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HIGHLIGHTS:
1. Motor imagery (MI) questionnaires can be used expk method to detect Brain-Computer
Interface (BCI) illiteracy in Ml based BCI
2. 'Good’ and ‘poor’ BCI candidates prefer differentins of motor imagery
3. Object oriented motor imagery is influenced by ggital presence of the imagined object,
changing features of the BCI classifier

Abstract:

Objectives: The primary objective was to test whether motoagery (MI) questionnaires can be
used to detect BCI ‘illiterate’. The second obijeetwas to compare BCI classification accuracy
between two types of MI: in the physical preseotthe goal of an action (goal oriented imagery
GOlI) and without the physical presence of the ¢siahple imagery Sl).

Methods: Kinaesthetic (KI) and visual (VI) motor imageguestionnaires were administered to
thirty (twenty) healthy volunteers. Their EEG wasarded during a cue-based, Sl and GOl tasks.
Results: The strongest correlation (Pears&r0r53, p=1.6e5) (Pearson 0.66, p=1.39e-5) wasdfoun
between Kl and SI, followed by a moderate corieta| and GOI (f=0.33, p=0.001) = 0.46,
p=0.001) and a weak correlation between VI andr’sD.21, p=0.022) ¢=0.23, p= 0.03) and VI
and GOl (f=0.17, p=0.05) (=0.20, p=0.05). BCI classification accuracy was ilsimfor SI
(71.1+£7.8%) (68.66.1%) and GOI (70.5+5.9%) (6%4.9%), but GOI improved the classification
accuracy in ‘poor’ imagers and reduced the clasgifon accuracy in ‘good’ imagers. Classification
features used in Sl and GOI were different in 70%%4) of participants. People with the lowest Ki
scores had also the smallest reduction of thesosgrmotor rhythm during MI.

Conclusion: The Kl score can be used as a pre-test to prédigierformance of a Ml based BCI.
The physical presence of the object of an acticitit@es motor imagination in poor imagers.

Significance: In BCI based on MI, in particular for assistetabilitation of the upper extremities.



l. INTRODUCTION

Motor imagination (MI) is a dynamic state in whitthe presentation of a specific motor action is
internally activated without a motor output [Muld&d07]. MI activates the same brain area as real
(overt) movements [Jeannerod 2001, Decety 199@pwing the same dynamics described by
temporal regularity, programming rules, and theoeiny of biomechanical constraints.

A very important property of Ml is that one can idly imagine a motor action that he/she
cannot perform. A MI has therefore been widely ugmdtraining purposes, with sportsmen and
musicians [Hall et al. 1998, Hall 2001, Langheinakt2002, Lotze and Halsbrand 2006, Guillot et
al. 2010a], and in the rehabilitation of patientsoncannot perform active movements following
stroke, spinal cord injury (SCI) or chronic intralste pain [Moseley 2004, Butler and Page 2006,
Mulder 2007, Page et al. 2009, Grangeon et al. 20tHouin 2010]. In these studies patients were
verbally guided to imagine some functional, ob@eented task for which they could not produce a
satisfactory overt movement, such as reaching aspiing an object. Patients achieved decreased
reaching time, enhanced smoothness of a handtoajeaf their overt movements [Grangeon et al.
2010], increased Fugl-Meyer score and results @fAttion Research Arm (ARA) test [Page et al.
2006] .

Even though motor imagery can improve learning estearning of motor skills, it is much
dependant on a person’s ability to elicit mentahg®s. This ability is characterised as a ‘vividhess
of imagery (i.e. clarity and richness) and its coltbility, which depends on the person’s abitiby
perform the mental representation of an action édoaction) using the previous experience of an
earlier overt action [Guillot et al. 2010b]. Peophlay greatly in their ability to imagine movements
and this ability can be improved by practice [Ha885, Guillot et al. 2010b]. A recent study
demonstrated that ‘poor’ and ‘good’ imagers recthé@ corresponding anatomical substrates to a
different extent, ‘good’ imagers recruiting onlyetleortico-striatal system while ‘poor’ imagers in
addition recruiting the cortico-cerebellar sys{@nillot et al. 2008].

Questionnaires have been commonly used to assesr nmoagination ability [Isaac 1996,
Malouin et al. 2008, Malouin et al. 2009, Hall &t2009]. Apart from questionnaires, autonomic
system function measurements and mental chronoraegryalso considered a reliable measure of
imagery ability [Decety et al. 1991, Malouin et 2008].

The most popular motor imagery questionnaire id’$igliestionnaire [Hall and Pongrac 1983,
Hall and Martin 1997]. The main problem in admiergtg this questionnaire to patients is that it
requires quite energetic movements, which needet@xecuted and subsequently imagined. For
most patients with motor deficit, these tasks ampassible to perform and are also very hard to
imagine. Therefore Malouin et al. [2007] develogeduestionnaire adapted for people with motor
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disabilities called ‘The Kinaesthetic and Visual agery Questionnaire’ (KVIQ), containing
separate sets of questions for kinaesthetic asdaliMI. All movements implemented in this
guestionnaire can be physically executed whiléngitin a chair, thus additionally facilitating MI.
KVIQ predicts a possibility that a part of the bazhn be paralysed (e.g. stroke and SCI patients) so
it is a suitable questionnaire for BCI users [Matoet al. 2008].

Both covert and overt motor actions modulate Senstotor Rhythms (SMR), and cause a
phenomenon known as ‘Event related synchronisatesyhchronisation’” (ERS/ERD). The
ERS/ERD describes changes in the energy level déainefrequency bands of EEG signal as
compared to a period before the motor task [Pfhetser and Aranibar 1977]. The ERS/ERD is
closely related to a decrease in the peak of theep@mplitude of the SMR, which has been
suggested as an indicator of motor imaginationtgljBlankertz et al 2010]. Intensity of ERS/ERD
has also been related to MI, and has been seempmve with practice [Neuper et al. 2009].
Injuries to the CNS may influence execution of botlvert and overt movements [Malouin et al.
2008, Malouin et al. 2009, Maulouin and Richardsl@0Butler and Page 2006] that are
accompanied with changes in the ERS/ERD responset§bheller et al. 1980, Enzinger et al.
2008, Silvoni et al. 2011, Vuckovic et al. 2011].

MI has often been used in Brain Computer Interfa@Cl) paradigms to provide voluntary
change of SMR which serves as a basis for gengratmtrol signals [Wolpaw et al. 2002,
Pfurtscheller et al. 2000, Pfurtscheller et al.@8)(_eeb et al. 2007, Erzinger et al. 2008]. Tixxet
of BCI typically relies on Ml of different limbsptutilise a spatially distinctive activation of the
sensory-motor cortex. Therefore, ultimately, Bd@ssifiers rely on differences in ERS/ERD over
different sites of the cortex, not only on ERS/ERE2If. Inherently this is related to the intensfy
the power amplitude of the SMR in a relaxed staté a person’s ability to produce ERS/ERD
during MI.

It is however an open question whether poor imagessdefined by MI questionnaires) would
also have a poor performance when using a MI-b&@t The latter are often called BCI
‘illiterate’ [Guger et al. 2003, Blankertz et aD@5]. BCI ‘illiteracy’ is a common problem in BCI
not restricted to MI paradigms [Daum et al. 1998g€&r et al. 2003, Guger et al. 2009, Allison et al.
2010]. Each type of BCI systems has its own ‘itates’ and approaches to analyse the problem of
‘illiteracy’ depends on the underlying neurophysmgit phenomenaHere we focus only on Mi
based BCI systems. There have been several staittiespting to define suitable candidates for Ml
based BCI.

Blankertz et al. [2010] suggested recording a lEiEe6G session in a relaxed state with eyes open,
to detect power amplitude of SMR in the ‘idle’ staThey showed good correlation between the

power amplitude and subsequent BCI classificatioougacy in subjects performing cue-based
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imagination with feedback. The same group suggestesimpler method for detecting BCI
‘illiteracy’, using a questionnaire based on ‘lo@icontrol of reinforcement’ to detect persons who
have a positive attitude towards technology andefbee have a better chance to learn how to use
an on-line BCI [Burde and Blankertz 2006]. This sfimnnaire does not however directly deal with
imagination ability, but it assumes that users aameve sufficient off-line classification accuracy
Visual motor imagery questionnaires have been tseldtect correlations between visual imagery
and the brain activity recorded by fMRI [Cui et 2a007]. Although a good correlation was found
between a visual imagery and the degree of aativadf the occipital area, both the type of imagery
and the recording technique are not very practicalBCI. In a study by Neuper at al. [2009]
participants were tested with a ‘Vividness of mémtegery questionnaire’ but correlation between
the results of the questionnaire and BCI clasgibcawas not found.

Although BCI has initially been developed to ass@nmunication in severely disabled persons,
MI based BCI has a potentially wider applicatiomiotor rehabilitation [Pfurtscheller and Neuper
2006, Dobkin 2007]. While the exact mental stratagyless important for BCl used for
communication purposes, the type of Ml is releantBCI used for motor rehabilitation. The Ml
used in rehabilitation is goal oriented imaginatieach as grasping an object. Control of
rehabilitation devices or neural prostheses withdld of BCI differs from a general purpose BCI
because the user can simultaneously observe hmfretimb and the goal of an action (e.g. a mug
on a table). BCI used in rehabilitation of the uppg&tremities in people with an injury to the
Central Nervous System (CNS) serves a dual functiorprovide a feedback on the quality of
imagination, promoting neurorehabilitation, andotovide control of devices such as an electrical
muscle stimulator or a robot used in hand and &erapy. BCI based on goal oriented imagination
has already been demonstrated in chronic SCI pgatidor controlling neural prostheses
[Pfurtscheller et al. 2000, Encinger et al. 2008}vas also shown that better classification accyra
can be achieved with realistic goal oriented feekb@patial navigation) than with an abstract
alternative (e.g. a smiley) [Leeb et al. 2007]. wdwer a study by Neuper et al. [2009] showed that
there is no difference between controlling an austobject (an arrow) and the highly realistic
presentation of a hand (a hand reaching for a mindghat study patients were controlling an object
on a screen so it more likely that they appliedi@igather than kinaesthetic imagery. Kinaesthetic
imagery would be easier to experience from the fisrson perspective, when one imagines
movements of one’s own hand. In [Pichiorri et al12] two smaller groups of able-bodied
volunteers were compared, one training imaginatydienching and the other imagining some goal
oriented action of the hand. Larger Motor EvokedteRtial (MEP) amplitude evoked by
Transcranial Magnetic Stimulation (TMS), during Mte- and post-training was noticed in the
latter group, accompanied with a larger muscle mapme of the thumb musctgpponens pollicis.
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This demonstrates the importance of goal (objedented MI for activation of the motor cortex,
which is relevant for rehabilitation of movements.

In all of these studies the goal of an action wHseeimagined or presented as an image. It is to
be expected that the presence of a real, physiedlvgould provide extra sensory cues and improve
goal oriented imagination by improving the contbility of the imagined task (e.g. precision and
timing). To our best knowledge, there are no @sidinvestigating how different forms of
presentation of the goal of an action (imaginaryreal) influence MI. The presence of a real
physical goal (e.g. a mug on a table) would makigllabased BCI suitable for rehabilitation,
otherwise the BCI would be a more general one contynesed for communication and control.

In this study we aim to address two hypotheses.fifstehypothesis is that there is a correlation
between BCI classification accuracy and the outcoaiea questionnaire for visual and kinaesthetic
motor imagery, because they should test the saragopiena. If such a correlation exists, then
guestionnaires could be used as a pre-test focttdeie'very good’ or ‘very poor’ candidates for
BCI. The second hypothesis is that there is a nmabkudifference in EEG in two MI paradigms:
motor imagination towards a physically present guahe action (neurorehabilitation) and motor
imagination without a physically present goal oé thction (communication and control). The
presence of an object should improve the vividriédsnaesthetic imagery and result in increased
accuracy of the BCI classifier. Results of thisdgtunight be relevant for motor rehabilitation of
upper extremities, based on BCI assisted motor imaéign.

Il METHODS
2.1 Questionnaires

Thirty (Twenty) right handed subjects (11 femalE$, males, mean age 25.3+8.4) (8 females, 12
males, mean age 2#£B.1) participated in the study, approved by thel€g@ of Life Sciences,
Glasgow University Ethical Committee.

Before starting the EEG experimental session, #régpants were tested for their handedness
using ‘the Edinburgh Handedness Inventory’ [Oldfil&970] and for their level of visual and
kinaesthetic motor imagery using the KVIQ questaina[Malouin et al. 2007].

KVIQ is divided into tests of visual and of kin#®stic motor imagery. Visual and Kinaesthetic
imagery tests contained 17 questions each. A spetibvement was presented verbally and
participants were asked to perform a real moverfigsitand subsequently to visualise the same
movement from the first person perspective (visoegery VI) or to imagine the proprioceptive

sensation of a movement (kinaesthetic imagery Rigre were five grades to describe imagination,



ranging from ‘no image’ to ‘image as clear as sgefar VI, i.e. ‘no sensation’ to ‘as intense as
executing the action’ for KI. In this paper, thése grades were called ‘No Imagery’=1; ‘Poor’'=2;
‘Moderate=3’; ‘Good'=4 and ‘Excellent’=5.

2.2. The Experimental Paradigm

Participant were comfortably seated by a desk,rthese tips approximately 1.5 m from the
computer screen. The front side of the desk was VY shape so that the participants could keep
their forearms on the desk on the side of theirybaxd their hands in front of them. Participants
were instructed to look at the centre of a compsteeen in front of them, to follow the cue and to
minimise eye movement artefacts. Therefore theythad hands in their filed of the peripheral
vision. At t=0s a blank screen was presented oongpater screen in front of the participant (Fig.
1). At t=2s a warning sign (a cross) was preseirtethe centre of the computer screen, and
remained until the end of thé"&econd. At t=3s an arrow, pointing to the lefttorthe right,
corresponding to hand grasp of the left or thetrlyggnd, appeared on the screen and stayed there
for 1.25s. Participants were asked to perform eeanaginary movements of their hands from t=3s
until the cross disappeared from the screen at, tthas is 4s in total. The next warning sign (a
cross) appeared at a random interval 3-5s aftepringous cross disappeared.

[Figure 1 about here]
Real and imagined movements were divided into seé@amaller runs. During a real movement run
participants were asked to perform a lateral gadspugs placed beside the left and the right hands
(Fig 2a). They were asked to repeat opening arslrgjoof their hands (without moving them away
from the mug) rather then performing one sustagredp for 4 sec.

Participants performed MI under two conditions sefed into different runs, here called ‘simple
imagination’ (SI) and ‘goal-oriented imaginatioizQIl). In both cases participants were instructed
to perform kinaesthetic imagery (Fig. 2).

Under GOI condition participants were asked togma the lateral grasp while the mugs were
on the table close to the participant’'s hands (Blg. Their hands were on the desk with palms
down, on the desk. Although this was not the samstipn of the hands as during the real
movements, it was chosen because participants ofega tempted to perform real movements
when their palms were facing the mug.

Under the SI condition, the mugs were removed aadigipants were asked to repeat the
imagination. Again, their hands were on the dedk Wieir palms down (Fig. 2c).

Each run of real movements comprised 15 trialgHerleft and 15 trials for the right hand. Each
trial of the MI comprised 10 trials for the left&dO trials for the right hand. There were in total

three runs for real movements, eight runs for 8l @ght runs for GOI. The order of different types



of trials (real, SI and GOI) was randomised. Theppae of real movement runs was to calculate
ERS/ERD maps [Pfurtscheller and Aranibar 1977] ema&ompare them with ERS/ERD maps
during the two MI tasks. A smaller number of reav@ment runs was chosen to reduce the overall

duration of the experiment. Real movements weraugetl for classification purposes.

[Figure 2. about there]

2.3. EEG Recording

EEG was recorded using a 16 channel g.USBamp (Geagenologies, Austria). EEG was recorded
from 3 sites bipolarly CF4-CP4, CFz-CPz and CF3-Qje8ering the sensory-motor cortex of both
hands and legs. These recording sites are oftesh foseBCI classification of right and left hand
movements [Pfurtscheller et al. 2000, Pfurtschedled Neuper 2006, Neuper et al. 2009]. The
impedance was kept below &2k Sampling frequency was 256 samples/s, and EEGfilta®d
between 0.5 and 30 Hz (plus notch filter at 50 H@rtical and horizontal right eye movements
(EOG) and bipolar muscular activity (EMG) from tleét and the right hand extensor muscles were
recorded for the purpose of artefact detection. fueipolar EEG recording from the central area
of the cortex there were typically only a few EOGntaminated epochs per subject. Likewise,
unintentional hand movements were minimised byilsaly the forearms and the palms on the
desk.

2.4. Feature Extraction and Classification

In order to keep a clear correlation between tlaufes and the underlying neurophysiological
processes, the chosen features were extractedtfi@following frequency bands: [0.5-2], [0.5-4],
[2-4], [4-8], [8-10], [10-12], [8-12], [12-14], [146], [12-16], [16-20], [20-24], [16-24], [24-30]
and [20-30] Hz. Frequency bands were chosen based experience, avoiding two
neurophysiological rhythms within one band and cog a larger frequency band on the higher
frequencies to compensate for the lower energyhefsignal [Pfurtscheller and Lopes da Silva
1999].

Features chosen for classification were extraataah the logarithmic band powers for a chosen
frequency band. The band powers were calculatewyusiFIR Butterworth filter or the™Sorder.
Features were the values of band powers calcutateda 1s window shifted for 7/8s over a whole
4s period during MI. This gave 31 overlapping 1sglavindows, for each frequency band, from
which features were extracted. Classification pa$ormed for each time window and the best one
was chosen (though the actual time of the windowas presented). For each person and each

experimental condition, two frequency bands givilng best classification accuracy were found by



testing combinations for each of two (non-overlagpifrequency bands. The combination of the
two best frequency bands was common for all thhremeels. That provided 2*3= 6 features in total
used to build a BCI classifier.

In addition BCI classification was performed usiiegitures from one frequency band, chosen
from all frequency bands and common for all thréanmels (3 features in total). Results are
presented for the frequency band that achieveddse classification accuracy. This was used to
compare whether there is a difference betweenlést” frequency bands for Sl and GOI. For 80
trials and 2 classes, a ‘chance’ level of 60% wdspted [Mueller-Putz 2008]. Classification
accuracy above the chance level would provide &l \c@mparison of ‘the best’ single frequency
between Sl and GOI.

Feature classification was performed using a Fishemnear Discriminate Analysis (LDA)
[Duda et al. 2001]. A 10x10 cross validation pragedwas adopted. This means that in each run a
BCI classifier was trained on up to 72 features &stied on 8 features for each hand (this was the
maximum number in case no trial was removed becalis@ise). A true positive rate (a ratio of
correctly classified trials compared to total numbé trials) was adopted as a measure of the
classification accuracy. A mean value of true pesitrate for the right and the left hand was
presented Signal processing was performed usimCrH$Scherer 2005] and the BioSig Open
source toolboxes in Matlab (Mathworks Inc, USA).

2.5 Off-line Analysis

ERS/ERD spectra [Pfurtscheller and Aranibar 197drtgcheller and Lopes da Silva 1999] were
calculated based on FFT, and the reference peraxliavls long, from 0.5s to 1.5s prior to the
warning sign. Statistical significance of the ERBIE values was determined by applying a t-
percentile bootstrap algorithm [Graimann et al 3@8@igh a significance leved=0.05.

Power spectral density PSD was obtained for theger0.5-1.5s (reference period) and for
t=3-5s (movement imagination) and was averaged \as for display and analysis purposes. The
PSD has a characteristic ‘peak’ in the alpha fraqueange that corresponds to the SMR. The peak
is prominent in the relaxed state (reference pgmddle it drops during Ml.

2.6 Statistical analysis

A Shapiro-Wilk test [Shapiro and Wilk 1965] of naafity was performed, confirming normal
distribution for kinaesthetic and visual imagerpiss, classification accuracy for Sl and GOl and a
degree of handedness (p=0.05). To test the hypstbé®quality of means of the two groups, a
paired t-test was performed.



Linear regression analysig = K, + K, [X was preformed to find the best fit curve betweea th

classification accuracy and KI/VI score. A linearrelation between the two independent variables

was calculated using the parametric Pearson téstaksulations were performed in Matlab.

Il RESULTS

3.1. 1. Kinaesthetic and Visual Imagery Scores

The mean value of the Kl score across 30 (20) stsjgas 3.4+0.8 (3.80.6) and for the VI score
was 3.5£0.6 (34#0.6). This means, that on average, participants imadlerate visual and
kinaesthetic imagery. Participants’ individual meay ability ranged from poor (K[R) to
good/excellent (KI=4.5) (Fig. 3, x axis). Only oparticipant had a VI score under 2, and none had
a Kl score under 2 because such a score (no intamipas very rare among able-bodied people
with intact proprioception [Malouin et al. 2007]. paired t-test showed that there was no
statistically significant difference between VI aKdl (p=0.4) (p=0.5) In addition, results of the
whole Kl test were compared with thegK(scores for the left and the right hand only) ad

statistically significant difference of means waarid (paired t-test p=0.7) (paired t-test p=0.9).

3.1. 2. BCI classification accuracy for Sl and GOI

The mean classification accuracy for Sl betweenldfteand the right hand, based on the two
best frequency bands was 71.1+7.8% (68.6%) and the corresponding classification accufacy
GOl was 70.5£5.9% (69£A.9%). There was no statistically significant sfigaince between Sl
and GOl (paired t test p=0.8) (paired t test p=p.26

When only one frequency band (3 features) was ubedclassification accuracy for SI was
68.9t6.8% and for GOI was 6/48%, and hence greater than just by the chance.

The mean level of handedness was 88.2% (81.&16.1%), (almost 20 out of 30 participants
were 100% right handed) so no correlation was fobetiveen the level of handedness and the

classification accuracy.

3.1.3. Correlation Between QVKI Scores and Classifon Accuracy

The highest correlation between imagination abdityl classification accuracy was found between
the KI score and BCI classifier based on Sl, (Rears-0.56 p=2.9e-5) (Pearsofrr0.66 1.39e-5),
which means that 56% (66%) of the variance in diaation accuracy could be explained by each
participant’s Ml ability. The slope of the lineafijting curve was K=8.2 (7.6) (Fig. 3a, solid line).
To test whether it was sufficient to test imagebpyliy for the upper limbs only, correlation was
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calculated between S| and IThis correlation coefficients was moderate (Pear€=0.41,
p=0.001) (Pearsorf¥0.459, p=0.001), showing that administering theolhKI test gives more
complete results.

A moderate correlation was also found between thed¢re and the BCI classifier based on
GOl (Pearson,?r0.35, p=0.0014) (Pearsorf=0.42, p=0.0018) The slope of the linearly fitting
curve for this correlation 4.8 (4.9) was smaller than the slope of the lilyefiting curve for the
correlation between Kl and Sl (Figure 3a, dashedide).

A weak correlation existed between the VI score &h@Pearson,?=0.21, p=0.022), (Pearson,
r’=0.23, p=0.03), K=5.1 and between the VI score and GOI (Pearse0,¥7, p=0.05) (Pearson,
r’=0.20, p=0.05), K=3.3 (Fig 3b).

[Figure 3 about here]
3.2 Relationship Between PSD and Kinaesthetic Image

The PSD of the EEG signal was calculated for ttiereace period and for a period of motor
imagination. In participants with moderate and goodgery, a drop of SMR peak during Ml could
be observed over all three electrode sites. Ingyaants with poor Kl, as in the one shown in Fjg.4
there was no clear difference between PSD in tfeeerece period and during MI, over some of the
recording sites. Seven (five) participants with fbevest classification accuracy had a barely
recognisable alpha peak over the sensory-motoradreee right or the left hemisphere both during
the reference period and during imagination of noset (lack of ‘peak’ SMR in the PSD), as
shown in graphs on the left in Fig.4. In the ottveo electrode locations the alpha peak is visible
but is similar during the reference period and MI.

A lack of change in SMR effectively resulted in yeveak ERD upon MI. A lack of ERD over
CF4-CP4 in the alpha band resulted in larger sitylan Ml of the left and the right hand (as ERD
was different over the other two locations onlyyldower classification accuracy. Thus persons
with low SMR peak and small SMR reduction had thwdst classification accuracy for the BCI
system.

[Figure 4 about here]

3.3 Simple vs. Goal-Oriented Imagination

The classification accuracy was similar for S| &1dl. Therefore based on this result, at the group
level, it was not possible to draw conclusions abine influence of the physical target on

imagination. However, from the linear interpolasom Fig.3a it can be seen that the GOI
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interpolation has a smaller slope, because the i@Pioved a classification accuracy in persons
with a low Kl score, while in persons with a highérscore the classification accuracy decreased.

The dominant frequency band used to classify leftright hand was compared between the Sl
and the GOI strategy (Fig.5). Only 30 % (25%)) ipgvénts had the same dominant frequency for
both SI and GOI, and they were mostly in the ‘vgopd’ imagers group (graph on the right in Fig.
3a). Participants with the worst imaginary abilfypoor’ imagers, on the left) had different
dominant frequency bands for Sl and GOI. It isnegéing that ‘good’ imagers who had the same
dominant frequency band for Sl and GOI had worsssification results for GOI than for Si
(Figure3a). In contrast, ‘poor’ imagers achievettdreclassification accuracy for GOI than for Sl.

On the level of the whole group, there was no dieadency towards an increase or a decrease in
the dominant frequency when S| was compared with @OI, probably because of different
tendencies in ‘poor’ and ‘good’ imagers. In 9 papants (6 participants) the dominant frequency
was lower for GOI than for SI, in 9 (8) it was haghin 4 participants (2 participants) the dominant
frequencies for Sl and GOI partially overlappedd @am 8 participants (5 participants) they were
identical for Sl and GOI.

The width of the dominant frequency band was alsmmared between Sl and GOI. In 11
participants (9 participants) participants the twidf the dominant frequency band for GOI was
smaller than for Sl (typically reduced from the 4Handwidth to the 2Hz bandwidth), in 15
participants (9 participants) it stayed the samé anly in 4 participants (2 participants) (13%
participants) it was larger for GOI.

[Figure 5 about here]

In addition, when the best features of the GOI sifees were used for the Sl classifier, the
classification accuracy decreased on average @896 %4.5%). A paired t-test between these two
results, for the Sl classifier, showed a statdiycsignificant difference p=0.009 (p=0.012).

[Figure 6 about here]

Individual ERS/ERD maps of two representative pgréints, one with a high Kl score (4.5) and the
other with a low Kl score (2.1) over the electrddeation CF3-CP3, during various motor tasks of
the right hand, are shown in Fig 6. For a persah wilow Kl score (Fig. 6a) a wide spread ERD of
the sensory-motor rhythms (alpha and beta) is leisduring the overt (executed) movement.
During SI, the ERD can be seen in the delta andhb& bands only. With the GOI, the ERD is
visible in the SMR, which was not sustained busted only during the first second (the task was to
imagine a lateral grasp repeatedly for 4s). The ERIhe lowest frequency range (<5Hz) is less
intense than in the Sl case. Fig 6b shows ERS/EREhé same tasks as in Fig. 6a but for a person
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with the highest KI score (KI=4.5). During movenmexecution a well defined ERD over 10-15
Hz range can be seen. During S, the ERD can beisg®o distinctive bands, in the alpha and the
beta range. For the GOI, the ERD is less intenanek less sustained in the beta frequency range
than for SI. While GOI seemed to facilitate Ml imparson with low KI score, it seemed to cause

distraction and less sustained ERD in person wiilgh Kl score.

IV DISUCSSION AND CONCLUSIONS

The results of this study showed that a motor imagaestionnaire can be used as a preliminary
test to differentiate between ‘good’ and ‘poor’ datates for a Ml based BCI, and to decide on the
best MI strategy.

Correlation between questionnaires and BCIl wa®defir two types of motor imagery (visual
VI and kinaesthetic Kl) and for two types of Mingile (SI) and goal oriented (GOI). A strong
correlation between the outcomes of the motor imageestionnaire and the BCI classifier was
found for the KI score and the classifier basedtbe S| while a medium correlation was found
between the KI score and the classifier basechen®OI. There was a weak correlation between
the VI score and both the Sl and the GOI basedifils It was unsurprising that KI showed a
higher correlation with BCI because participantsenastructed to perform kinaesthetic rather than
visual imagery.

A somewhat unexpected result was that the phypreslence of the goal of an imagined action
had the opposite effect with ‘good’ compared todpamagers. While it helped ‘poor’ imagers to
focus on the imagined action, resulting in an iaseein classification accuracy, it ‘disturbed’ good
imagers reducing their classification accuracy. #&gesult, the correlation between the BCI
classifier and the Kl score was lower for the G&xkt than for the Sl task. A possible explanation
might be that very ‘good’ imagers already had gkiodesthetic imagination and the presence of an
object diverted them from kinaesthetic to a visuahgery, which activated different areas of the
cortex [Neuper et al. 2005, Guillot et al. 2009%isT hypothesis was supported by the results of the
analysis of the ERS/ERD maps of participants whgnworst and best KI during SI and GOI. While
the GOI caused facilitation of the SMR in peoplétwa low Kl score, it caused a reduction in the
ERD intensity of the SMR in people with a high Kdose. This might be related to how ‘good’
imagers (e.g. sportsmen) and ‘poor’ imagers (etgpke patients) practice motor imagery.
Sportsmen, e.g. tennis player, do not need to &iaok tennis ball to imagine a forehand. On the
contrary, practicing a reaching task after strakeften facilitated by the physical presence of the
object [Page et al. 2009] or its representatioviritual reality [Gaggioli et al.2009].

In a study by Neuper et al [2009] no correlatiorsviaund between the ‘Vividness of Mental
Imagery Questionnaire’ [Isaac et al. 1996] andsifecsition of the BCI. The questionnaire used in
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that study favoured visual imagery by asking pasiea perform complex tasks (e.g. sliding on ice,
throwing a stone into the water). The questiomaias adequate for that particular study because
the Ml task was visual (to move an abstract onisealimage of a hand on the computer screen). In
our study participants had to imagine movementheif own limbs, concentrating on kinaesthetic
imagery and the questionnaire differentiated betwaraesthetic and visual imagery. Because of
different MI strategies it was not possible to dilg compare results of Neuper et al. study and the
current one. However results of Neuper et al. saréynot in disagreement with the current study as
we also found only moderate correlation betweersaal imagery scores and the output of the BCI
classifier.

Although a high classification accuracy is in geahetesirable in any BCIl system, from a
rehabilitation point of view, it is more importatatincrease the intensity of the SMR because motor
imagery can be practiced with one hand at a tinmvévyer improved BCI classification accuracy
(in e.g. patients with stroke) should indicate mogactivation of the contra-lateral cortex, thatym
also serve as an indication of recovery. BCI candesl for motor rehabilitation of the other groups
of patients with injuries to the Central Nervousst®m. Incomplete Spinal Cord injured (SCI)
patients could also benefit from BCI based motardpy. MI-based BCI can be used in SCI
patients to enable patient-controlled functionakgical therapy to restore hand function earlgraft
the injury [Vuckovic at al. 2011b] or for contrally a permanent hand orthoses [Enzinger et al.
2008].

Another result from this study, namely that peapith a lower KI score have a lower intensity
of the SMI peak, is in accordance with a studyBlgnkertz et al. [2010]. In that study correlation
between the power amplitude of the SMR over the@Barea of the cortex and the classification
accuracy of a BCI classifier based on ERS/ERD wasahstrated, showing that people with a
lower SMR in a relaxed state exhibit worse BCI parfance. These people would to some extent
correspond to poor imagers in our study, as theyldvbave lower C3 and/or C4 SMR than good
imagers. This study was based on an off-line diaasion while a study by [Blankertz et al. 2010]
was based on an on-line task with feedback. HowBuede and Blankertz [2006] demonstrated
that feedback performance depends on the perdoniss’ of control’ which is a confounding factor
of an on-line study.

The results of the current study also showed thatoptimal features chosen for the classifier
could be modified by changes in the MI strategyaming the ‘optimal’ features of the classifiers
based on Sl and GOI caused a significant decreaslagsification accuracy. The effect of changes
in the MI paradigm on classification accuracy wasvpusly noticed in studies where off-line

chosen features were used for on-line BCI with liee#t [Vidaurre et al. 2010] or when simple on-

14



line feedback was replaced with a Virtual Realityiconment [Pfurtscheller at al.2006b, Leeb et al.
2007].

The experimental setup to investigate a GOl wasdeatl because the hand and mug were in the
peripheral visual field, due to a cue-based table galm was not facing the mug but faced down on
the desk, to suppress unintentional hand movemeéhts.ideal setup for this kind of experiment
would be asynchronous BCI but that would requir¢eesive training of a large number of
participants. In addition off-line classificatioesults in ‘poor imagers were too low (close to
classification accuracy by chance) to be useditalifeatures for on-line training.

To some extent, GOI exhibits similarities to ‘quasdbvements’ [Nikulin et al. 2008] in which
persons have to suppress their muscle activity leval that cannot be detected by EMG. Quasi
movements elicit stronger ERD compared to imagomati

In current study a very simple classification altfon was used because the main focus of the
study was not on the classification algorithm, tadher on the experimental paradigms. Using more
sophisticated algorithms or additional recordingessiwould lead to improved classification
accuracy [Blankertz et al. 2008, Pfurtschellerle2@08, Vidaure and Blanertz 2010]. Even so, a
classification accuracy of 71.1% for GOI and 70.586 Sl (69.7% GOI and 68.6% SI) is in
agreement with results from studies performed terger number of untrained subjects [Guger et
al. 2003].

V SIGNIFICANCE
This study demonstrates that the KVIQ scores coeldhelpful to find the best MI strategy for

any particular individual for a BCI, as a firstgteefore testing BCI performance.

The motor imagery paradigm influences imaginatibititg and modifies the optimal parameters
chosen for the BCI classifier. The physical pregeaf the goal of imagined action improves the
classification accuracy of BCl in ‘poor’ imagersestilts of this study might be relevant for patients
receiving BCI based hand therapy as they are liteelyave reduced ability to imagine movements

of their impaired limbs.
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FIGURE LEGENDS:

Figure 1. The experimental paradigm. At t=0s a kkoreen was presented followed by a warning sign a
t=2s. The warning sign stayed until t=5s. At t=3sua appeared on the screen and stayed therefs.1.

Classification features were extracted from theopet=3s till t=7s.

Figure 2. Three different tasks: (a) Real laterabp of a mug; (b) Imagination of a lateral grasp mug
laying on a desk, called Goal Oriented Imagina{®®I); (c) Imagination of a lateral grasp with timeig

being removed from the desk, called Simple Imag8ity.

Figure 3. (a) Classification accuracy as a functibKl score. Asterisks are for S| and diamondsGal.
Asterisk and diamonds on the same Kl scale correspmthe same person. Straight lines show linear
interpolation of results for Sl (solid) and for G@ashed); (b) Classification accuracy of Sl agrecfion of

VI score; straight lines show linear interpolatimfrresults for Sl (solid) and for GOI (dashed).

Figure 4. A logarithmic power spectral density dareference period (solid line) and during a sinmpégor
imagination (dashed line) over three central etegrsites, Subject 4, Kl score 2.7 (KI 2: PoolM8derate)

Upper graphs are for left hand imagination anddker graphs are for right hand imagination.

Figure 5. The frequency value of the dominant fesmuy band as a function of Kl score during Sl (ol
lines) and GOI (dashed lines). Values on the uppaxis show the absolute score (summation of scores
across all 17 questions) while the loweaxis shows the normalised score (divided by 1€ toal number

of questions). A dashed and a solid line on theesagale (in a direction of the y axis) represestlte from

the same participant. In cases where frequency shdomd SI and GOl imagination were identical or
overlapping, they were presented with solid andheéddines, close to each other, with the dasheddaing

on the right.

Figure 6. ERS/ERD maps for right hand movements the contraleteral hemisphere (CF3-CP3). The left
column ‘REAL’ is for real movements, the middle wwin ‘SI’ is for simple imagery and the right column
‘GOI’ for goal oriented imagery. The upper row {a)for a participant with the lowest Kl score (‘pbo

imager, Kl=2.1) and the lower row (b) is for a papant with the highest Kl score (‘good’ imager#dl5).
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