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The current study investigated the effects of psychological well-being measured as quality of life
(Qol), depression, current mood and motivation on brain-computer interface (BCl) performance
in amyotrophic lateral sclerosis (ALS). Six participants with most advanced ALS were trained
either for a block of 20 sessions with a BCl based on sensorimotor rhythms (SMR) or a block of
10 sessions with a BCl based on event-related potentials, or both. Questionnaires assessed QoL
and severity of depressive symptoms before each training block and mood and motivation before
each training session. The SMR-BCI required more training than the P300-BCI. The information
transfer rate was higher with the P300-BCI (3.25 bits/min) than with the SMR-BCI (1.16 bits/
min). Mood and motivation were related to the number of BCl sessions. Motivational factors,
specifically challenge and mastery confidence, were positively related to BCI performance
(controlled for the number of sessions) in tow participants, while incompetence fear was
negatively related with performance in one participant. BCI performance was not related to
motivational factors in three other participants nor to mood in any of the six participants. We
conclude that motivational factors may be related to BCl performance in individual subjects and
suggest that motivational factors and well-being should be assessed in standard BCl protocols.
We also recommend using P300-based BCl as first choice in severely paralyzed patients who
present with a P300 evoked potential.
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P300 event-related potential

INTRODUCTION

Brain—computer interfaces (BCI) may provide severely paralyzed
users communication and control without motor responses (Kiibler
and Birbaumer, 2008). A BCI consists of several functional compo-
nents: the input for a BCI originates from a user who “produces”
brain signals (e.g., electroencephalogram, EEG; electrocorticogram,
EcoG), the output of a BCI (e.g., commands for a spelling program)
and the translation of input into output (signal detection, feature
extraction, classification) (Kiibler et al., 2001a; Mason and Birch,
2003; Kiibler and Neumann, 2005).

Different EEG signals can be used to control a BCI, e.g., sen-
sorimotor rhythms (SMR; (Pfurtscheller et al., 2000; Kiibler et al.,
2005a), slow cortical potentials (SCP; (Birbaumer et al., 1999;
Kiibler et al., 1999) and the P300 event-related potential (ERP;
(Farwell and Donchin, 1988; Sellers and Donchin, 2006; Nijboer
et al., 2008b; Furdea et al., 2009).

Sensorimotor or mu-rhythm (SMR) refers to 8—15 Hz EEG activ-
ity which can be recorded over primary sensory and motor cortical
areas (Niedermeyer, 2004). It is usually accompanied by 18-26 Hz
beta-rhythms. It decreases or desynchronizes with movement,
preparation for, or imagery of movement (event-related desyn-
chronization — ERD) and increases or synchronizes (event-related
synchronization — ERS) in the post-movement period or during

relaxation (Pfurtscheller and Aranibar, 1979; Pfurtscheller et al.,
1999; Pfurtscheller and Neuper, 2010). BCIs based on SMR are also
referred to as ERD/S-BClIs (Pfurtscheller and Neuper, 2010). In a
study by Kiibler et al. (2005a,b,c) all four participating amyotrophic
lateral sclerosis (ALS) patients were able to achieve SMR-regulation
of more than 75% accuracy within less than 20 training sessions.
Performance was around chance level during the first 10 sessions,
but increased significantly during the last 10 sessions.

The P300 component of the ERP is a positive deflection in the
EEG time-locked to auditory or visual stimuli. It is typically seen
when participants are required to attend to a stream of sensory
standard stimuli interspersed with rare deviant stimuli, typically
referred to as targets (Squires et al., 1977). This experimental
design is often referred to as an oddball paradigm (Fabiani et al.,
1987). The rare deviant stimulus will elicit different ERPs, the
most typical component being the P300. A study by Nijboer et al.
(2008a,b) revealed that five out of six individuals with ALS could
use the P300-BCI for communication in an initial BCI training
phase. Four users continued using the P300-BCI for communica-
tion (the fifth passed away) in a second phase of the study and were
all able to spell messages of considerable length with the P300-
BCI when more features were extracted from the EEG (Nijboer
et al., 2008b).

www.frontiersin.org

July 2010 | Volume 4 | Article 55 | 1



Nijboer et al.

Influence mood motivation BCI performance

In near future, research aims at providing severely paralyzed
users with low-cost, low-risk BCIs that can be used in daily life
(Kiibler et al., 2006). The development of BCIs is mostly focused
on improvements in signal acquisition, feature extraction, feature
classification, and algorithms. Still, for yet unknown reasons, some
people seem to have more difficulty in using a BCI than others
and some seem unable to use a BCI (Guger et al., 2003; Kiibler
et al., 2004; Nijboer et al., 2008a,b). It is often hypothesized that
psychological factors, for example mood and motivation of the
participant, might explain some of these inter individual differ-
ences. However, few studies have systematically investigated how
such non-EEG related, indirect aspects might influence and predict
BCI performance (Neumann and Birbaumer, 2003; Kiibler et al.,
2004; Leeb et al., 2007; Nijboer et al., 2008a,b). The implementa-
tion, data analysis and maintenance of most currently available
BCISs still require excessive supervision by psychologist, engineers,
computer scientists, and neurologists (Kiibler et al., 2006). Finding
predictors for BCI performance might lead to more efficient BCI
implementation (Blankertz et al., 2010).

In a first attempt to determine how psychological factors may
influence BCI performance Neumann found that mood, quality
of caregiving, headache, sleep, and even room temperature were
related to BCI performance in some users, albeit unsystematically
(Neumann, 2001). To continue this line of investigation, Nijboer
et al. (2008a) related mood and motivation of the participants
(N =16 healthy subjects) measured before each training session to
self-regulation of the SMR amplitude by means of visual or audi-
tory feedback (N = 8 healthy subjects for each modality) during
three daily training sessions. Four motivational factors were dis-
tinguished according to a cognitive-motivational model (Schiefele
and Rheinberg, 1997; Vollmeyer and Rheinberg, 2000). First, par-
ticipants can vary in their belief that they will succeed in mas-
tering the task (mastery confidence). Second, participants indicate
different levels of anxiety about failing in the task (incompetence
fear). Third, participants may be challenged by the task in various
degrees. And finally, the task may or may not evoke the interest of
the participant.

In general, motivation can be defined as providing “an impetus
toward a goal for all current processes” (Rheinberg, 1997). Two
forms of motivation are often distinguished: Firstly, when partici-
pants are intrinsically motivated, they engage in an activity, such
as learning to use a BCI, because they are interested and enjoy
the activity (Eccles and Wigfield, 2002). Secondly, when extrinsi-
cally motivated, participants engage in activities for instrumental
or other reasons, such as receiving a reward (Eccles and Wigfield,
2002). Patients with ALS might be more intrinsically motivated by
the BCI task because of the possible future use of the BCI system
in their daily life or because they would like to contribute to BCI
research. On the contrary, healthy participants in BCI studies might
be more extrinsically motivated because of the monetary reward
for participation in the experiment.

In the study of Nijboer et al. (2008a) better mood and mastery
confidence were related to better SMR-regulation provided visual
feedback, whereas higher ratings of incompetence fear were related
to worse SMR-regulation. Conversely, with auditory feedback
higher scores of incompetence fear were related to better SMR-
regulation. The authors suggested that when performance is high

from the beginning of the training (as found with visual feedback),
the incompetence fear in further sessions or loss of interest may
hamper performance and further learning. However, when per-
formance is low at initial training (as found with auditory feedback)
moderate incompetence fear might boost performance (Nijboer
et al., 2008a).

Leeb et al. (2007) came to similar conclusions after a study in
which the authors trained 10 healthy people first in a cue-based
(two-target) neurofeedback paradigm based on SMR and second in
exploring a virtual apartment on a computer again controlled by the
self-regulation of SMR. Subjects reported a motivation boost when
switching from a standard cue-based feedback to feedback in the
virtual apartment. In the first session in which they could navigate
through the virtual world a slight drop in performance could be
seen, especially in the good subjects. This drop was explained by
the authors by the unfamiliar and exciting new task (Leeb et al.,
2007). Contrary to that, poor performing subjects improved signifi-
cantly after being confronted with the virtual apartment task. The
improvement in performance could not be explained with learning
effects, because in a final session subjects were changed back to a
standard cue-based feedback paradigm upon which motivation
was again reported to decrease and performance dropped. Authors
concluded that although good subjects always perform well, espe-
cially bad subjects can increase their performance significantly after
motivational intervention.

The summarized results justify to hypothesize that a person’s
mood and motivation are related to BCI performance (Kiibler etal.,
2001a,b; Neumann and Birbaumer, 2003; Nijboer et al., 2008a).

We further hypothesize that addressing patient’s psychological
well-being is important for BCI performance. As variables contrib-
uting to psychological well-being we measured quality of life (QoL)
and depression as more stable and enduring components, and cur-
rent mood as a more variable, state dependent component.

According to the resource allocation model by Ellis and
Ashbrook (1988) both negative and positive emotional states may
impair performance. For example, word recall was impaired among
individuals when pleasant and unpleasant emotional states were
induced (Seibert and Ellis, 1991). Likewise, symptoms of depression
may impair learning and lead to deficits in attention and executive
control (Farrin et al., 2003; Porter et al., 2003). Therefore, we may
speculate that intense emotional states and depression hamper BCI
performance.

To date, nothing is known about the influence of QoL on BCI
performance. Yet, we argue that QoL defines the frame in which
BCI training of severely sick people takes place and thus, may
influence BCI performance. The definition of QoL is difficult and
complex due to the individual and dynamic nature of the concept
(O’Boyle and Waldron, 1997). A useful distinction to make is that
between health-related QoL and overall QoL (Gill and Feinstein,
1994). Health-related QoL reflects a person’s health status and
can be measured by instruments that focus on physical health and
overall functional ability (Robbins et al., 2001). Overall QoL also
takes into account other non-medical factors (Gill and Feinstein,
1994). Carretal. (2001) consider health-related QoL to be the gap
between our expectations of how our health should be and our
experience of it. This idea implies three problems with measur-
ing health-related QoL: people have different expectations; people
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may be on different points of their illness trajectory when QoL
is measured and the reference value of their expectation may
change over time (response shifts) (Calman, 1984; Sprangers and
Schwartz, 1999; Carr et al., 2001). Additionally, most health-related
QoL questionnaires impose a predetermined value system on the
respondent (standardized questionnaires) (O’Boyle and Waldron,
1997).Neudert et al. (2004) showed that health-related QoL ques-
tionnaires do not adequately monitor individual aspects of QoL
of patients with ALS. Instead, health-related QoL questionnaires
seem to be “surrogate measures for physical function.” Therefore,
it is important to let a patient define what QoL is to him or her
and evaluate the quality of those areas (O’Boyle and Waldron,
1997). The schedule for the evaluation of individual QoL direct
weighting (SEIQoL-DW) allows us such and individual definition
of QoL and can therefore reflect response shifts (Hickey et al.,
1996). The SEIQoL-DW was judged as more valid than health-
related QoL questionnaires by ALS patients themselves (Neudert
et al., 2001).

In the current study we investigated the influence of motivation
and psychological well-being (current mood, QoL, and depression)
on the performance with an SMR- and P300-BCI. More specifi-
cally, we investigated the performance of severely paralyzed users
with ALS, whom we suspect to be highly intrinsically motivated. In
addition, this paper offers the first direct comparison of SMR- and
P300-BCI performance of ALS patients, albeit in a small sample.

MATERIALS AND METHODS

PARTICIPANTS

Seven participants with ALS were trained with the SMR-BCI (N =1)
or the P300-BCI (N = 3), or both (N = 3) (Kiibler et al., 2005a;
Nijboer et al., 2008b). All participants provided informed consent
for the study which was approved by the Ethical Review Board
of the Medical Faculty, University of Tiibingen. Participants were
trained in their home environment. Demographics, illness param-
eter, and type(s) of BCI are listed in Table 1. An eighth participant
(H) was confronted with the P300-BCI, but because a reliable P300
could not be detected, was not included in the study. Participants
H and C were locked in with increasing difficulty to move their
eyes or to blink. Participant B had already been in a wheelchair

due to a car accident. Her medication included morphine against
phantom limb pain. Her dosage of morphine was increased during
the P300-study.

BCI TRAINING

Four participants practiced the SMR-BCI for 20 sessions over the
course of 3—7 months. Six participants practiced the P300-BCI for
10 sessions over the course of 1.5-3.5 months. Those patients who
entered both studies first practiced with the SMR-BCI and after
20 sessions started practicing with the P300-BCI. For an extensive
description of the training paradigms see Kiibler et al. (2005a) and
Nijboer et al. (2008b). We will refer to all 20 SMR sessions as SMR
training and to all 10 P300 sessions as P300 training.

To learn to modulate the power of SMR, patients were pre-
sented with one-dimensional cursor movement on a computer
screen (Kiibler etal.,2005a). During each trial, users were presented
with a target consisting of a red vertical bar that occupied the top
or bottom half of the right edge of the screen and a cursor on the
left edge. The cursor moved steadily across the screen, with its
vertical movement controlled by the SMR amplitude. The patients’
task was to move the cursor to the level of the target so that it hit
the target when it reached the right edge. Low SMR amplitude
following movement imagery moved the cursor to the bottom bar,
thinking of nothing in particular (“relaxation”) moved the cursor
toward the top bar (Kiibler et al., 2005a). Each session had eight to
fifteen 2- to 3-min runs comprising 20-35 trials, and separated by
1- to 5-min breaks. Thus, a typical session lasted everything from
30 to 70 min. The correct response rate (CRR) was defined as the
percentage of hit targets within one session.

In the P300-BCI participants were presented with a 6 X 6 matrix
where each of the 36 cells contained a character or a symbol (Farwell
and Donchin, 1988; Nijboer et al., 2008b). This design becomes
an oddball paradigm by first, intensifying each row and column
in random order and second, by instructing participants to attend
to only one of the 36 cells. Thus, in one trial of 12 flashes (6 rows
and 6 columns), the target cell will flash only twice constituting
a rare event compared to the 10 flashes of all other rows and col-
umns and will therefore elicit a P300 that can be detected by the
BCI (Nijboer et al., 2008b). In each session, the nine words of the

Table 1| Demographic data and illness parameters of participants, and type of BCI used for training.

Participant Age Sex ALS type Time since ARTIFICIAL Type of BCl training
diagnosis
Nutrition Ventilation SMR P300
A 67 M Bulbar 17 months Yes No X X
B 47 F Spinal 2 years Yes Yes X X
C 56 M Spinal 9 months Yes Yes X
D 53 M Spinal 4 years No No X X
E 39 M Spinal 3years Yes No X
F 49 F Spinal 1 year No No X
G 36 F Spinal 8 years No No X
H 46 M Spinal 10 years Yes Yes

Three participants entered in both studies. Artificial nutrition refers to the percutaneous endoscopic gastrostomy (PEG) and artificial ventilation was invasive by
means of tracheostoma. Time since diagnosis was calculated from the date of diagnosis to the first day of BCI training.
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German sentence “Franz jagt im komplett verwahrlosten Taxi quer
durch Bayern” (translation: “Franz chases in a completely shabby
taxi across Bavaria”) were each presented as separate text-to-copy
runs for a total of 51 selections (Nijboer et al., 2008b). This sentence
was chosen because it contains all letters of the German alphabet.
Performance was defined as the percentage of correctly selected
characters (CSC) of this sentence.

To compare performance it has to be taken into account that
the chance level to hit a target (chance = 1/2 = 0.5) or to select a
correct character (chance = 1/36 = 0.027) differs between the para-
digms and depends on the number of trials per session (Kiibler and
Birbaumer, 2008). Therefore, the information transfer rate (bits/
min) per session was calculated according to the formula suggested
by Wolpaw et al. (2000).

PROCEDURE

Before starting with SMR or P300 training blocks, physical impair-
ment, QoL, and depression were assessed using questionnaires. The
assessment lasted 1.5-3 h depending on communication abilities of
the participant. All questionnaires were filled out by the participant
themselves when they were able to hold a pen or otherwise by the
first author. Before each training session mood and motivation were
assessed using questionnaires. This assessment lasted 10-30 min.

INSTRUMENTS

ALS functional rating scale

The ALS Functional Rating Scale (ALSFRS; (Cedarbaum and
Stambler, 1997) was used to assess disease severity in the domains
of fine motor, gross motor, bulbar, and respiratory function. The
ALSFRS asks patients to rate their functioning on 10 items describ-
ing activities of daily living. Patient functioning is rated on a scale
from 4 (no impairment) to 0 (unable to perform task). Scores for
each item are added to a total score, ranging from 0 to 40, where
lower scores refer to more severe disability.

Quality of life

The SEIQoL-DW, which is a person-centered instrument, measured
individual QoL (O’Boyle and Waldron, 1997). Participants firstly
nominated five life domains (cues) which were important to their
QoL. Secondly, they rated their current level of satisfaction in each
of these domains and finally, they were required to indicate the
relative importance (weight) of each of the chosen domains. To
obtain a total QoL score the so-called SEIQoL-DW index score (SIS)
was calculated (0-100, with higher scores reflecting higher QoL),
whereby relative weight and current satisfaction were multiplied
for each cue and the results were summed up.

Severity of depressive symptoms

Severity of depressive symptoms was measured with the ALS
Depression Inventory with 12 items (ADI-12; (Kiibler et al., 2005b;
Hammer et al., 2008). The ADI-12 takes into account the specific
circumstances of progressive physical impairment culminating in
severe motor paralysis, artificial feeding, and ventilation. Statements
addressing activities that depend on an intact motor system are
excluded. Symptoms such as weakness, change in appetite, and
fatigue, which are measured with the Beck Depression Inventory
(Beck et al., 1961) could be physical symptoms of the disease itself

and not necessarily signs of depression (Kurtetal.,2007). Participants
rate how much they agreed with a statement on a 4-point Likert-type
scale. The maximum value is 48. Values equal or above 23 identify all
patients with any depressive disorder including minor depression.
Values equal or above 30 identify all patients with a current episode
of major depression (Hammer et al., 2008).

Current mood

Mood was assessed with the subscale of the “Skalen zur Erfassung
der Lebensqualitit” (SEL; Scales to assess Quality of Life) (Averbeck
etal., 1997) called “current mood.” Participants rate how much they
agree with each of 10 statements on a 5-point Likert-type scale. A
total score is obtained by averaging the scores of each item. The
higher the score for “current mood,” the better the mood. Examples
of statements are “Today I feel relaxed,” “Today I feel I am in a good
mood,” or “Today I feel restless.”

BCI motivation

Motivation was assessed with an adapted version of the Questionnaire
for Current Motivation (QCM) developed by Vollmeyer and col-
leagues (Rheinbergetal.,2001). The QCM consists of 18 statements
which have to be rated to which extent they apply on a 7-point
Likert-type scale. Because we adapted the QCM to BCI training
all items are listed in Table 2. A score for each of the four factors
(mastery confidence, incompetence fear, interest, and challenge) is
obtained by the average of the (reversed) scores on each statements
belonging to the different factors.

Table 2 | All items of the adapted QCM are translated from German to
illustrate the nature of the questionnaire (English version not validated).

Item Statement Factor
1 | look forward to work with the BCI today |
2 | think | can deal with the difficulties of this task M
3 Probably the training will not go well today M
4 | like improving my strategies or trying out new |
strategies for the training
5 | feel under pressure to perform well F
6 The training is a big challenge for me C
7 | look forward to start with today’s training |
8 | am very curious how | will perform today C
9 | dread a little that | can embarrass myself here F
10 | am fully determined to give my best in the training C
1 | don't need a reward for the training; | also have fun |
just like that
12 [t's embarrassing for me to fail here F
13 | think that everyone can control his/her brain activity M
14 I think | won't be able to accomplish the training today M
15 When | do well in the training today, | will be proud of C
my achievement
16 | am worried when thinking about the training F
17 | would also train outside the training hours |
18 The training demands paralyze me F

The third column contains information which motivational factor the item
measures: |, interest; M, mastery confidence, F, incompetence fear, C, challenge.
Item 3 and 14 have to be reversed.
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DATA ANALYSIS

Considering the limited number of participants in each group, the
difference between BCI performance (calculated in bits/min) dur-
ing SMR- and P300-BCl training will only be reported descriptively.
QoL and depression scores of patients are described and compared
to results from other studies with ALS patients.

Mood and motivational factors were measured as ordinal vari-
ables, thus only non-parametric tests can be used for statistical analy-
sis. Furthermore, SMR training consisted of 20 sessions and P300
training of 10 sessions only. To accommodate for this difference in
number of sessions we used every second SMR training session (odd
numbers from 1 to 19) for the correlational analysis. To address the
relation between time (measured in number of sessions) and mood
and motivational factors, non-parametric Spearman’s rank corre-
lations were calculated within each individual patient. Then, the
relation between BCI performance (CRR and CSC) and mood and
motivational factors, was calculated using partial non-parametric
(Spearman’s rank) correlations (control variable: sessions).

RESULTS

COMPARING THE INFORMATION TRANSFER RATES

Performance data for SMR- and P300-BCI training were published in
(Kiibleretal.,2005a; Nijboer etal.,2008b). Figure 1 depicts the average
bits per minute which were transferred during SMR-BCl sessions and
during P300-BCI sessions. The information transfer rate was higher
with the P300-BCI (3.25 bits/min) than with the SMR-BCI (1.16 bits/
min) (Kiibler etal.,2005a; Nijboer et al.,2008b). Furthermore, offline
analysis, which included more spatiotemporal features in the stepwise
linear discriminant analysis, showed the average information transfer
rate with the P300-BCI would have been much higher (5.10 bits/min)
if we had used these extra features (Krusienski et al., 2008; Nijboer

etal.,2008D); it was not available during the online study. Performance
increased over the SMR training (F, = 82.166 p < 0.001), whereas
performance remained stable during P300 training (F,, = 0.018;
p =0.896). (The probability of a type I error was maintained at 0.05
level for all subsequent analysis.). Those patients that entered in both
the SMR as well as the P300 study all achieved their maximum infor-
mation transfer rate during a session with the P300-BCI (A: 7.39 bits/
min; B: 5.77 bits/min; D: 5.34 bits/min).

PHYSICAL IMPAIRMENT, QUALITY OF LIFE, DEPRESSION,

AND BCI PERFORMANCE

Table 3 lists physical and psychological parameters of each patient
before SMR or P300 training, overall CRR/CSC (averaged over
all SMR or P300 sessions), initial CRR/CSC (averaged over the
first three sessions of training) and end CRR/CSC (averaged over
the final three sessions of training). The average ALSFRS score
of the participants was 16.5 before SMR training and 14.4 before
P300 training implying increasingly severe impairment. The ADI
scores indicated that participant A had a major depression disor-
der shortly before he started with the P300 training, which might
have been a reaction to the rapid physical decline in the period
between the SMR- and P300 training (ALSFRS score from 27 to
17). Nevertheless, he could spell with the highest CSC with the
P300-BCI (during 7 out of 10 sessions he successfully selected more
than 90% of the characters and in 2 sessions he spelled a 100%
correct). With an ADI score of 23, participant D was in the range
of 60% likelihood for any kind of depression before SMR- and
P300-training. On average, participants were not depressed neither
before SMR- (ADI = 19.8) nor P300-training (ADI = 20.7). It has to
be pointed out that the ADI is a screening instrument for depres-
sion in ALS, but not a diagnostic tool. None of the participants was

bitrate/ 7 -
minute
6 - o o A SMR
o o o ® P300 online
5da " . 0 P300 offline
(] [m]
4 1 [ ]
s [ ]
. a " A A
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E . A A
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1 1 L A
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A 5, A A A A A,
0 T 1 T T _I" T T T T T T T T T T T T T T 1

1 sessions 20

FIGURE 1 | Average online bits per minute transferred per session in the SMR and P300-training. The offline analysis of the P300 training data is explained in
Nijboer et al. (2008b). Note, that the SMR and P300 training were not conducted simultaneously, but successively.
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Table 3 | Overview of physical and psychological parameters and the average BCI performance over all sessions (mean CRR or mean CSC), over the

first three sessions (initial CRR or CSC) and over the last three sessions (end CRR or CSC).

Participant Sex Age ALSFRS ADI SEIQolL-DW Mean CRR Initial CRR End CRR
BEFORE SMRTRAINING

A M 67 27 20 83.7 67.8 56.3 775
B F 47 9 20 63.7 63.9 571 83.8
C M 56 7 16 875 66.2 59.9 773
D M 53 23 23 715 66.4 573 75.8
Average 56 16.5 19.8 76.6 66.1 57.7 78.6
BEFORE P300 TRAINING

A M 67 17 37 50.4 878 75.8 86.3
B F 47 8 16 48.6 51.3 75.6 39.1
D M 53 23 23 70.0 46.0 66.7 317
E M 39 8 12 95.4 50.1 379 50.3
F F 49 31 20 65.8 61.1 53.9 69.3
G F 35 14 18 49.5 75.7 575 75.8
H M 46 0 19 74.1 - - -
Average 48 4.4 20.7 64.8 62.0 61.2 58.8

ALSFRS, ALS Functional Rating Scale (Cedarbaum and Stambler, 1997); ADI, ALS Depression Inventory (Kiibler et al., 2005b;, Hammer et al., 2008); SEL, Skalen zur
Erfassung der Lebensqualitaet (scales for the assessment of quality of life) (Averbeck et al., 1997); SEIQol-=DW, index score of the schedule for the evaluation of

individual quality of life direct weighting method (O'Boyle and \Waldron, 1997).

diagnosed with any kind of depression disorder; the reason for the
lack of diagnosis and treatment of depression in ALS goes beyond
the scope of this paper. Physical impairment was neither related to
depression as measured with the ADI (P = 0.512, p = 0.108), nor to
QoL as measured with the SEIQol-DW (P =-0.201, p = 0.554).

Individual QoL, as measured with the SEIQoL-DW, was rated
as satisfactory to good for most participants (SEIQoL-DW range:
48.6-95.4). The domains most often identified as determinants of
QoL were: social life (12), family (10), communication (6), mobility
(6), health (5), and financial security (5). All but one participant
changed one or more domains of their QoL between time points
1 and 2 indicating a response shift, which is known to be adaptive
when diagnosed with a chronic progressive disease (Sprangers and
Schwartz, 1999).

Before P300-training the SEIQoL-DW score of participant A,
B, and G indicated that their individual QoL was below average.
Understanding why their subjective QoL was so low is possible by
investigation of the domains they reported as determinants for their
QoL (see also Quality of Life and Severity of Depression in BCI
Users with ALS). Table 4 lists these domains at different time points
of measurement. For participants A, B, and D, who participated in
both SMR- and P300 training, time 1 reflects the SEIQoL domains
before SMR training and time 2 before P300-training. For partici-
pant C, E E, G, H time point 1 reflects the SEIQol domains before
P300-training and time point 2 the SEIQoL domains immediately
after P300-training (no time point 2 for participant H, because he
was not included in the P300 study).

MOOD, MOTIVATION, AND BCI PERFORMANCE IN INDIVIDUAL PATIENTS
Due to the small number of participants we chose to investigate
intra-individually the effects of current mood and motivation. In
general, participants were highly motivated for both BCI paradigms
and mood was often good before training.

To address the relation between time (measured in number
of sessions) and mood and motivational factors, non-parametric
Spearman’s rank correlations were calculated within each individ-
ual patient. Then, the relation between BCI performance (CRR and
CSC) and mood and motivational factors, was calculated using
partial non-parametric (Spearman’s rank) correlations (control
variable: sessions). Table 5 provides an overview of all significant
correlations between time (number of sessions), mood and moti-
vational factors and BCI performance. In the following paragraph
we will describe how time was related to BCI performance, mood
and motivational factors.

Over the course of the P300 sessions BCI performance decreased
in one participant (B), whereas BCI performance increased in all
participants (A, B, C, and D) over SMR sessions. Thus, BCI per-
formance was stable for five of six participants in the P300 train-
ing, while all four participants in the SMR training improved in
performance. In contrast, mood and motivational factors changed
over time in all but one (F) participants. During the SMR train-
ing mood and motivational factors were more often related to the
number of sessions (11 significant correlations) than during P300
training (6 significant correlations) (see Table 5; see The Influence
of Mood and Motivation on BCI Performance).

Participant C’s mood increased with number of SMR training
sessions as well as the challenge he felt before the training and the
interest he had in the training. Also, his incompetence fear decreased
with SMR training. Participant B’s mastery confidence increased with
SMR training and she felt more challenged by the training with time.
Participant A was more interested in SMR training as time passed
and also felt less fear that he might be incompetent in training. In
contrast, participant D felt less challenged by the training and had
less interest in the training. Participant D seemed to be an outlier.
He also repeatedly verbally reported that the two-target paradigm
in the SMR-BCI was too simple and bored him.
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Table 4 | Overview of the domains that patients indicated as
determinants of their QoL at time point 1 (T1) and time point 2 (T2). It
can be seen that some domains listed at T1 were no longer important at T2,
and new domains were added at T2. Additionally, the weights of domains,
which indicate how important these domains were for the overall QoL of the
participants, changed fromT1 to T2. Both, the exchange of domains and the
change in weight indicate response shifts (Sprangers and Schwartz, 1999) as
disease progressed. The QoL of participant H was only assessed once.

Participant Time point 1 Time point 2
Domains Weight Domains Weight
(%) (%)
A Family 30 Family 40
Independence 30 Independence 10
Social life 10 Social life 10
Mobility 20 Communication 10
Hope 10 Health 30
B Social life 38 Love 25
Self-determined 9 Health 25
living
Being useful 9 Being 15
challenged
Financial security 9 Mobility 15
Health 35 Quality of care 20
D Family 32 Family 50
Mobility 12 Mobility 10
Mental health 18 Eating/drinking 10
Marriage 24 Sex 15
Recognition 13 Quality of care 15
C Family 40 Family 40
Social life 30 Social life 22
Eating/drinking 10 Eating/drinking 20
Mobility 10 Mobility 13
Communication 10 Computer 5
E Family 50 Family 35
Social life 35 Social life 30
Communication 10 Communication 20
Sex 2.5 Sex 5
Music 25 Music 10
F Financial security 10 Financial security 10
Emotional 20 Independence 20
well-being
Social life 20 Social life 25
Recognition 10 Love 20
Intellectual 40 Intellectual 25
stimulation stimulation
G Communication 70 Communication 60
Financial security 5 Social life 10
Social life 10 Health 10
Health 5 Family 10
Recognition 10 Financial security 10
H Music 10
Television 20
Family 40
Social life 10
Visitors 20

Over the course of the P300 sessions participant D’s mood also
decreased while his mastery confidence increased. Participant A
again experienced a decrease in incompetence fear over time and
he felt more challenged by the task. Participant E’s incompetence
fear increased over time. Finally, participant G’s interest in the P300
session increased with time.

Finally, we investigated if and how mood and motivational fac-
tors were related to BCI performance. Partial correlations (control
variable was number of sessions) showed that in two participants
motivational factors were related to P300-BCI performance, whereas
in one participant a motivational factor was related to SMR-BCI
performance. Specifically, increased mastery confidence, was related
to better P300-BCI performance in participant E. The less incom-
petence fear participant F felt before P300 training, the better was
her performance. And finally, the more challenged participant A
was by SMR training, the better was his performance. Mood did
not relate to BCI performance in any of the participants.

To conclude, mood and motivational factors were more often
related to the number of SMR sessions than to P300 sessions.
Challenge and mastery confidence were positively related to BCI
performance in two participants. Incompetence fear was negatively
related to BCI performance in one participant. Mood did not relate
to BCI performance.

DISCUSSION

In this study we investigated the influence of psychological well-
being measured as current mood, depression and QoL, and motiva-
tion on BCI performance of severely paralyzed patients with ALS. In
addition, this report provides the first comparison of two different
BCI paradigms within the same participants with ALS. To sum-
marize, firstly, the P300-BCI allowed the user higher information
transfer rates after only one session compared to the SMR-BCI.
Secondly, within the SMR-BCI participants needed to train for 10
sessions until performance started to increase. Thirdly and con-
sequently, a learning effect was only detectable in the SMR-BCI.
Fourthly, the participants were highly motivated for BCI training
and were often in a good mood. Fifthly, QoL was rated as satisfac-
tory to good and only one participant showed signs of a major
depressive disorder. Finally, the relation between motivational fac-
tors, the state dependent component of psychological well-being
current mood and BCI performance differed between individuals
and BCI types and was related to the number of sessions. In par-
ticular, motivational factors were related to SMR-BCI performance
and P300-BCI performance in three participants. More specifically,
increased mastery confidence of participant E, was related to better
P300-BCI performance. The less incompetence fear participant
F felt before P300 training, the better was her performance. And
finally, the more challenged participant A was by SMR training, the
better was his performance. Mood did not relate to BCI perform-
ance in any of the participants. Thus, motivational factors, but not
mood, were related to BCI performance in some participants.

In the following we will discuss the outcome and the relevance
of the comparison between the SMR- and P300-BCI paradigms.
Then, we discuss the relation between motivational factors and BCI
performance and why mood and motivation may fluctuate more
during SMR training. Finally, we discuss why assessing QoL, and
depression rates in ALS patients is relevant for BCI research.
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Table 5 | Overview of the non-parametric correlations between number of sessions, BCl performance, mood and motivational factors in each
participant. Also, partial non-parametric correlation between BCI performance, mood and motivational factors controlled for the variable sessions. Gray cells
indicate that there are no data available for this participant. An asterisk (*) indicates the correlation is significant (p < 0.05).

P300 training SMR training
Sessions Performance Sessions Performance
controlled controlled
for sessions for sessions
Participant Rho p Rho p Rho P Rho p
Performance A +0.733 *
B -0.705 * +0.842 *
C +0.903 *
D +0.766 *
E
F
G
Mood A
B
C +0.678 *
D -0.636 *
E
F
G
Mastery confidence A
B +0.633 *
C
D +0.677 * -0.91 *
E +0.805 *
F
G
Incompetence fear A —-0.665 * —0.650 *
B
C -0.828 *
D
E +0.787 *
F -0.824 *
G
Challenge A +0.646 * +0.733 *
B +0.688 *
C +0.837 *
D -0.970 *
E
F
G
Interest A +0.701 *
B
C +0.807 *
D -0.844 *
E
F
G +0.725 *
COMPARISON OF SMR- VS. P300-BCl PERFORMANCE addressed in this protocol is which paradigm can be used by most

The aim to compensate for loss of motor function (e.g., inability  patients. In the here presented study participants could achieve
to communicate) in severely paralyzed patients by means of a BCI  higher information transfer rate after only one session with the
asks for an empirical-based protocol. One question that needstobe ~ P300-BCI, whereas none of the participants could use the SMR-BCI
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after only one training session. The use of the SMR-BCI required
10 training sessions until performance started to increase, but then
all users could accurately hit more than 70% of the targets, which
is considered to be the necessary level to control a communica-
tion program based on a binary spelling system (Perelmouter and
Birbaumer, 2000; Kiibler et al., 2001a,b).

These differing results may be explained by the nature of the
paradigms. The P300-BCI relies on the exogenous triggering of
brain potentials whereas the SMR-BCI as used here constitutes
a neurofeedback paradigm that relies on operant conditioning
of a new behavior: the ability to self-regulate SMR (Kiibler et al.,
2001a; Wolpaw et al., 2002). Guger et al. (2003, 2009) tested 99
healthy subjects with an SMR-BCI and 100 healthy subjects with
a P300-BCI. In both studies, participants were tested with the BCI
only for one session. Although 93.3% of the participants showed
a control above 59% accuracy (significantly better than chance),
only 6.2% of the subjects were able to learn SMR control with
100% accuracy. In contrast, 72.8% of the subjects could use an
P300-BClI after this initial session. These results are compatible
with the outcome of our comparison and support the hypoth-
esis that SMR self-regulation is a skill which has to be learned by
practicing, whereas P300-BCI use requires no learning. Therefore,
for quick and reliable communication a P300-BCI is the BCI of
choice provided a P300 is detectable. However, although all four
SMR-BCI users and five of six P300-BCI users could achieve high
performance, it needs to be noted that performance in persons with
ALS is worse than that of healthy controls (Farwell and Donchin,
1988; Nijboer et al., 2008a). Why do patients with ALS perform
so much worse? Possible explanations for the worse performance
with the P300-BClI are that ALS patients have reduced P3a and P3b
amplitudes compared to healthy controls (Hanagasi et al., 2002;
Paulus et al., 2002) and some may use antidepressants which may
further reduce P300 amplitude (d’Ardhuy et al., 1999); however,
this was not the case in our participant sample. In addition, P3a
latency might be prolonged (Hanagasi et al., 2002), which might
imply that BCI paradigms need a longer inter-stimulus interval for
patients (Kotchoubey, 2005). In addition, in late stage ALS patients
may have compromised vision so that an P300-BCI with visual
stimuli may not be feasible.

Blankertz et al. (2008) showed that with advanced machine-
learning techniques 8 of 14 BCI novices could perform with more
than 849% accuracy in the very first BCI session, and further four
subjects with more than 70%. However, it remains to be demon-
strated that these methods are suitable for elderly people with neu-
rodegenerative diseases. In addition, many electrodes are needed to
achieve these results and in practice it will be cumbersome if not
unrealistic to use these with severely paralyzed patients. Possible
other explanations for the worse performance with the SMR-
BCI are that patients with ALS may have altered cortical activa-
tion during motor imagery (Lulé et al., 2007; Stanton et al., 2007)
due to neuronal degeneration in motor cortical areas and that it
might be difficult to imagine movements after a long period of
being paralyzed.

Both BClIs, the P300 and the SMR neurofeedback paradigm, do
require a substantial amount of selective and sustained attention
which may be impaired in neurological patients (Hanagasi et al.,
2002; Pinkhardt et al., 2008). Other general factors that may influ-
ence BCI performance are daytime sleepiness (Buhr-Schinner et al.,

1995; Barthlen and Lange, 2000; Mochty et al., 2005) and noisy data
due to fasciculation (Mateen et al., 2008). Additionally, BCI trials
have to be interrupted more often, because ALS patients cannot
suppress coughing, swallowing saliva or yawning, as a consequence
of the disease, which leads to larger EMG artifacts than in healthy
controls. Furthermore, patients may be in need of medication that
affect attention or directly the EEG component (benzodiazepines,
opioids). For example, the decline of performance with the P300-
BCI in participant B corresponded to the increasing dosage of
morphine against phantom limb pain. Similarly benzodiazepines
to reduce anxiety affect alertness and the P300 evoked potential
(Engelhardt et al., 1992; Hayashi, 2000).

Taken together, we conclude that the P300-BCI is superior to
the SMR-BCI for healthy persons and ALS patients alike, pro-
vided a P300 is detectable and vision is intact. The advantage of
the SMR-BCI, which relies on neurofeedback, is that even if there
is no modulation of SMR at the very beginning of training it can
be learned by means of operant conditioning — an option which is
not existent in the P300-BCI.

THE INFLUENCE OF MOOD AND MOTIVATION ON BCI PERFORMANCE
Our study showed that patients with ALS are highly motivated
for BCI training and tend to be in good mood. Challenge and
mastery confidence were positively related to BCI performance in
two participants. Incompetence fear was negatively related to BCI
performance in one participant.

During SMR-BCI training incompetence fear of two participants
decreased as the number of training sessions increased, whereas
challenge increased in two participants. Challenge was positively
correlated to performance with the SMR-BCI in one participant. We
may cautiously argue that as the participants become more familiar
with BCI and reach a higher level of performance, they experience
more challenge which may be due to increased expectations in
their performance. During the first 10 sessions of the SMR training
performance of all participants was at chance level. Participants
verbally reported feeling frustrated or unsatisfied about the lack
of improvement during these initial sessions (e.g., one participant
stated that she was “very annoyed that the cursor does not move
where” she wanted it to move), but we did not systematically assess
frustration or satisfaction with training. However, interest in SMR
training remained constantly high across sessions and thus, possible
“frustration” did not affect motivation. The results of participant
D were in contrast to the results from the other participants. He
explicitly stated to feel bored during the SMR training. His mood
decreased during P300 training. Compared to the other partici-
pants, D was in a good physical condition (e.g., no bulbar symp-
toms, fully functioning upper limbs) and had a full time position as
an engineer. After we finished the SMR and P300 study participant
D informed us that he no longer wanted to volunteer in BCI studies,
because of his tight time schedule.

Perceiving the task as challenging boosted performance in one of
four participants during SMR training. Does this mean we should
make BCIs more challenging? Maybe exploring a virtual apartment
or playing computer games with a BCI would be more challenging
than attempting to hit one of two possible targets as in a SMR-BCI
(Leeb et al., 2007; Tangermann et al., 2009). However, participants
reported being very motivated to do this simple task (with the
exception of participant D). Furthermore, by making a task more
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engaging (such as with a virtual environment), the complexity
of the task can also increase, which may affect the targeted brain
signals. The optimal training paradigm may be to incrementally
increase the complexity of the task for participants (Neumann and
Kiubler, 2003; Kiibler et al., 2008). However, finding the optimal
training protocol calls for empirical investigation.

In general, we conclude that motivational factors may be related
to performance in both BClIs in some participants and should be
monitored in standard BCI protocols. Moreover, mood and motiva-
tional factors are more often related to the number of SMR sessions
than to the number of P300 sessions. This may be explained by the
different nature of the two BCI tasks: the SMR-BCI required learn-
ing to modulate the SMR amplitude by means of neurofeedback. It
is argued that learning to self-regulate SMR is like learning a motor
skill (Wolpaw et al., 2000; Hinterberger et al., 2005) particularly
because these skills share similar properties. Firstly, SMR modula-
tion is highly related to execution, imagination and observation
of precise movement (Muthukumaraswamy and Johnson, 2004;
Muthukumaraswamy et al., 2004). Secondly, SMR modulation and
motor skill learning are influenced similarly by the same factors:
feedback (Proteau et al., 1992), practice (Proctor and Dutta, 1995;
Ganguly and Carmena, 2009) and, at least for motor skill, sleep
(Walker et al., 2002). Mental imagery not only plays an important
role in SMR modulation, but also in physical motor skill learning
(Warner and McNeill, 1988). In both cases it is more effective if
the subject uses kinesthetic imagery (recreating an experience as if
the individual was actually moving) rather than visual imagery (in
which the individuals see themselves performing as if watching a
movie of themselves) (Suinn, 1984; Neuper et al., 2005). Thus, in the
SMR-BCI paradigm participants are “juggling” to learn how to use
self-regulation of their brain signals to control a cursor. Participants
receive real-time feedback of their EEG and related performance,
while with the P300-BCI performance feedback is only provided
at the end of each trial. In addition, participants might continue
practicing motor imagery without being connected to the BCI.
Participants may therefore feel a more internal locus of control
during the SMR training, which may explain why psychological
factors were more often related to the number of SMR sessions
than the number of P300 sessions.

In contrast, the use of the P300-BCI requires users only to focus
their attention on a desired character (which might be difficult,
though, for participants with neurodegenerative disease or brain
damage). P300s are triggered by external stimuli and one cannot
be trained to produce these responses. Nevertheless, volition and
cognitive processes can affect ERPs as early as 50 ms. after stimulus
onset (endogenous P300 components) (Birbaumer and Schmidt,
2006). Within the P300-BCI the most important component that
distinguishes targets from non-targets is the P300. The amplitude
of the P300 is known to be directly related to subjective relevance
of the eliciting event (Donchin and Cohen, 1967). Also in several
studies, the P300 amplitude was related to monetary incentives
(Homberg et al., 1981; Sato et al., 2005). However, in our par-
ticipant sample the different components of motivation had no
obvious effect on the P300 amplitude. One reason might be that
the intrinsic motivation of participants was high from the very
beginning and they reported feeling very motivated to work with
the BCI. It remains to be investigated whether additional incentives

(like monetary reward) could increase extrinsic motivation and if
this would have an effect on BCI performance. First results from
healthy subjects indicate, however, that intrinsic motivation indeed
influences the P300 amplitude independent of extrinsic motivation
(Kleih et al., 2010).

QUALITY OF LIFE AND SEVERITY OF DEPRESSION IN BCI USERS

WITH ALS

Quality of life was rated as satisfactory to good and was not related
to physical impairment which replicates results from other studies
(Simmons et al., 2000; Kiibler et al., 2005¢; Hammer et al., 2008).
The SEIQoL-DW results give important insight into response shifts
occurring during the course of the disease in ALS patients.

For example, one participant (A) was considered to have clini-
cally relevant depressive symptoms. This may have been related
to his low QoL before the P300-BCI study. Before he developed a
depressive disorder his QoL was determined by family, independ-
ence, social life, mobility, and having hope. He was very satisfied
with the quality of all of these domains. He had lost his ability to
speak, but communicated perfectly by writing his messages in a
notebook. However, before the P300-training the ALSFRS indi-
cated that participant A started having problems holding a pen.
His handwriting became sloppy and slow. He also needed more
help, for example with getting dressed or turning around in bed.
Consequently, before P300-training the most important determi-
nants of his QoL shifted to current issues in his life: health, inde-
pendence, communication, family, and friends. Apart from family
and friends, he was very unsatisfied with the other domains.

Another example is provided by participant B whose low indi-
vidual QoL before P300-training can be explained with the bad
quality of care she was receiving at that time in which her physical
state was deteriorating. Participant G indicated a low QoL, because
her communication ability was very poor, yet she indicated that
communication made up 70% of her overall QoL.

We suggest assessing individual QoL in the BCI target popula-
tion, because the results might serve as a tool for understanding how
the BCI might impact a patient’s life. If a BCI serves its purpose as
an assistive technology then it adds value to the patient’s life that
is reflected in the QoL score. In addition, further findings that QoL
and depression do not impact BCI performance, would suggest
that BCIs can be used by persons also when they have a period of
depression or low QoL.

CONCLUSION

To conclude, this study provides the first long-term study on mood
and motivation in BCI paradigms with participants with ALS. It
showed that motivational factors, such as challenge, incompetence
fear and mastery confidence, were related to the performance of
some participants. The sample size was small and the conditions
between participants varied considerably, thus it is difficult to pre-
dict how these results will translate to the future BCI user popula-
tion. However, these data constitute a first long-term exploration
of relations between psychological factors and BCI use. The data
are of importance to the BCI community in which most studies
test BCIs with young healthy participants. Knowledge of the target
population and its needs will be essential for bringing the BCI from
the lab to the homes of persons. We recommend to routinely assess
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psychological well-being and motivation in patients and healthy
controls enrolled in BCI trials. We also recommend to use P300-
based BCI as first choice in severely paralyzed patients who present
with a P300 evoked potential and have intact vision.
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