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Abstract
Objective—To investigate the relationship between physical impairment and brain-computer
interface (BCI) performance.

Method—We present a meta-analysis of 29 patients with amyotrophic lateral sclerosis and 6 with
other severe neurological diseases in different stages of physical impairment who were trained with
a BCI. In most cases voluntary regulation of slow cortical potentials has been used as input signal
for BCI control. More recently sensorimotor rhythms and the P300 event-related brain potential were
recorded.

Results—A strong correlation has been found between physical impairment and BCI performance,
indicating that performance worsens as impairment increases. Seven patients were in the complete
locked-in state (CLIS) with no communication possible. After removal of these patients from the
analysis, the relationship between physical impairment and BCI performance disappeared. The lack
of a relation between physical impairment and BCI performance was confirmed when adding BCI
data of patients from other BCI research groups.

Conclusions—Basic communication (yes/no) was not restored in any of the CLIS patients with a
BCI. Whether locked-in patients can transfer learned brain control to the CLIS remains an open
empirical question.

Significance—Voluntary brain regulation for communication is possible in all stages of paralysis
except the CLIS.
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Introduction
Different neurological diseases such as amyotrophic lateral sclerosis (ALS), stroke, muscular
dystrophy, high spinal cord injury, or chronic polyneurithis (Guillan-Barré syndrome) may
lead to severe motor paralysis, albeit their etiology is quite different. In the context of BCI, we
refer to patients who are almost completely paralysed, with residual voluntary control over few
muscles, such as eye movement, eye blinks, or twitches with the lip, as locked-in state (LIS)
patients. Patients may also be in the complete locked-in state (CLIS), e.g., in the end-stage of
ALS, in which all motor control is lost (Birbaumer, 2006).

In 1995/96, two patients in LIS were trained to regulate their slow cortical potentials (SCP).
SCPs are part of the family of event-related brain potentials (ERPs) imbedded in the cortical
electroencephalogram (EEG). After 4–6 weeks of training, both patients achieved significant
control over cursor movements by manipulating their SCP amplitude voluntarily (Kuebler et
al., 1998). One patient continued training and two more ALS patients with severe paralysis
were included. Two patients were able to spell words using SCP-control when provided with
a language support program (Kübler et al., 1999). In 1999, the very first verbal message ever
communicated with a brain-computer interface, i.e. a message that was written exclusively
with regulation of the EEG, was published (Birbaumer et al., 1999). In 2003 a patient described
his strategy to regulate SCP and his thoughts about performance variability over sessions,
resulting in the longest message ever communicated with a BCI (Neumann et al., 2003).
Subsequent reports of other laboratories with severely paralysed patients using a BCI for
communication involved also small samples and described similar results (Hochberg et al.,
2006; Pfurtscheller et al., 2003; Sellers and Donchin, 2006; Wolpaw and McFarland, 2004).

Over the past 10 years 35 patients with different degrees of physical impairment due to different
neurological diseases – but mainly diagnosed with ALS – were trained in BCI use in our
laboratory. In ALS, progressive degeneration of the first and second motoneurons leads to
severe motor paralysis. Patients die from respiratory failure unless they choose artificial
ventilation and feeding. Neuronal degeneration may progress such that patients arrive at the
CLIS. Patients were trained with BCIs on the basis of self-regulation of SCP (Birbaumer et
al., 1999) and sensorimotor rhythms (SMR) (Kübler et al., 2005) and the P300 evoked potential
(Nijboer et al., in press). Patients were confronted with various types of BCI to provide them
with a system that works best for the individual patient and to elucidate whether one BCI type
would be superior to another.

It has been repeatedly shown that patients with severe motor disability and also patients in the
LIS were able to communicate or to control a BCI by means of regulation of SCP or SMR or
with the P300-BCI (Birbaumer et al., 1999; Kübler et al., 2005; Neuper et al., 2003; Nijboer
et al., in press). Despite these encouraging results, the number of patients using the system
without the assistance of experts has not increased. Additionally, we were unable to restore
basic communication (yes/no) in patients who were in the complete locked-in state at the
beginning of training (Birbaumer, 2006). These patients may have the greatest need for a BCI
to restore communication and interaction with the social environment. Thus, two questions
arise: first, is there a relationship between physical impairment and BCI performance and if
yes, what determines such a relationship and second, what prevents patients in the CLIS from
learning BCI-control or any other voluntary control of a psychophysiological variable.

As the state of complete paralysis is hardly reported in the literature we will describe this state
in some detail.
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Complete locked-in state (CLIS)
The complete locked-in state refers to a state in which no communication and thus, no social
interaction is possible. Within the BCI literature this state is seen as a consequence of complete
motor paralysis due to a neurological disease such as amyotrophic lateral sclerosis or stroke.
Motor paralysis is due to either degeneration of motor neurons or lesions of the pyramidal tracts
and cortical motor areas. This held true for six of the seven CLIS patients who were diagnosed
with ALS or chronic Guillan-Barré Syndrome (see Table 1 for a list of all patients). Another
possibility for entering the CLIS can be due to disorders of consciousness such as in patients
diagnosed with vegetative state or coma. These patients are usually not paralysed but unable
to initiate motor commands due to extensive brain damage specifically in areas known to be
important for wakefulness, attention and awareness such as the posterior brain stem, the
thalamus and parietal cortices (Laureys et al., 2004). One of our CLIS patients (PR with hypoxia
after heart attack) was probably in such an altered state of consciousness but has never been
diagnosed as such. To date, no other patients with disorders of consciousness have been
confronted with a BCI.

From none of our CLIS patients anatomical brain scans were available when BCI training
started. Brain scanning in the artificially ventilated patients is usually not possible. Cognitive
function in such patients cannot be assessed with the common neuropsychological tests because
the patients – by definition – are not able to respond. Cognitive abilities in CLIS patients can
only be estimated from passive stimulation paradigms during EEG recording or functional
imaging (Owen et al., 2006). We used such passive stimulation and EEG recording to address
cognitive processing in our CLIS patients. They were confronted with an oddball paradigm in
which rare target stimuli are presented in a stream of frequent standard stimuli; the target stimuli
elicit a P300 (Fabiani et al., 1987). The P300 indicates the ability to distinguish between
physically different stimuli (e.g., tones of different pitch) (Kotchoubey et al., 2005). They were
also confronted with a semantic paradigm known to elicit an N400 which indicates semantic
processing (Kotchoubey et al., 2005). Congruent and incongruent word pairs or sentences with
unexpected endings or both were presented (for a detailed description of these paradigms see
Kotchoubey et al., 2005). All stimuli were presented auditorily and all patients had the N1-P2
complex indicating functionality of primary auditory cortex (Kotchoubey et al., 2005). In the
oddball paradigm all but one patients’ response to the target stimuli was significantly different
from that to the standard stimuli indicating that they could distinguish the physical quality of
auditory stimuli and its differential probability (Kotchoubey et al., 2003a; Kotchoubey et al.,
2003b; Kotchoubey et al., 2005). Responses to semantic mismatch were absent in two CLIS
patients (see also discussion).

Methods
Patients

Of 35 patients, 29 were diagnosed with ALS. Of the remaining 6 patients one was diagnosed
with chronic Guillan-Barré Syndrome, one with muscular dystrophy, one with cerebral paresis,
one with diffuse brain damage after hypoxia following a heart attack, and two with stroke (one
in the brain stem). BCI training was approved by the Ethical Review Board of the Medical
Faculty, University of Tübingen, Germany. For the purpose of evaluating BCI performance in
relation to the degree of physical impairment, we subdivided our patient group in five
categories: With minor degree of impairment, we refer to patients who had only slightly
impaired limb movement and normal speech. Under the category moderate impairment, we
summarized those patients with restricted limb movement (wheelchair-bound) and unaffected
speech or intact limb movement without speech (such as the bulbar form of ALS which first
affects speech and swallowing). Patients who were almost tetraplegic with restricted speech
were considered major impaired. Categories four and five were the LIS and the CLIS,
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respectively (Table 2). All patients who were confronted with a BCI developed for
communication purposes were included in the analysis.

Varieties of the BCI used in our laboratory
In the following paragraphs, we briefly describe the BCI paradigms used. Both the slow cortical
potentials (SCP) BCI and the sensorimotor rhythms (SMR) BCI require the user to learn
regulation of the target EEG response by means of online feedback of the EEG. In contrast, in
the P300-BCI an evoked brain potential is elicited by external stimuli and learning of voluntary
brain regulation is not necessary.

The SCP-BCI—Slow cortical potentials with a negative polarity are recorded as a result of
sustained intracortical or thalamocortical input to cortical layers I and II and indicate
simultaneous depolarization of large pools of apical dendrites of pyramidal neurons. The
depolarization of cortical cell assemblies reduces their excitation threshold, and firing of
neurons in regions responsible for motor or cognitive tasks is facilitated (Birbaumer et al.,
1990). For SCP recording, the EEG has to be measured with long time constants of several
seconds and usually feedback from the central Cz electrode is provided. To learn regulation of
the SCP amplitude, patients are presented with two targets, one at the top and one at the bottom
of the screen (Figure 1). Continuous feedback is provided in discrete trials via cursor movement
on a computer screen. A negative SCP amplitude – compared to a baseline recorded at the
beginning of each trial – leads to cursor movement toward the top target, a positive SCP
amplitude toward the bottom target of the screen (Kübler et al., 2001) (Figure 1). Patients were
instructed to watch the cursor move in relation to their thoughts and to repeat successful
strategies. Brain responses in accordance with the task requirement were positively reinforced
by a smiling face appearing in the centre of the screen at the end of a trial. Twenty-five patients
were confronted with an SCP-BCI and were trained from two up to several hundred sessions
over weeks, months or years.

The SMR-BCI—Sensorimotor rhythms (SMR) refer to localized sinusoidal frequencies in
the alpha and lower beta range EEG activity, which can be recorded over primary
somatosensory and motor cortical areas (Niedermeyer, 2005). SMR decreases or
desynchronizes with movement, preparation for movement or movement imagery and
increases or synchronizes in the post-movement period or during motor quiescence
(Pfurtscheller and Aranibar, 1979). To learn to modulate the power of SMR, patients receive
feedback, e.g., cursor movement on a computer screen in one or two dimensions (Wolpaw and
McFarland, 2004). During each trial of one-dimensional control, patients are presented with a
target consisting of a red vertical bar that occupies the top or bottom half of the right side of
the screen and a cursor on the left side (Figure 1). The patients’ task is to move the cursor in
the target so that it hits the target. Low SMR amplitude during motor imagery moves the cursor
to the bottom bar, high SMR amplitude (i.e., thinking of nothing in particular) moves the cursor
toward the top bar (Kübler et al., 2005). Patients were instructed to use motor movement
imagery to control the cursor. Five patients were trained with an SMR-BCI and participated
in nine up to 20 sessions.

The P300-BCI—The P300 is a positive deflection in the EEG after a sensory stimulus. It is
typically seen when participants are required to attend to a sequence of rare stimuli presented
within a stream of frequent standard stimuli, an experimental design referred to as an oddball
paradigm. In the classic P300-BCI, first introduced by Farwell and Donchin, participants are
presented with a 6x6 matrix where each of the 36 cells contains a letter or a symbol (Farwell
and Donchin, 1988). This design becomes an oddball paradigm by first intensifying each row
and column for 100 ms in random order and then, by instructing participants to attend to only
one (the desired) of the 36 cells. Thus, in one trial of 12 flashes (6 rows and 6 columns), the
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target cell will flash only twice constituting a rare event, compared to the 10 flashes of all other
rows and columns and will therefore elicit a P300 (Sellers and Donchin, 2006) (Figure 1).
Eleven patients were trained with a P300-BCI and participated in three up to 60 sessions.

Eight patients were trained with two types and three patients with all three types of BCI. Except
for patients LEK and JF (Table 1), who were still able to walk at the beginning of training, all
patients were trained at home. BCI training was conducted 1 to 3 times a week.

BCI performance
To evaluate performance of BCI we categorized 4 different levels of success: First, chance
level, meaning that cursor control with the SCP- or SMR-BCI or classification of the P300
response was at chance level. For the SCP- and SMR-BCI with two options for selection chance
level is 50%; for the P300-BCI with a 6x6 matrix, chance level is 3%. Second, above chance
level control indicating that cursor control and classification rates exceeded chance level and
reached statistical significance. However, above chance level control of an EEG response does
not mean that communication can be achieved. For example, in a BCI with binary choice, a
correct response rate (accuracy) of 70% is necessary for communication (Perelmouter and
Birbaumer, 2000). Chourlarton and Dale reported for speech recognition software that 70–80%
accuracy is necessary to be satisfactory for people to actually use the system (Choularton and
Dale, 2004). Thus, we defined performance above 70% correct responses as the third category
criterion level control (Kübler et al., 2004). The information that can be transferred with a
performance accuracy of 70% depends on the choices the BCI offers to the user. The
information transfer rate or bit rate (bits/trial) can be calculated according to the following
formula (Wolpaw et al., 2000):

where B is the number of bits per trial, N is the number of possible selections, and P is the
probability that a desired selection will occur. Thus, for a two-choice BCI – like the previously
described SMR and SCP-BCI – with N=2 and P=0.7 the bit rate is 0.12. For the P300-BCI with
a 6x6 matrix with N=36 and P=0.7 the bit rate is 2.75. Finally, all BCIs can be used in a so-
called “free-mode”, in which the EEG responses are used for independent communication,
internet surfing, or environmental control – depending on the individual person’s desires and
needs. We refer to this category as independence. We introduced the second category above
chance level control, although this is not sufficient to communicate with a BCI for the following
reasons: first, not all patients were trained long enough to achieve the higher levels of success
(depending on the purpose of the study), second, some patients quit for personal reasons
although they reached a high level of success (and could have become better with more
practice), and third because above chance level control performance indicates that at least some
learning has occurred. To decide whether performance is above chance the number of trials
have to be taken into account. For the P300-BCI the threshold above which the number of
selected items was above chance was calculated as follows: the probability to select a correct

letter by chance is  where N is the number of choices (e.g., 36 in a 6x6 matrix) and the
probability to select a wrong letter by chance is q = 1 − p . With n selections (e.g. n = 51 letters
to be selected per session ( Nijboer et al., in press)) the probability to select a wrong letter by
chance is qn and the probability to select a correct letter by chance given n selections is pn = 1
− qn The number x of letters that is necessary to be above the chance level of α < .05 is
determined by .
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For the two-choice SMR- and SCP-BCI the observed frequencies (of hits (cursor into the
correct target) and misses) was compared to the expected frequencies given chance

performance and tested for significance as follows:  where fo is the observed
and fe the expected frequency and df = 1

Instead of using the correct response rate (CRR) or information transfer rate for analysis of the
relation between physical impairment and BCI performance, the varying levels of success were
used for two reasons: firstly, because in few patients correct response rates were not available
and secondly, because we considered the categories more meaningful with regards to the ability
to use a BCI for communication. For example, correct response rates of 47%, 49%, or 52% are
different in numbers but are all chance performance provided a BCI with two choices, implying
that no control of a BCI is possible. Independence could not at all be represented with correct
response rates, because it is a qualitative rather than a quantitative description of BCI
performance, but it is clinically highly significant for communication.

The categories were applied identically to all patients. Patients were categorized either
according to the percentage of correct responses (correct response rate = CRR) reported in
previous publications where the highest value published was chosen or – when data have not
yet been published – an average over three representative session was calculated. For few
patients CRR was not reported in the publication but performance was labelled as chance level
or above chance level (significant) performance; those patients were categorized accordingly
(see Table 1).

Results
Performance of patients with different types of BCIs is summarized in Table 3. In Table 4, the
level of success is depicted for each category of impairment. Background and performance
data of all patients are listed in Table 1. Performance data of one patient were missing due to
a trainer error. Although a thorough comparison between the different BCI paradigms (SCP,
SMR, P300) is beyond the scope of this paper, we present correct response rates (CRR) for
each patient (if available), so that level of success categorization can be traced (Table 1). Mean
performance for the SCP-BCI was 66% (N = 23), for the SMR-BCI 71% (N = 5), and for the
P300-BCI 66% (N = 11) (Table 3). Because of multiple entries of eleven patients, we refrain
from inferential statistics and report descriptive statistics only. To compare levels of success
between the 5 categories of impairment, Kruskal-Wallis Rank Test for n independent samples
was chosen. In patients who were confronted with two or three types of BCIs and had different
levels of performance, the highest level of success was chosen for analysis. Level of success
was ranked over the entire patient sample (highest ranks for best performance). To illustrate
performance in each category of impairment, the sum of ranks per category was divided by the
number of patients in each category leading to mean ranks per category which are depicted in
Figure 2. Performance differed significantly as a function of physical impairment (χ2 = 13.4,
df = 4, p < .01, Kruskal-Wallis Rank Test for independent samples) with the highest mean
ranks in the groups of moderate and major impaired patients (Figure 2). To further elucidate
the relationship between physical impairment and BCI performance, we calculated the η2

coefficient (Kirk, 1982) as a measure of the variance in BCI performance explained by the
degree of physical impairment: with η2 = .40 (F4/29 = 4.78, p < .01) the relationship was strong.
The level of success within each category of impairment (Table 4) shows that in the CLIS
group, 5 of 7 patients performed at chance level and only two achieved above chance level
control, which was with 59 and 62%, far below criterion level control. If this group was
removed from the statistical analysis, ranks did not differ between the remaining groups (χ2 =
3.5, df = 3, p = .32) and η2 was no longer significant (η2 = .12, F3/23 = 1.0, p = .41). We also
investigated whether there was a relationship between level of success and dependence on
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artificial ventilation, but U-Test for comparison of ranks in two independent samples proved
not significant (Z = −.87, p = .43; CLIS patients not included).

Table 5 summarizes results of BCI training with patients (N = 27) from other BCI research
groups. Only one LIS patient (Piccione et al., 2006) took part in those studies; and no CLIS
patients participated. If we added these data to the statistical analysis (without CLIS patients),
the lack of a relation between physical impairment and BCI performance was confirmed (χ2 =
3.9, df = 3, p = .27; η2 = .07, F3/50 = 1.2, p = .32; Figure 2).

Discussion
In the present study, we analysed the relationship between physical impairment and level of
success in BCI use on the basis of a group of 35 patients from our laboratory and an additional
group of 23 patients from other BCI research groups. We conclude that there is no continuous
decrement in BCI performance with physical decline in this patient sample. Rather, there seems
to be a clear-cut separation between the CLIS patients and all other groups.

All but one patient published by other BCI research groups achieved at least significant control
over the required brain response. This result is different from ours and might be due to patient
selection: for example, in Wolpaw’s group, only individuals who show a sufficient SMR
modulation during a screening session are included in further studies (personal
communication). Another reason might be the higher amount of spinal cord injured patients
whose disease is not accompanied by cortical degeneration. Finally, as almost all individuals
have a P300, above chance level performance (above 3% accuracy) is almost always achieved
in the P300-BCI.

Due to the different levels of impairment it may be argued that motivation could have
influenced BCI performance as it does in all learning and memory functions. It could be
expected that the more in need for a BCI the patients were, the higher would be their motivation
to achieve control over BCI. Unfortunately, no data are available to confirm or reject this
intuitively plausible assumption. To date, only one study with healthy individuals presented
data on motivation during BCI training (Nijboer et al., 2008). The authors found that the higher
the mastery confidence and lower the fear of incompetence the better participants performed
in SMR-BCI training; better mood also led to better performance. Whether these results hold
also true for patients and is influenced by level of impairment is currently investigated in our
laboratory.

The amount of training sessions and time period of participation varied across patients. It may
be argued that performance could be a function of session number. This holds indeed true for
early training sessions. We previously showed that learning occurred in the early stages of
training and patients remained stable around the performance level, which they achieved in the
first 10 to 20 training sessions (Kübler et al., 2004; Neumann and Birbaumer, 2003). We
refrained from taking into account the number of training sessions per patient for the statistical
analysis, because this would suggest comparable training conditions for all patients. However,
this was not the case, because in many patients training was interrupted for various reasons
and time periods, e.g., vacation, illness, work load etc. A patient who was confronted with the
more recent version of a BCI type could have been better in performance – not because he or
she was trained for a longer period of time than another patient, but because the BCI was better
adapted to the patients’ needs.

Eleven patients were confronted with two or three BCI types and learning effects across BCI
types may have occurred, in addition to proactive interference from one BCI type to the next.
However, on the basis of such a small sample size the question whether such carry-over effects
occurred cannot be answered.
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Patients in CLIS and patients in advanced stages of ALS show slowing of the waking EEG.
This slowing may be at least in part be caused by episodes of anoxia due to inadequate artificial
respiration. It is often difficult to decide whether the patient is awake or in sleep stage 1 or 2
(Birbaumer, 2006). Thus, one might partially attribute the failure to learn BCI use to artificial
ventilation. Besides the CLIS patients, twelve patients were in LIS or in the state of major
impairment depended on artificial ventilation, but BCI performance did not differ between
ventilated and non-ventilated patients excluding artificial ventilation as a cause of impaired
learning.

One might argue that the lack of communication in CLIS patients as a result of ALS or Guillan
Barré Syndrome or other neurological diseases were due to deterioration of cognitive function
preventing learning and communication. It is difficult to reject this argument empirically
because neuropsychological testing for cognitive function is impossible in a completely
paralyzed person. The only available information channel about cognitive processing is the
brain itself. Consequently, we developed an event-related brain potential test battery with a
series of cognitive paradigms, ranging from simple oddball P300 tasks to highly complex
semantic mismatch N400 and personalized memory tasks eliciting late cortical positivities
(Kotchoubey et al., 2002; Kotchoubey et al., 2005). More than 100 patients in responsive and
non-responsive vegetative state and 14 ALS patients at different stages of the disease were
tested. The relationships between the complexity of a cognitive task and the presence or absence
of a particular component in the EEG were inconsistent (Kotchoubey et al., 2005), meaning a
patient may show absent early cortical components such as the N100 but normal P300, or absent
P300 to simple tones but intact P600 to highly complex verbal material. With one exception,
all CLIS patients of the sample reported here had ERP-responses to one or more of the complex
cognitive tasks, indicating at least partially intact cognitive processing in CLIS (Hinterberger
et al., 2005; Kotchoubey et al., 2005). These ERP data do not prove or disprove normal
information processing in CLIS but suggest some intact “processing modules” in most ALS
patients with CLIS despite a reduced general arousal.

During the late sixties and early seventies Miller and colleagues showed that autonomous
functions such as heart rate or blood pressure can be brought under voluntary control with
operant conditioning (Miller, 1969). After weeks of artificial nutrition and ventilation,
curarized rats learned to increase and decrease heart rate, renal blood flow, dilation and
constriction of peripheral arteries in an operant conditioning paradigm rewarding the animals
(with intracranial brain stimulation) for changes in their physiological parameters. These
landmark results challenged the view that the autonomous system is autonomous and
independent of the central nervous system. However, in the eighties, Miller and his students
failed to replicate these results (Dworkin and Miller, 1986). This failure was attributed to the
missing homeostatic effect of the reward: the reward acquires its positive outcome through the
homoeostasis-restoring effects, i.e., ingestion of food restores glucostatic balance. In the
curarized rat, where all bodily functions are kept artificially constant, the homeostatic function
of the reward is no longer present because imbalances of the equilibrium do not occur.

Chronically curarized rats and patients in the CLIS, artificially fed and ventilated, share many
similarities. The unsuccessful efforts to restore communication in these patients by means of
BCI and the failure of the curarized rat to achieve voluntary control of autonomous parameters
may have a common reason (Birbaumer, 2006). Chronically curarized rats and people with
longer time periods in CLIS may loose the perception of the contingency between the required
physiological behaviour (SMR decrease, changes of the SCP amplitude or heart rate increase)
and its consequences (brain stimulation reward in the curarized rat and cursor control or letter
selection in the patient). From the viewpoint of learning theory, extinction occurs in the
curarized rat because experimental trials with a clear contingency between the physiological
response (e.g., heart rate) and the rewards are too rare in a 24 hour day with one or two hours
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of training. With two hours of training per day the remaining 22 hours without any contingency
provide enough time for extinction. Together with the proposed blunting of the reward value
due to the lack of homeostatic imbalances, acquisition of voluntary control of the desired
physiological response becomes impossible (Birbaumer, 2006; Dworkin and Miller, 1986).
We propose that learning BCI-control or any other contingency before onset of CLIS, which
can be transferred from LIS to CLIS should prevent extinction in CLIS.

From the failure to control autonomic functions with operant learning in the curarized rat and
the studies on contingency perception and voluntary regulation and the intact cognitive event
related potentials, we may conclude that passive sensory information processing is intact in
CLIS even at the most complex semantic processing levels. It is the complete lack of motor
control and feedback which might be responsible for the cessation of voluntary cognitive
activity, goal directed thinking and imagery supporting a “motor theory of thinking” already
discussed by William James (James, 1890). A single CLIS patient who learns to communicate
with a BCI or any other communication method will disprove our hypothesis.
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Figure 1.
Three types of BCI (left) and EEG analyses averaged over several trials (right). Top: the SMR-
BCI: targets are presented at the top or bottom right margin of the screen. Patients’ task is to
move the cursor into the target. Cursor movement is indicated by the squares; during feedback
of SMR amplitude, only one square is visible. The cursor moves steadily from left to right,
vertical deflections correspond to the SMR amplitude. Top right panel shows amplitude of the
EEG as a function of frequency averaged across 230 trials separated by task requirement (top
vs. bottom target). Bold line indicates frequency power spectrum when the cursor had to be
moved toward the top target; dashed line when the cursor had to be moved toward the bottom
target. A difference in amplitude can be clearly seen around the 10 Hz SMR peak. Middle:
P300-BCI: a 6x6 letter matrix is presented. Rows and columns flash in random order, indicated
by the bright row. In the copy spelling mode (Kübler et al., 2001), the patients’ task is to copy
the word presented in the top line (GEHIRN = German for “brain”). In each trial, patients have
to count how often the target letter flashes. The target letter is presented in parenthesis at the
end of the word. Selected letters are presented in the second line below the word to copy.
Middle right panel depicts EEG to target letters (bold line) averaged across 43 trials comprising
430 flashes of the target letter and 2150 flashes of all rows and columns not containing the
target letter. Dashed line indicates the course of the EEG to all the non-target rows and columns
(for an exact description of letter selection see e.g., Sellers et al., 2006). EEG to target letters
is clearly distinguishable from non-target letters. Bottom: SCP-BCI: Targets are presented at
the top or bottom of the screen. Patients’ task is to move the cursor (white dot) toward the target
with the highlighted frame. The cursor moves steadily from left to right and its vertical
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deflection corresponds to the SCP amplitude. Bottom right: Time course of the SCP amplitude
averaged across 350 trials separated by task requirement. A negative SCP amplitude (dashed
line) moves the cursor toward the top, positive SCP amplitude (bold line) toward the bottom
target. Before each trial, a baseline is recorded indicated by the gray bar. At time point -2
seconds the task is presented, at 500ms the baseline is recorded and at 0 cursor movement
starts. Positive and negative SCP amplitude shifts are clearly distinguishable indicating that
the patient learned to manipulate the SCP amplitude.
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Figure 2.
Mean rank of level of success in each of the five categories of physical impairment. The higher
the mean rank the better the performance in the group. Diamonds depict mean ranks of the
Tübingen patient group; triangles depict mean ranks when patients from other BCI research
groups were included. Other BCI research groups investigated no CLIS and only one LIS
patient.
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Table 3
Performance level achieved, type of BCI used, mean, and range of percentage of correct responses within each BCI
type. N = 49 because four patients were confronted with two and seven with three BCI types.

type of BCI SCP SMR P300

number of patients 23† 5 11

mean performance* ± SD 66.1 ± 14.0 71.0 ± 15.8 66.0 ± 20.2

range 43 – 94 43 – 81 31 – 87

Level of succes number of patients

 chance level 5 1 0

 above chance 8 - 5

 criterion level 7 4 2

 independence 3 - 4
*
as percentage of correct responses (correct response rate = CRR)

†
N=23, because data from one patient was lost due to trainer error and for another no correct response rate was reported in the publication
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