runs, but the maximum accuracy reached wait might be “over featured,” meaning that the high functidity

5%, thus, no further tests could be performed. of the program could possibly distract the user. He suggested to
display only the most important options and to display the other
End User 3 settings only in an expert mode.

The electrode cap could be tightly attached to the user'slhea

After a classi er was created, the participant completed thé&end User 5

experimental protocol with a xed number of 12 sequences peiThe participant did not like the pressure of the dry electrodes,
selection. The calibration run estimated a classi catioowacy therefore we refrained from testing this electrode type.

of 30% in the rst run and after adjusting the electrodes, a In the rst session, the calibration run was successful ard h
classi cation accuracy of 34% in the second calibration.runachieved 100% classi cation accuracy with an estimatedboam
However, the signal quality was judged as good by visualf 3 sequences with the gel-based electrodes. He needech23 mi
inspection of the EEG. To test whether online spelling wag¢65 selections) to complete the experimental protocol. Theallver
possible using the classi er, we set the number of sequerces dccuracy was 64.6% with 33.9% of selections suppressed gnd onl
12 (in deviation from the protocol used for healthy participant one erroneously chosen selection (1.5%). He was able to aklec
who all achieved 100% classi cation accuracy) to increlse t but three icons, with a maximum of three attempts per icon.
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TABLE 6 | Overview of results achieved by end users.

Electrodes tested

End user Days of testing Gel Dry Satisfactory Max. accuracies achieved Time to complete the Possible obstacles of
control ( 70% experimental usage
accuracy) protocol
01 1 X X No No classi er could be Insuf cient contact of
generated electrode pins
02 1 X X No No classi er could be Spastic movements of
generated the user
03 1 X X Yes Spelling: 70% Protocol: 61% 43 min
04 3 X X No Spelling: 60% Fixation dif culties
05 2 X X Yes Spelling: 100% Protocol: Error 23 min BCI slower compared
rate 1.5% to his eye tracker
06 3 X X No No classi er could be Not possible to
generated combine data from

several training runs

The table lists whether satisfactory control (70% accuracy) for the tasks of the experimental protocol or spelling could be &@ved and the column “max. accuracies achieved” lists
the best performance for completing the experimental protocol or an individuapelling task for each end user. More detailed results for each end usare listed in Section End Users.

TABLE 7 | BCI performance during testing with end user 4.

Session Parameters Estimated classi cation accuracy Spelling with feedback
DAY 1

Session 1 Dry electrodes; split screen 1st run: 33% 2nd: 21% 3rd: 17% N/A

DAY 2

Session 2 Gel-based electrodes, split-screen 31% N/A

Session 3 Gel-based electrodes; full-screen 39% 0/5 letters (0%) correct
Session 4 Gel-based electrodes ; 200/200 ms; adjusted windowsize 59% 2/6 letters (33% correct)
Session 5 Gel-based electrodes; 120/80 ms 64% 1/9 letters (11%)

DAY 3

Session 6 Same as in session 5 74% 6/10 letters (60%)

The “estimated classi cation accuracy” comprises the values estirated of ine for online performance by the system based on the data from the calilation run.

He rated overall satisfaction with the device as 4.5 on thB.VA estimated that she would need two more practice sessions with
The total eQUEST2.0 score (3) indicated that he was more sr leguidance.
satis ed with the prototype. The average score of the addeddste ~ The patient suggested implementing a pause of several
was a bit lower (2.5), and he was least satis ed with the speestconds after a web page has been loaded before selectituhs cou
of the system (rating of 1). He compared the BCI prototype tdoe made to provide the user with su cient time to nd the
his eye tracking system that allows him to make selectioneemodesired command in the control matrix. He stated that he was
rapidly and which is less complex. On the other hand, he statedot satis ed with the amount of wrong selections, which oceat
that it was “pretty easy” to set up the electrode system anasadj particularly often when he was not paying attention to the coht
the cap and could imagine that other patients could bene nfro matrix.
the technology. He criticized the material of the electradg
since he started to sweat after wearing it for some time. End User 6

In the second session, the set up was performed by thalthough we tested several settings (dry and gel-basedediest,
participants wife and he was lying in his bed. The rstcalitioa  di erent screens and cap sizes) during the rst day, attempts t
run was successful (100% with 5 sequences) and he copieldssify the data were unsuccessful. The software of thetypet
a ve letter word correctly. Afterwards he tested the systemiid not allow for combining data from several calibration
(mainly the web browser) for about 1.5 h and both he andruns. To test whether more training data could lead to a
his wife provided feedback. With a VAS ranging from 0 to 10performance improvement, we used the BCI2000 software on
the end user's wife indicated that the setup of the electrodeéhe second day of testing and performed 7 runs of spelling.
cap and the software was easy (nine). She stated that gtartihe combination of the rst two runs yielded an estimated
the software was easy and she could incorporate the set@jassication accuracy of 20%. Afterwards we darkened the
into her daily routine. To setup the system on her own, shaoom and performed an additional run, for which the estimated

Frontiers in Neuroscience | www.frontiersin.org 15 May 2017 | Volume 11 | Article 286



Kathner et al. Brain-Computer Interface for Home Use

classi cation performance was 80%. The participant performed 4cross all applications, the percentage of false selectioewers
more runs, in which she was asked to spell ve letters. In eaohr forthe gel-based as compared to the dry contact electrodageW
feedback about the chosen letters was provided to the partitipa during testing with the dry electrodes, a selection was nedibe
In a stepwise procedure, each run was added to the runs usedaoxed number of 10 ash sequences, a dynamic stopping method
train the classi er. With this iterative process online dasation ~ was activated during testing with the gel-based electrolles.
accuracy increased from 40% in run 4 to 60% in runs 5 and 6 anskerved its purpose of minimizing the number of false selections
nally to 80% in run 7. After the seventh run, the participantsa and substantially speeding up selections for some participants
exhausted and no further runs were performed. However, a large number of selections was suppressed (no
On the third day, we tested the prototype with the dry contactselection after 10 sequences), in particular for the smaller
electrodes again. The calibration matrix was displayed on henatrices. Previous studies demonstrated that achievedacies
large screen TV. Within two calibration runs, the calibmatiwvas do not depend on matrix sizeSgllers et al., 20p@or on the
not successful. Therefore, we stopped the BCI session and askayout of the matrix lam et al., 200p These studies di ered
her and the caregiver to demonstrate the eye tracking system  from our study in that calibration and testing matrices were
dwell time was setto 1.5 s. She could not select all symbaddlgq equal. Therefore, future studies could systematicallystigate
well with the system. The error rate was particularly high forto what degree performance is aected by the dierence in
neighboring symbols and she needed several attempts tdsselematrix size of the calibration and control matrix. If thereaw a
icons displayed on the outer left side of the screen. Dependindependence as hinted in our explorative analyBigi{re 7), the
on which symbols were chosen, her accuracies ranged betweienns in all control matrices should be similar in size to threes
50 and 100%. She indicated that she could use the eye tracker o the calibration matrix to prevent a high number of suppressed
about 1 h, before she needed a longer break. We tested whtetheselections.
was possible to improve classi cation accuracies by inangdbie
dwell time to 2.5 s, but she was unable to focus on one particuIzDI’y Electrodes
item for this amount of time. For healthy users, the satisfaction ratings did not dier
At the end of testing, she estimated that she could wear thsubstantially for dry and gel-based electrodes. Howeverfaom
gel-based electrode cap for about 2 h and the dry electraates fratings as expressed with the eQUEST were on average slightly
about 1 h. She stated that her eye tracking system workedrbetiower (3.9) for the dry electrodes as compared to the gel-
compared to the BCI system. Nevertheless, she indicatedlieat based electrodes (4.4). In the group that tested the dry
would like to continue testing BCIs, but would prefer auditor contact electrodes, comments on the wearing comfort varied
over visual systems. substantially between users. While the majority of users adid n
Her caregiver had observed the setup on 2 days of testing amtdmplain about the wearing comfort, several users negatively
felt con dent that she could include the set-up of the BCl iath commented on the pressure exerted by the dry electrodes aad on

daily routine. described them as painful. The design of the electrode wgsa to
that was addressed by several users, it was described bydmsth u
General Remarks about Testing with End groups alike as conspicuous (gel and dry).

; : ; The workload as assessed with the NASA-TLX was estimated
Users du”ng Superwsed Sessions higher (on average) by the group that tested the dry eleetsod

The experimenters n hat the wirel ignal transomssi
e experimenters noted that the wireless signal transotiss s compared to the group that tested the gel-based electrodes.

facilitated the set-up in the home environments as compare@ C .
. ubstantial di erences were found in the subscales mentdl an
to previously used tethered electrode systems. Although the
emporal demands.

9 y P combination with the gel-based electrodes helped to redhe

. . . . |
to adjust the cap and establish a good signal quality (not' - .

Just P . 9 9 quarty ( workload. For the dry electrodes, participants needed in ganer
quantitatively assessed). The signal was more easilyrloégtu . .

longer for each selection since always 10 sequences weledhee

by movements of the user, movements of persons nearby or .

- o . . - . whereas for the gel-based system the number was determined
electrical noise in the environment during testing with tdey

electrodes as compared to the gel-based electrodes. A possﬁgamlcally. Consequently, participants had to focus aitent

explanation is a higher impedance of the dry electrodes. fora Io_nger time in the group that tested the dry electrodes,
increasing the mental demands.

The two available pin sizes for the dry electrodes o ered a

DISCUSSION level of adjustability that was su cient for most, but did ho

allow optimal adjustment for all users. However, the testiriw
The BCI prototype implemented within the proje@ackhome healthy participants demonstrated that satisfactory accesac
allows for muscle-independent control over various digitalcould be achieved with the dry contact electrodes, thus they
applications ranging from spelling to web browsing. Theexpand the range of sensors to choose from. The achieved
evaluation with healthy participants demonstrated that itlcb  accuracies of 87% with a xed number of 10 sequences for an
be operated with satisfactory accuracies with gel-baseddand average of 55 selections are in the range previously reported
contact electrodes. All participants could spell a given wordy Pinegger et al. (2016but on average higher. This could be
correctly independent of the type of electrodes. During tepti explained by individual di erences (due to small sample sizes
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of both studies and high inter-individual di erences) or the from the non-hair-bearing area around the ears. ReliableOP30
fact that a di erent ampli er and electrode cables were used bysignals could be recorded during an auditory oddball tasknev
Pinegger et al. (2016n our study, ribbon cables were used with after participants wore the electrodes for more than 6 h.
a xed, individual length for each electrode and connectedhe
g.Nautilus amp that was attached to the back of the cap, weeredoward Home Use of BCI
a standard g.USBamp and cables were use@&ibggger et al. The performance of the BCI varied substantially between the
(2016) Reduced time for EEG recordings with dry electrodespotential end users. While end user 5 achieved accuracie®in th
because no application of gel is required, is often named &nge of healthy controls and could control all applications] en
possible advantage of dry electrodes (eZgnder et al., 2011; users 4 and 6 did not even achieve satisfactory accuraciks wi
Lopez-Gordo et al., 20)4In line with the experience reported the spelling application and for end users 1 and 2 no su cient
by Pinegger et al. (2016)e can state that it was time consuming EEG signal quality could be obtained to control the BCI (with
to nd a tradeo between wearing comfort of the cap (pressurea medium size cap and dry electrodes with short pins). Because
of pins against the skin not too high) and good signal qualityof the small number of participants, we cannot systematically
and that the system was easily disturbed by movement asifac evaluate the dependence on the level of impairment. However,
Although not quantitatively assessed, and unlike expedtezl, end-users 4 and 6 were the most severely paralyzed. Both
preparation/time needed to setup the dry electrodes until aould not control an eye tracking system, probably due torthei
reliable signal was reached was equally long or even lorgyer lamited control over eye movements. This might be one of the
compared to the gel-based system judging from our experienadeasons why they were unable to control the BCI. Althougtbot
with healthy participants and end users. indicated that they were able to see all elements of the matri
With improvements regarding the wearing comfort and properly.

reliability of the signal, dry sensors may become an optian fo  Brunner et al. (20108lemonstrated in a study with healthy
use in daily life. Spring-loaded metal pinsao( et al., 20150r  participants that performance with a P300 matrix speller depends
soft and conductive material.(n et al., 2011; Yu et al., 2014 on gaze direction. Participants were asked to xate a croslsen
could improve the wearing comfort. Enabling a good wearingcenter of the matrix during a spelling task. Their performance
comfort of the electrodes is of particularimportance for ersgéts ~ declined with increasing distance of the target letters fribma
with severe paralysis. End user 5 refrained from testing tiye d xation point (i.e., the more peripheral the target was displayed
electrodes that caused a feeling of uneasiness/discaémduse For end user 6, we could conrm in our study using her eye
after his spinal cord injury the head remained the only bodytpartracker that the participant had di culties xating her gazeno
with intact sensation/was particularly sensitive and he dal  a particular point for more than a few seconds.
want to take any risks. Another factor that might be problerat For the most severely paralyzed users, with no or only little
during real-life use in less-controlled environments isitldry  control over eye movements and/or visual impairments, BCls
electrodes usually have higher impedance values as compatedt do notrely on eye gaze were proposed (for a revievRgeeo
to gel-based electrodes, and they might be more susceptibid¢al., 201p In recent years several paradigms were proposed that
to interference caused by movements or ambient electrigstatdepend on auditory or tactile stimulatiorHphne et al., 2011;
charges Chi and Cauwenberghs, 2010; Chi et al., 2010; Gug&chreuder et al., 2011; Kaufmann et al., 2013a; Hill et@l14;2
etal., 2012; Lopez-Gordo et al., 2p14 Kathner et al., 2015a; Kleih et al., 2015; Simon et al., 2Hl8er

et al., 2016; Herweg et al., 201These paradigms could prove

. valuable for persons with most severe paralyses. Recenthgr

Toward Better, Less Conspicuous etal. (2016andHerweg et al. (201&emonstrated that potential
Electrodes end users could gain control over an auditory spelling applacati
As proposed in this and previous studies, small head-mountedith training and control a tactile virtual wheelchair. Berse
ampli ers and wireless signal transmission can facilitateGEE these systems are still in the proof of concept stage, we did not
recordings outside the lalDgbener et al., 2012; De Vos et al.,implement them in the present prototype, but they should be
2019. Electrodes that are xed in a cap made of exible materialconsidered for future systems.
are currently the prevailing method for the recording of high  The caregiver of end user 5 conducted the setup of the EEG
quality EEG signals. In the future, further e orts are ne@eygs system and started the BCI by herself, rated it as easy and fel
to design non-invasive electrode systems that are inconep& con dent that she could incorporate it in her daily routineh&
and can be attached for several hours without causing digoam caregivers of end user 4 and 6, who had observed the setup,
Individualized ear-pieces with electrodes placed in theeatlfe also felt con dent that they could perform the setup as part of
concha and in the outer ear canal) of users is a less notieeatiheir daily routine. Feedback from them indicates that thessigin
option under investigationl(ooney et al., 2011, 2012; Bleichnerof the software is intuitive. However, we did not evaluate in
et al., 201p Bleichner et al. (2015¢ould demonstrate that this study, whether they could perform the setup without expert
the P300 could be reliably detected with an electrode placeslipervisionMiralles et al. (2015kpresented the results from an
on the upper concha during a BCI spelling task. An even lessidependent home use phase of the system with people living
obtrusive recording method was recently suggeste@byener with acquired brain injury during which caregivers did thets
et al. (2015)They developed miniaturized, electrodes printed orup without direct expert supervision. The caregivers were abl
a exible, c-shaped sheet that allows for recordings of EE8ads  to do the set-up at home but occasionally encountered tezaini
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problems that made it challenging for them to support the EEGand Kathner et al. (2015baverage selection rates of up to 9.9
measurements as part of their daily routine and was only péessibcorrect selections/min. However, in both studies users sgell

with high commitment and patience. In exemplary patientsonly a restricted amount of letters (22 and 17 respectivety) a

independent home use of BCI has already been demonstratédemains to be demonstrated that such selection rates caistal

(Sellers et al., 2010; Holz et al., 201pa,b be achieved during sustained ERP-BCI tasks.
End user 5 compared the BCI to his eye tracker, which was
Technical Improvements much faster and had an even lower rate of undesired selextion

Important improvements for BCI systems that are intended toRather than developing a system with high functionality that

be used as assistive technology should include the option {§"9ets @ wide range of users, it might me more important to
train the classi er with more data (e.g., by combining seter develop systems according to individual users' needs spalyi ¢

calibration runs). This is particularly important for dynami @and/or provide functionality that cannot be provided by stand
stopping methods since their performances improve with largefSSistive technology. For instance, in the study Hyggins
training set sizesSchreuder et al., 20).3The implemented €t @l (2015) persons with spinal cord injury emphasized the
dynamic stopping method in our prototype served the purpose ofmportance of functions that may not be otherwise aval!able t
minimizing false positive selections. However, applicatemgdd ~ them (e.g., control of a robot arm). None of the potential end
be further optimized to prevent involuntary selections if thger ~ USErs in the evaluation studies reviewedtbybler et al.(2014

is not paying attention to the screen. For instanieeyegger et al. ZIckler etal., 2011; Riccio et al., 2)Tould imagine using the
(2015)implemented a method that takes into account additiona/BC! for communication in Qally life. Potential end users were
features from the frequency domain to accurately detectitfe's much more tolerant regarding errors of BCI applications aimed
control state. To improve the speed of the system for the sgellin®t €ntertainment. That a match between the end users' neetis an

application, auto-completion algorithms could be implementedth® technology can resultin satisfactory BCI use in daigywhs
(Hohne et al., 2011; Kaufmann et al., 2p12 recently demonstratedHolz et al., 2015a)b For independent

home use, two end users in the locked-in state were provided wi

. . the Brain Painting application for artistic expression. Alttybu
Lessons Learnt from the Evaluation with the estimated accuracies were only in the range of 70-90%

End Users and Consequences for Future and there were technical challenges over the course ofaever

BCI Research months of testing (15 and 22 months respectively), both were
Apart from technical improvements that can be derived from thehighly satis ed with the BCl{olz et al., 2015 These ndings
evaluation with end users, there are other (more fundami@ntaunderline the importance of stringently following the user-
questions that can be raised following the evaluation of theentered design approach to achieve a match between the users'
prototype. We aimed to develop a BCls with high functionalityneeds and the BCI technolog(bler et al., 201y For the most
that is easy to use for non-experts (patients and caregivers) a severely paralyzed patients, emergency communication iy like
can be integrated into their daily life. to be the BCI task with the highest priority if all other assisti
Although there is generally a high interest by potential endechnology fails and providing BCI based communication for
users in a wide range of applications (e.g., control over gersons without motor control remains the most important
computer, a wheelchair and smart home contieljggins et al., challenge ibler and Birbaumer, 2008; Huggins et al., 2015
201) taking into account the individual user's needs is highlyTo ease the transition to a BCI as sole input method to assistive
important. technology once control over all motor activity is lost, higbr
While healthy participants were able to gain control over theBCls were proposedMillan et al., 201} These hybrid BCls
BCI prototype, the end users with the most severe paralysesmbine standard assistive technology with a BCI so thatsuser
(end users 4 and 6), who should benet the most from thecan switch between di erent input methods, e.g., eye tracking
system, were unable to achieve control over the BCI despite joystick and a BCIFfurtscheller et al., 2010; Amiri et al.,
various e orts to adjust parameters to their needs during the2013. Combining di erent input methods and adjusting BCI
measurements. Furthermore, end user 5, who achieved veparameters for individual users to optimize BCI performanca is
high accuracies was not very satis ed with the BCI in generaime consuming service that cannot be provided by reseasdher
and not satised at all with the speed of the system. Highe long run and needs to be undertaken by providers of assistiv
achieved accuracies were in the range that survey particgpartechnology.
with ALS and spinal cord injury named as acceptable for BCls
(>90% accuracy:uggins et al., 2011, 20)L8But these surveys
also demonstrated that the desired spee@@ characters/min) CONCLUDING REMARKS
cannot yet be ful lled by most BCI systems. Even for healthy
users the speed with thBackhomesystem was far below this BCls are intended as muscle-independent communication aids
value (gel: 2.8 selections/min; 1.8 correct selectioms/dry: 1.9  for persons with severe paralysis, yet studies with targetsuser
selections/min; 1.6 correct selections/min). In previotsdges are scarce and most studies are conducted in controlled
substantially higher selection rates were reported for ERISB laboratory environments. It is a crucial yet challengingpst
in studies with healthy participants. For instantenhardt et al. from BCls requiring expert knowledge to easy-to-use systems.
(2008)reported selection rates of up to 4.4 correct selections/mi®ur development e orts within the Backhomeframework

Frontiers in Neuroscience | www.frontiersin.org 18 May 2017 | Volume 11 | Article 286



Kathner et al. Brain-Computer Interface for Home Use

resulted in a multi-functional BCI that provided applicatiof@  employed soft- and hardware. IK, JD, SM, and AK conceived of
communication, web access, entertainment, artistic exgwas the study. All authors contributed to writing the manuscript
and environmental control.
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