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NEUROFEEDBACK SYSTEM

FIELD OF THE INVENTION

[0001] The present invention relates to a neurofeedback
system and method to provide neuro feedback to a user. The
present invention relates particularly to the field of measuring
electrical brain activity, also known as electroencephalogra-
phy (EEG).

BACKGROUND OF THE INVENTION

[0002] Electrical brain activity or EEG is measured by
means of EEG electrodes contacting the skin of a user, in
particular the scalp of the user. One type of known electrodes
are wet or gel electrodes. Another type of known electrodes
are dry electrodes (not using gel). The main challenge when
applying EEG wet or gel electrodes is to get a good, thus low,
contact impedance to the skin. In clinical measurements this
is normally done with a (shower-cap like) rubber cap with
integrated metal electrodes (e.g. Ag/AgCl coated). The skin
underneath these electrodes usually needs to be prepared by
degreasing and often additional abrasion (e.g. removal of the
dry top layer of the skin, the stratum corneum). The conduc-
tive gel is then applied between each electrode and the scalp,
typically through a hole in the electrode or cap. This assures
a low ohmic contact to the deeper skin layer, the epidermis,
and “conversion” from ion current in the body to electron
current in the measuring system. Using conductive gel also
solves (partly) the problem of the varying distance between
the electrode and the skin due to the variation from person to
person with respect to the hair layer thickness and the amount
of hair, as well as temporal changes of the distance that might
occur due to head and/or body motion.

[0003] For a lifestyle consumer product as well as for dis-
abled patients and remote monitoring purposes in clinical
applications, it is not practical to use this kind of “wet”
electrodes. There are attempts to realize dry electrodes that
use pin-structured electrodes or similar ways to penetrate the
hair and make a galvanic contact to the skin. A problem arises
when this type of electrodes has to cope with thick and long
hair. In practice, the solutions often result in poor contact to
the skin at the scalp and insufficient signal quality. Further,
the electrode-skin contact impedance might differ for differ-
ent electrodes and the variation of the skin contact impedance
over time can differ for each electrode, posing a serious threat
for practical applications.

[0004] An important application for convenient EEG mea-
surements is brain wave sensing technology, such as alpha
neurofeedback. Neurofeedback (NF), in particular alpha neu-
rofeedback, is a novel method which may find application
areas both in consumer and professional healthcare products.
Boxtel et al. “A novel self-guided approach to alpha activity
training”, International Journal of Psychophysiology, 2011,
discloses that neurofeedback induces a feeling of ease in a
person without the person feeling the burden of responsibility
for his own mental state. This is particularly relevant for a
hospital setting, where the user or patient is put at ease in a
very subtle way without requiring them to be aware of the
effect of neurofeedback. This is important for a hospital set-
ting as it means the patient is not burdened with the feeling of
having to relax.

[0005] To measure alpha brain wave activity in a conve-
nient way, dry electrodes are necessary. In standard EEG
measurements with gel-electrodes, measurements are typi-
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cally done in controlled conditions, where the experimenter
or trained person applies the gel and positions the EEG sys-
tem on a user’s head, checks whether the skin-electrode con-
tact impedance is in range (i.e. less than 10 kQ), and if the
signal looks as expected. In real-life situations where an
expert is not available and where the user applies the (headset
with) dry electrodes extensive pre-measurements of the sig-
nal quality before the actual measurement are not an option.
Users are not in the position to perform a thorough check of
the signal quality. However, a sufficient signal quality is cru-
cial to prevent users adhering to the wrong neurofeedback.
[0006] As asolution to this problem, WO 2011/055291 Al
discloses a device for positioning dry, pin-structured elec-
trodes on a user’s scalp. The device features an elastic ele-
ment to exert pressure on a plurality of electrodes towards the
scalp, thereby improving the contact of the electrodes to the
skin. One way to further improve the signal quality is to
monitor and adjust the electrode-skin contact pressure, which
in turn changes the electrode-skin contact impedance.

SUMMARY OF THE INVENTION

[0007] Itis an object of the present invention to provide a
neurofeedback system and method that prevent users from
adhering to the wrong neurofeedback. Furthermore, the sys-
tem and method should be real-time capable.

[0008] In a first aspect of the present invention, a neuro-
feedback system is presented that comprises an electrode for
contacting skin of a user for measuring a biofeedback signal
of the user, a first signal processing unit for determining a
signal characteristic of the measured biofeedback signal,
wherein the signal characteristic represents a neurofeedback,
asecond signal processing unit for determining a biofeedback
signal quality of the measured biofeedback signal by extract-
ing a signal feature of the measured biofeedback signal and
calculating a probability of a measurement error for said
signal feature, which probability represents the biofeedback
signal quality, and a feedback unit for providing feedback to
the user, wherein the feedback comprises the neuro feedback
and feedback about the biofeedback signal quality.

[0009] A further aspect of the present invention relates to a
signal processor for determining a signal characteristic of the
measured biofeedback signal, wherein the signal character-
istic represents a neurofeedback, and for determining a bio-
feedback signal quality of the measured biofeedback signal
by extracting a signal feature of the measured biofeedback
signal and calculating a probability of the measurement error
for said signal feature, which probability represents the bio-
feedback signal quality.

[0010] Inafurtheraspect ofthe present invention, a method
for providing a user with neurofeedback is presented that
comprises the steps of measuring a biofeedback signal of the
user, determining a signal characteristic of the measured bio-
feedback signal, wherein the signal characteristic represents a
neurofeedback, determining a biofeedback signal quality of
the measured biofeedback signal by extracting a signal fea-
ture of the measured biofeedback signal and calculating a
probability of a measurement error for said signal feature,
which probability represents the biofeedback signal quality,
and providing feedback to the user, wherein the feedback
comprises the neurofeedback and feedback about the bio-
feedback signal quality.

[0011] In yet another aspect of the present invention, there
is provided a computer program which comprises program
code means for causing a computer to carry out the steps of
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the method for providing a user with neurofeedback accord-
ing to the present invention when said computer program is
carried out on the computer.

[0012] Preferred embodiments of the invention are defined
in the dependent claims. It shall be understood that the
claimed signal processor, method and computer program
have similar and/or identical preferred embodiments as the
claimed device and as defined in the dependent claims.
[0013] The present invention is based on the idea that if the
signal quality in a neurofeedback system, in particular a neu-
rofeedback system using dry electrodes, is limited, the user
should at least be made aware of the reliability of the neuro-
feedback. Moreover, the system must be capable of providing
feedback in real-time. Furthermore, the system should be
particularly well-suited for use by non-professional users.
Conventional neurofeedback systems use wet electrodes that
are applied by trained professionals. This involves an adjust-
ment of individual electrodes and impedance measurement of
individual electrodes. However, electrodes, for example on
the back of the skull, cannot be checked conveniently by the
user himself. Furthermore, conventional neurofeedback sys-
tems are used in laboratories. The present invention is
designed for real-time neurofeedback in real-life, non-labo-
ratory situations. In real-life situations, there are two major
problems.

[0014] Firstly, large signal drifts can be caused by placing
or readjusting the electrodes on a user’s head (using some
form of a headset for the mounting) and due to the friction
between the skin and the electrode due to the movements. The
user might take off and put back the system on a number of
times. Just taking off and putting back the electrodes would
produce huge signal drifts. In addition, the circuitry used for
amplifying the biofeedback signal might need certain time to
stabilize. Drifts can also be introduced by movement arti-
facts—physical movement of the head, i.e. due to static dis-
charge produced when rubbing dry electrodes to skin and/or
hair, or due to the changes in the size and shape of the elec-
trode-skin contact surface—produced by movement or read-
Justment of the electrodes’ positions.

[0015] A second problem is the impact of environmental
noise and noise produced by muscle tension and dynamics of
such noise over time. Such noise can result in the distortion of
the spectral content of the signal that can change from
moment to moment. These changes can be due to changes in
the environment itself, due to a user being in motion or mov-
ing from one to the other segment in the environment. The
impact of electromagnetic waves (e.g. power line noise)
might be completely different in different segments of the
environment or might change if a person or electronic com-
ponents are in the vicinity of objects made of conductive
material, or if the person is in direct contact with them (e.g.
metal table, chair with metal elements). The problem of signal
drifts or spectral distortions can be introduced at any point in
time.

[0016] Therefore, a system for neurofeedback applications
needs to rely on real-time signal analysis method that can
detect these problems and can be used to modify the feedback
in real-time. The real-time processing introduces the require-
ment to use fairly simple methods to detect these problems.
The proposed neurofeedback system uses signal features that
can be identified using signal processing that requires very
low computational power. Furthermore, the method can reuse
the procedure of spectral analysis that is typically applied in
many practical applications, such as EEG applications.
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Therefore, such signal features can be identified without
demanding computations and can be implemented in soft-
ware or hardware components that perform signal processing
at very low cost.

[0017] Inconventional neurofeedback systems, the system
is set up and configured in a lengthy procedure before the
actual measurement in the laboratory. At the moment when
the actual neurofeedback session starts, a trained professional
has ensured that the signal quality is sufficiently well and as
the neurofeedback session is carried out in a controlled envi-
ronment of a laboratory, the biofeedback signal quality does
not change significantly during the session. Moreover, the
user does not move. In this static environment with laboratory
grade signal quality, the user is provided with neurofeedback.
In contrast to conventional neurofeedback systems, the pro-
posed neurofeedback system can be used in non-laboratory
situations where signal drifts and spectral distortions are to be
expected as described above. Hence, the feedback unit not
only provides neurofeedback to the user but also provides
feedback about the biofeedback signal quality. This modifi-
cation prevents the user from adhering to the wrong neuro-
feedback in moments when the biofeedback signal quality, in
particular in the frequency range of interest for the neuro
feedback, is lower than required. In other words, the proposed
neurofeedback system estimates the amounts of drifts in the
biofeedback signal and biofeedback spectral content distor-
tions in a computationally efficient way and uses these esti-
mated values to modify the feedback.

[0018] Itshallbe noted here that the biofeedback signal is to
beunderstood as any electrical signal that can be measured by
the electrode and that represents any biological activity of the
user. Such biofeedback signals include, but are not limited to,
a brain activity (EEG) signal, an ECG (electrocardiography)
signal, a heart rate signal, a breathing rate signal, i.e. gener-
ally any brain and/or body signal.

[0019] In one embodiment of the neurofeedback system
according to the present invention, the electrode is a dry
electrode. An advantage of dry electrodes is that they can be
applied by the user himself. Further the application of con-
ducting gel to the hair of the user can be avoided.

[0020] In a further embodiment of the neurofeedback sys-
tem according to the present invention, the neurofeedback
system is a real-time neurofeedback system adapted to pro-
vide the user with feedback in real-time. The feedback com-
prises both the neurofeedback as well as feedback about the
biofeedback signal quality. Hence, a reduced biofeedback
signal quality can be directly detected during a neurofeed-
back session. For example, if there is a problem with the
measured biofeedback signal from an electrode, this can be
indicated to the user so that the user can readjust the electrode.
This is a significant improvement over conventional neuro-
feedback systems, wherein an entire neuro feedback session
has to be repeated, for example if an electrode uses skin
contact. Alternatively, the real-time information about signal
quality can be used to monitor the duration of a neurofeed-
back session For example if a neurofeedback session of a
predetermined duration is desired, only that time is counted
towards the neurofeedback session, wherein the biofeedback
signal is of sufficient quality. A time wherein the biofeedback
signal quality is low can be discarded.

[0021] In a further embodiment of the neurofeedback sys-
tem according to the present invention, the measured biofeed-
back signal is segmented into time segments. The signal
characteristic and/or the biofeedback signal quality is deter-
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mined for each time segment independently. The time seg-
ments are also referred to as epochs. Segmentation is particu-
larly advantageous for neurofeedback systems designed for
low computational power or low power consumption since
the size of the biofeedback signal to be processed is limited.
The length of the time segments can be equal or different for
different signal characteristics or for different signal features
of the measured biofeedback signal. In a variant of this
embodiment, the time segments that the biofeedback signal is
segmented into overlap. For example the duration of an epoch
is 1 second and the next epoch of 1 second duration can start
0.25 s after the current one. In that case, the neurofeedback
can be updated every 0.25 s. In a further example, a segment
of a first duration is used to delineate a signal drift, whereas a
segment of a second duration is evaluated to analyze a spec-
tral content of a signal.

[0022] In a further embodiment of the neurofeedback sys-
tem according to the present invention, the biofeedback signal
1s an EEG signal and the signal characteristic of the measured
EEG signal comprises a spectral power in an EEG frequency
band. This spectral power can directly represent the neuro-
feedback. Alternatively, the signal characteristic is a combi-
nation of a plurality of spectral powers in different EEG
frequency bands or a ratio of spectral powers in EEG fre-
quency bands. For example, the signal characteristic can be
pure alpha brain wave activity or a ratio of alpha power over
beta power that is presented to the user as neurofeedback.
Typically, neurofeedback protocols use a relative spectral
power of one of the EEG bands: alpha, beta, gamma, delta,
theta (normalized to e.g. 1-40 Hz) or a ratio of band spectral
powers, such as alpha/theta, beta/theta, and the like. Further-
more, different electrodes can be evaluated such as a ratio of
the spectral power in a single EEG band over electrodes on the
left and right brain hemisphere or the like.

[0023] In an alternative embodiment of the neurofeedback
system according to the present invention, the signal charac-
teristic of the measured biofeedback signal and/or the signal
feature of the measured biofeedback signal comprises at least
one element of a group of elements comprising a minimum
value of the measured biofeedback signal, a maximum value
of the measured biofeedback signal, a mean value of the
measured biofeedback signal, a median value of the measured
biofeedback signal, a standard deviation of the measured
biofeedback signal, a slope of the measured biofeedback sig-
nal, a difference between the maximum and the minimum of
the measured biofeedback signal, a difference between the
mean and the median value of the measured biofeedback
signal, aspectral power of the measured biofeedback signal in
the delta frequency domain from 1 to 4 Hz, a spectral power
of the measured biofeedback signal in the theta frequency
domain from 4 to 8 Hz, a spectral power of the measured
biofeedback signal in the alpha frequency domain from 8 to
12 Hz, aspectral power of the measured biofeedback signal in
the beta frequency domain from 12 to 30 Hz, a spectral power
of the measured biofeedback signal in the low gamma fre-
quency domain from 30 to 45 Hz, a spectral power of the
measured biofeedback signal in the high gamma frequency
domain from 50 to 75 Hz. Alternative definitions of spectral
ranges are within the scope of the present embodiment. For
example, the delta frequency domain can be defined up to 4
Hz, the alpha frequency domain from 8 to 13 Hz, the beta
frequency domain from 13 to 30 Hz, and one gamma fre-
quency domain from 30 to 100 Hz. The bands can be directly
adjacent, overlapping or have gaps in between. The probabil-
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ity of a measurement error can be calculated for each signal
feature independently. Hence, the biofeedback signal quality
can be determined for each signal feature independently.
Alternatively, the probabilities of a measurement etrror for a
plurality of signal features are combined to obtain a combined
biofeedback signal quality. Methods for combination com-
prise addition, multiplication or may also include weighting
factors. For example, the signal feature “slope” can have a
stronger impact on signal quality than for example a “mini-
mum value” of the measured biofeedback signal. In a variant
of this embodiment, a spectral power or spectral power ratio
is used for neurofeedback while signal features such as signal
drift, maximum amplitude, mean, etc. are used for estimating
a signal quality.

[0024] In a further embodiment of the neurofeedback sys-
tem according to the present invention, a probability distri-
bution of said probability of a measurement error is inferred
from a predetermined distribution of said signal feature with-
out measurement error. An advantage of this embodiment is
the low computational effort to determine a probability of a
measurement error which in turn represents the biofeedback
signal quality. Alternative to determining a probability of a
measurement, it is of course possible to determine a probabil-
ity of an absence of a measurement error. The probability of
an absence of a measurement error is one minus the probabil-
ity of a measurement error. The probability distribution can be
obtained from previous measurements of said signal feature
in a setting where there are no measurement errors present.
For example, the probability distribution is derived from a
prior measurement of said signal feature in a laboratory set-
ting under controlled conditions. Additional signal process-
ing can be applied to the measured distribution such as low-
pass filtering, smoothening or fitting to mathematical models
such as a Gaussian distribution. The probability distribution
can be stored in a memory of the neurofeedback system. An
individual probability distribution can be stored for each sig-
nal feature. An identified signal feature is compared to the
pre-defined values, e.g. maximum, minimum, expected dis-
tribution, that depict the expected range of the feature. It the
signal features matches the expected distribution or 1s within
given ranges this corresponds to a good signal quality.

[0025] In a variant of this embodiment, the predetermined
distribution of the signal feature is auser-specific distribution.
An appropriate distribution can be selected by the user or
medical personnel. Alternatively, the predetermined distribu-
tion is based on user data such as age, gender or further
information from a medical history or comparable cases.
Further alternatively, the predetermined distribution is auto-
matically determined depending on the user and/or user envi-
ronment. For a manual adaptation of the predetermined dis-
tribution wherein the user selects distribution model and
parameters, the neurofeedback system can further comprise a
user interface. Alternatively for an automatic selection and/or
adaptation, the distribution can be derived from historic data
ofthe user. Further alternatively, segments ofthe biofeedback
signal can be marked as a “clean signal” by the user and act as
a reference for a signal without or low measurement error.

[0026] In a further embodiment of the neurofeedback sys-
tem according to the present invention, the signal feature is
represented by a feature value and the probability of a mea-
surement error is obtainable from a function of probability of
ameasurement error over feature value. An advantage of this
embodiment is the very low complexity of arriving at a prob-
ability of a measurement error from a measured signal fea-
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ture. A measured signal feature is reduced to a feature value.
The probability of a measurement ertor is a function of this
feature value. The functional relationship between probabil-
ity of a measurement error and feature value can comprise a
prohibited range of feature values where the probability of a
measurement error is 100%, an optimal range, where the
probability of the measurement error is 0%, and a transition,
for example a linear transition between these ranges. Altet-
natively, the functional relationship between measurement
error and feature value is defined by a different distribution,
such as a Gaussian distribution.

[0027] In a further embodiment of the neurofeedback sys-
tem according to the present invention, the biofeedback signal
quality is determined from a plurality of signal features of the
biofeedback signal by combining the probabilities of a mea-
surement error for each of the signal features. For obtaining
more reliable information about the signal quality, a plurality
of signal features of the biofeedback signal can be evaluated.
For each of those signal features, a feature value can be
extracted and the probability for this feature value deter-
mined. The error probabilities of the individual features can
be combined in order to obtain an overall biofeedback signal
quality.

[0028] In a further embodiment of the neurofeedback sys-
tem according to the present invention, the neurofeedback
system comprises a plurality of electrodes wherein a biofeed-
back signal is measured for each of the electrodes, and
wherein the probability of a measurement error of a signal
feature is determined for each of the biofeedback signals,
wherein the biofeedback signal quality is determined by com-
bining the probabilities of a measurement error. Advanta-
geously, the biofeedback signal quality is not only determined
from a biofeedback signal of a single electrode, but from the
biofeedback signals of a plurality of electrodes. Furthermore,
the biofeedback signal quality can be determined from a
plurality of signal features from the biofeedback signals of a
plurality of electrodes. This increases the reliability and accu-
racy of the determined biofeedback signal quality.

[0029] In a further embodiment of the neurofeedback sys-
tem according to the present invention, a refreshment of the
feedback provided to the user depends on the biofeedback
signal quality. Feedback about the biofeedback signal quality
can be provided to the user either explicitly or implicitly. In
explicit feedback, the feedback about the biofeedback signal
quality is decoupled from the neurofeedback mechanism. For
example, information about a biofeedback signal drift can be
rendered as a red traffic light that signals the user that he
should not follow the neurofeedback if the light is red. Simi-
larly, audio messages (e.g. beeps or announcements) can be
used to signal the user that there are spectral distortions
present in the signal, making him aware that he should not
trust the regular neurofeedback. Furthermore, the loudness
(or other aspects) of the audio signal or the intensity (or other
aspect) of the traffic light can indicate the severity of spectral
distortions or drifts, respectively. Alternative optical, audio or
audiovisual means are within the scope of this embodiment.
In implicit feedback, the biofeedback signal quality is fed
back to the user by affecting the neurofeedback mechanism.
For example, if the biofeedback signal quality is poor, the
feedback unit does not refresh the neurofeedback. Alterna-
tively, the feedback unit reacts only to a minor extent to
changes in the signal characteristic of the measured biofeed-
back signal that represent the neurofeedback. When the dis-
tortion is not prominent any more (e.g. when the probability
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of a measurement error is back to a low value), the regular
neurofeedback mechanism can resume. By providing feed-
back about the signal quality, implicitly or explicitly, the user
is made aware that there are issues with the signal quality and
that he should try to overcome them to ensure the highest
effectiveness of neurofeedback. This can be done by reposi-
tioning the electrodes, avoiding head or body movements and
motion, or by entering an environment where he can expect
less electromagnetic interference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] These and other aspects of the invention will be
apparent from and elucidated with reference to the embodi-
ments described hereinafter. In the following drawings
[0031] FIG. 1 shows a block diagram of a neuro feedback
system according to the present invention;

[0032] FIG. 2 shows a flow chart of the signal processing of
the neurofeedback system according to the present invention;
[0033] FIG. 3 shows a graph of a signal amplitude of two
measured EEG signals over time for two dry electrodes;
[0034] FIG. 4a shows a graph of a spectral power of two
measured EEG signals without spectral distortions;

[0035] FIG. 46 shows a graph of a spectral power of two
measured EEG signals with spectral distortions;

[0036] FIG. Sa shows a first graph of a function of a prob-
ability of an absence of a measurement error over feature
value;

[0037] FIG. 55 shows a second graph of a function of a
probability of an absence of a measurement error over feature
value;

[0038] FIG. 6a shows a graph of a spectral feature of two
measured EEG signals over time;

[0039] FIG. 65 shows a corresponding probability of an
absence of spectral distortion over time;

[0040] FIG. 7a shows a graph of atemporal feature value of
two measured EEG signals over time;

[0041] FIG. 7b shows a corresponding probability of an
absence of EEG signal drift over time;

[0042] FIG. 8a shows a graph of a probability of drift
absence over time for a plurality of temporal features;
[0043] FIG. 86 shows a graph of the corresponding com-
bined probability of drift absence over time;

[0044] FIG. 9a shows the probability of spectral distortion
absence over time for a plurality of spectral features;

[0045] FIG. 96 shows a graph of the corresponding com-
bined probability of spectral distortion absence over time;
[0046] FIG. 10 shows graphs of a beta power, an alpha
power and a relative alpha power over time.

DETAILED DESCRIPTION OF THE INVENTION

[0047] FIG. 1 shows a block diagram of a neuro feedback
system 1 according to the present invention. The neurofeed-
back system 1 comprises an electrode 2, a first signal process-
ing unit 3, a second signal processing unit 4 and a feedback
unit 5. Optionally, the neurofeedback system 1 comprises
further electrodes 2', 2" and a memory 15.

[0048] The electrodes 2, 2, 2" in this embodiment are dry
electrodes that contact the skin 6, in particular the scalp, ofthe
user 7 via pin-like contact structures 8. The electrodes 2, 2', 2"
are used to measure a biofeedback signal 9 of the user 7. For
the following explanation an EEG signal will be used as
non-limiting example.
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[0049] The first signal processing unit 3 is adapted to deter-
mine a signal characteristic 11 of the measured EEG signal 9.
The signal characteristic 11 in the present example is alpha
brain wave activity or, in other words, the spectral power of
the measured EEG signal 9 in the alpha frequency domain
from 8 to 12 Hz. Alternatively, the signal characteristic 11 is
aratio of alpha power over beta power. The signal character-
istic 11 can be used for neurofeedback by presenting this
signal characteristic 11 as a value oras a graph over time to the
user 7 on the feedback unit 5. In particular, the signal char-
acteristic 11 can be fed back to the user 7 as a graph over time
on a display 10 of the feedback unit 5.

[0050] The second signal processing unit 4 is adapted to
determine an EEG signal quality 12 of the measured EEG
signal 9 by extracting a signal feature of the measured EEG
signal 9 and calculating a probability of a measurement error
for said signal feature. This probability of a measurement
error represents the EEG signal quality 12. The signal pro-
cessing is described in more detail further below with refer-
ence to FIG. 2. Optionally, the memory 15 is connected to the
second signal processing unit 4.

[0051] The feedback unit 5 is adapted to provide feedback
to the user 7. This feedback comprises the neurofeedback
represented by the signal characteristic 11 from the first sig-
nal processing unit 3 and feedback about the EEG signal
quality 12 from the second signal processing unit 4. Feedback
about the EEG signal quality 12 can be provided to the user 7
either explicitly or implicitly. For explicit feedback, the feed-
back unit 5 comprises an optional signaling means 13 adapted
to provide the user 7 with feedback about the EEG signal
quality 12. The signaling means 13 can be an optical signaling
means, for example similar to a traffic light indicating a good
EEG signal quality 12 with green light or no light and indi-
cating a poor EEG signal quality 12 with a red light. Alterna-
tively, this signaling means can continuously change its color
from green to red, vary its intensity based on the EEG signal
quality 12, change a flashing frequency, or the like. Further
alternatively, the signaling means 13 can be any type of
acoustical signaling means that explicitly provides the user
with feedback about the EEG signal quality 12. As a second
option, feedback about the EEG signal quality 12 can be
implicitly provided to the user 7 by modifying the neurofeed-
back. For example, if the neurofeedback is provided to the
user 7 as a graph over time on a display 10, the color of the
curve of the graph or of the background of the graph or
intensity can indicate the EEG signal quality 12. Further
alternatively, as an example for implicit feedback, the refresh-
ment of the neurofeedback presented on the display 10 may
depend on the EEG signal quality 12. For example, the
refreshment rate can be high at high EEG signal quality 12
and low at low EEG signal quality 12.

[0052] In a further example, in the case of alpha-based
neurofeedback, the value of the relative alpha spectral power,
1.e. power in the frequency range of 8 to 12 Hz compared to
the power in the frequency range of 4 to 35 Hz, is translated
into a “temperature bar” that indicates the signal characteris-
tic 11. This signal characteristic 11 can be presented to the
user on a display 10 of the feedback unit 5 as neurofeedback.
A high value of this ratio indicates a relaxed state of the user
7. In the case of implicit feedback, an increase or decrease of
the temperature bar can be diminished based on the absolute
value of the EEG signal quality 12. In the case of audiovisual
or purely audio signaling, the frequency of a sound or its
loudness can be correlated with the EEG signal quality 12.

Aug. 6, 2015

[0053] Referring to FIG. 2, a flow chart of the steps per-
formed by the neurofeedback system 1 is presented. The
process starts with acquiring 20 a measured EEG signal 9 and
ends with providing feedback 21 including neurofeedback
and feedback about the EEG signal quality 12 to a user 7.
[0054] The left branch of the flow chart shown in FIG. 2
comprises the step 22 of determining a signal characteristic of
the EEG signal 9. As described above, the signal characteris-
tic presented as neuro feedback is typically a spectral power
in an EEG spectral band.

[0055] The right branch of the flow chart shown in FIG. 2
provides details about the signal processing for determining
an EEG signal quality. In a first step 23, the EEG signal is
separated two sub-branches. In the following, features gen-
erally relating to temporal distortions or drift are dealt with in
the left sub-branch and features relating to spectral distortions
in the right sub-branch.

[0056] During the explanation of the process steps of FIG.
2, reference will be made to FIGS. 3 to 11 that represent
graphs of the signal or signal processing results at various
steps of the flow chart of FIG. 2.

[0057] FIG. 3 shows a graph of signal drifts produced when
the user positions the dry electrodes, here in the form of an
EEG headset, on his head. The dotted line represents a first
signal X1 measured with a first dry electrode positioned at
location C4 of the international 10-20 System for EEG mea-
surements and referenced to the right earlobe. The dashed line
represents a second signal X2 measured with a second dry
electrode positioned at location C3 and referenced to the left
earlobe. Due to a limited dynamic range extremely high and
extremely low values are clipped. The signals vary signifi-
cantly until they stabilize towards the end of the graph on the
right side. In particular between 0 and 8 seconds, the signal
quality is poor and should not be used for neurofeedback.
Preferentially, the user only adheres to neurofeedback when
the signals have stabilized.

[0058] Referring back to the left sub-branch in FIG. 2, the
EEG signal is segmented 24 into temporal signals called
epochs. Optionally, the epochs are overlapping. For each
epoch, one or more features of the signal are extracted 25, said
features including a minimum value of the signal within the
epoch, a maximum value of the signal within the epoch, a
mean value, a median value, a standard deviation or a slope of
the signal. In an optional step 26, these features are further
reduced to a difference between the maximum and the mini-
mum value of the signal within the epoch, a difference
between the mean and median value of the signal within the
epoch, the standard deviation and the slope of the signal.
[0059] With respect to the right sub-branch in FIG. 2
regarding spectral distortions, the first step is a segmentation
step 34 of the temporal EEG signal that is followed by a
transformation 35 into frequency domain. Optionally, signal
processing steps can be shared between the left and right
branch of the flow chart. For example, the result of the trans-
formation 35 into frequency domain of the right branch can be
shared with step 22 in the left branch for efficient implemen-
tation. Tt should be noted that segmentation 24 and segmen-
tation 34 can alternatively be one common operation common
for both sub-branches. However, it is also possible to use a
different segmentation for each branch or even for each signal
feature within a branch. The result of the conversion into
frequency domain 35 is shown in FIGS. 4a and 4b.

[0060] FIG. 4a shows the spectral power over frequency up
to 30 Hz. Curves X1 and X2 refer to signals from two different
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EEG electrodes. In step 36 in FIG. 2, spectral features are
extracted from the frequency domain signal, for example a
spectral power in the measured EEG signal in the delta fre-
quency domain from 1 to 4 Hz, in the theta frequency domain
from 4 to 8 Hz, in the alpha frequency domain from 8 to 12
Hz, in the beta frequency domain from 12 to 30 Hz, in the low
gamma frequency domain from 30 to 45 Hz, in the high
gamma frequency domain from 50 to 75 Hz.

[0061] In FIG. 4a there is a strong spectral power in the
alpha frequency domain that can be clearly distinguished
from the spectral power in the beta frequency domain. In FIG.
4b, additional spectral distortions are present that signifi-
cantly increase the spectral power in the beta frequency
domain from 12 to 30 Hz, in particular for curve X1'.

[0062] There is a plurality of distortions present in EEG
signals. In particular, the raw EEG signals acquired with dry
electrodes are by far inferior to EEG signals measured with
conventional “wet” electrodes in a laboratory setting under
controlled conditions. Hence, a real-time feedback compris-
ing neuro feedback and feedback about the EEG signal qual-
ity is desirable. However, the solution should be cheap, fast
and cost-effective. According to an embodiment of the
present invention, the probability of a measurement error is
calculated for each feature based on the temporal and spectral
feature extracted as a result of steps 25, 26 and 36, respec-
tively. The process will be illustrated for exemplary features
in the following.

[0063] FIG.5a shows agraph ofa probability ofan absence
of a measurement error p,, on the y-axis over the feature value
x on the x-axis. Capital letters A, B, C, D and E denote
different value ranges of the signal feature x. For simplicity,
the graph defines a range of optimal values C, where the
feature values are expected to be in, and two prohibited ranges
A and E, where the feature values are not expected to be in.
The range in between the two 1s modeled as a linear increase
B or a linear decrease D from optimal to prohibited range.
Alternatively, a different distribution can be applied as shown
in FIG. 5b. Further alternatively, not all of the ranges must be
present, for example range C with 100% probability of
absence of a measurement error may stretch all the way down
to a feature value of 0. In that case, ranges A and B are not
present. Furthermore, the distribution can be different for
each temporal and/or spectral feature. Referring to FIG. 2, the
corresponding distribution can be stored in the database and
received from the storage 40 for each of the features.

[0064] FIG. 6a shows a graph of the spectral feature “low
gamma spectral power” over time. Again the signals X1 and
X2 of two different electrodes are depicted. The value range
on the y-axis from 0 to 2000 corresponds to range C in FIG.
5a, the value range from 2000 to 4000 corresponds to value
range D and the value range above 4000 corresponds to value
range E. Ranges A and B are not available in this example. For
each feature value in

[0065] FIG. 6a, a corresponding probability of an absence
of a measurement error, in this case the probability of the
absence of spectral distortion, is calculated. If the low gamma
spectral power of X1 or X2 is within range C, the correspond-
ing probability of the absence of spectral distortion is 100%.
This also indicates an excellent EEG signal quality. Any value
in range E corresponds to a 0% probability of the absence of
spectral distortion, hence, to a poor EEG signal quality. In
between in range D, the corresponding probability of the
absence of spectral distortion is calculated based on the func-
tion depicted in FIG. 5¢, range D. This concept of calculating
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a probability of a measurement error for each signal feature
has a low computational complexity and thereby reduces the
complexity and cost of the neurofeedback system. It also is
well suited for real-time implementation.

[0066] FIG. 7a shows a graph of the temporal feature, i.e.
the difference of maximum and minimum signal value. Each
value of the curves corresponds to the feature value extracted
for a segment of the measured EEG signal. In this example, all
value ranges A to B from FIG. 5q are present. A very large
difference between maximum and minimum indicates a mea-
surement error because of strong signal drift. Equally, an
extremely low difference is not realistic either because a
noiseless signal is also not realistic. A very low or even zero
difference of maximum and minimum value occurs for
example when the measured EEG signal is out of range and
the signal remains at an upper or lower boundary throughout
that time segment (see first few seconds of FIG. 3). In between
is an optimal range C neighbored by linear transitions B and
D. For each feature value in FIG. 7a, there is a corresponding
probability of the absence of drifts depicted in FIG. 75. At the
beginning up to about 30 seconds, there are strong signal
variations when the user adjusts the EEG electrodes on his
head. During this phase, it is not reasonable to provide neu-
rofeedback to the user because the EEG signal quality is low.
Alternatively feedback about the signal quality is provided to
the user in parallel to the neurofeedback to indicate a suffi-
cient signal quality has not been reached yet.

[0067] Referring again to the flow chart in FIG. 2, the step
of calculating 27, 27', 37, 37" a probability of a measurement
error for one or more temporal and/or spectral signal features
is indicated withp,, . .. p, andp, . .. Py,

[0068] FIG. 8a shows a graph of the probability of drift
absence for a plurality of features. FIG. 8a depicts the tem-
poral features maximum-minimum, mean-median, standard
deviation and slope. In FIG. 8b, these features are combined
in one single probability of drift absence for the temporal
features. This combination can be done for example as a
multiplication of the individual probabilities of the individual
features.

[0069] Accordingly, FIG. 9a shows the probability of a
spectral distortion absence per feature for a plurality of dif-
ferent spectral features. The combined overall probability of
spectral distortion absence is presented in FIG. 9b.

[0070] Referring back to FIG. 2, the combination of FIG. 8
is carried out in step 28, wherein the combination of FIG. 9 1s
carried out in step 38. The combination steps are optional.
The calculated probabilities of steps 28 and 38 can optionally
be combined in step 50. The result is a signal quality that is
supplied to the step of providing feedback 21 to the user.
[0071] An example of spectral distortions that can affect
relative alpha neurofeedback is presented in FIG. 10. The
figure depicts a beta power in the beta frequency band (upper
graph), an alpha power in the alpha frequency band (middle
graph) and the changes in the relative alpha power (lower
graph). The relative alpha power is defined as the ratio of
alpha power over beta power. The increase in relative alpha
power after second 175 is mainly due to the absence of dis-
tortions in the beta band and less due to an increase of power
in the alpha band. Feedback about this distortion prevents the
user from adhering to the wrong neurofeedback.

[0072] In conclusion, the neurofeedback system, signal
processor and method according to the present invention
enables more robust neurofeedback, in particular using dry
electrodes, and increases the effectiveness of the neurofeed-
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back by taking into account the quality of the measured EEG
signal with efficient, real-time capable signal processing.
[0073] The teachings of the present can also be applied in
the field of brain-computer-interfaces (BCI). The term neu-
rofeedback as used within the context of the present invention
also comprises BCI applications. In particular, a type of neu-
rofeedback is seen in the reaction of a computer, control unit
or gaming device on EEG signals of the user.

[0074] While the invention has been illustrated and
described in detail in the drawings and foregoing description,
such illustration and description are to be considered illustra-
tive or exemplary and not restrictive; the invention is not
limited to the disclosed embodiments. Other variations to the
disclosed embodiments can be understood and effected by
those skilled in the art in practicing the claimed invention,
from a study of the drawings, the disclosure, and the
appended claims.

[0075] In the claims, the word “comprising” does not
exclude other elements or steps, and the indefinite article “a”
or “an” does not exclude a plurality. A single element or other
unit may fulfill the functions of several items recited in the
claims. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.
[0076] A computer program may be stored/distributed on a
suitable medium, such as an optical storage medium or a
solid-state medium supplied together with or as part of other
hardware, but may also be distributed in other forms, such as
via the Internet or other wired or wireless telecommunication
systems.

[0077] Any reference signs in the claims should not be
construed as limiting the scope.

1. A neurofeedback system comprising:

an electrode for contacting skin of a user for measuring a
biofeedback signal of the user,

a first signal processing unit for determining a signal char-
acteristic of the measured biofeedback signal, wherein
the signal characteristic represents a neurofeedback,

a second signal processing unit for determining a biofeed-
back signal quality of the measured biofeedback signal
by extracting a signal feature of the measured biofeed-
back signal and calculating a probability of a measure-
ment error for said signal feature, which probability
represents the biofeedback signal quality, and

a feedback unit for providing feedback to the user, wherein
the feedback comprises the neurofeedback and a feed-
back about the biofeedback signal quality and wherein
an intensity of the feedback is based on the biofeedback
signal quality.

2. The neurofeedback system according to claim 1,

wherein said electrode is a dry electrode.

3. The neurofeedback system according to claim 1,

wherein the neurofeedback system is a real-time neuro-
feedback system adapted to provide the user with feed-
back in real-time.

4. The neurofeedback system according to claim 1,

wherein the measured biofeedback signal is segmented
into time segments and wherein the signal characteristic
and/or the biofeedback signal quality is determined for
each time segment independently.

5. The neurofeedback system according to claim 1,

wherein the biofeedback signal is an EEG signal and
wherein signal characteristic of the measured EEG sig-
nal comprises aspectral powerina frequency EEGband.
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6. The neurofeedback system according to claim 1,

wherein the signal characteristic of the measured biofeed-
back signal and/or the signal feature of the measured
biofeedback signal comprises at least one element of a
group of elements comprising a minimum value of the
measured biofeedback signal, a maximum value of the
measured biofeedback signal, a mean value of the mea-
sured biofeedback signal, a median value of the mea-
sured biofeedback signal, a standard deviation of the
measured biofeedback signal, a slope of the measured
biofeedback signal, a difference between the maximum
and the minimum value of the measured biofeedback
signal, a difference between the mean and the median
value of the measured biofeedback signal, a spectral
power of the measured biofeedback signal in the delta
frequency domain from 1 to 4 Hz, a spectral power of the
measured biofeedback signal in the theta frequency
domain from 4 to 8 Hz, a spectral power of the measured
biofeedback signal in the alpha frequency domain from
8to 12 Hz, a spectral power of the measured biofeedback
signal in the beta frequency domain from 12 to 30 Hz, a
spectral power of the measured biofeedback signal inthe
low gamma frequency domain from 30 to 45 Hz, a
spectral power of the measured biofeedback signal inthe
high gamma frequency domain from 50 to 75 Hz.

7. The neurofeedback system according to claim 1,

wherein a probability distribution of said probability of a
measurement error is inferred from a predetermined dis-
tribution of said signal feature without measurement
error.

8. The neurofeedback system according to claim 7,

wherein the predetermined distribution of the signal fea-
ture is a user-specific distribution.

9. The neurofeedback system according to claim 7,

wherein the signal feature is represented by a feature value
and wherein the probability of a measurement error is
obtainable from a function of probability of a measure-
ment error over feature value.

10. The neurofeedback system according to claim 1,

wherein the biofeedback signal quality is determined from
a plurality signal features of the biofeedback signal by
combining the probabilities of a measurement error for
each of the signal features.

11. The neurofeedback system according to claim 1,

comprising a plurality of electrodes, wherein a biofeed-
back signal is measured for each of the electrodes and
wherein the probability of a measurement error of a
signal feature is determined for each of the biofeedback
signals, wherein the biofeedback signal quality is deter-
mined by combining the probabilities of a measurement
€rror.

12. The neurofeedback system according to claim 1,

wherein a refreshment of the feedback provided to the user

depends on the biofeedback signal quality.

13. A signal processor for determining a signal character-
istic of the measured biofeedback signal, wherein the signal
characteristic represents a neurofeedback, and for determin-
ing a biofeedback signal quality of the measured biofeedback
signal by extracting a signal feature of the measured biofeed-
back signal and calculating a probability of a measurement
error for said signal feature, which probability represents the
biofeedback signal quality and wherein an intensity of the
feedback is based on the biofeedback signal quality.
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14. A method for providing a user with neurofeedback
comptising the steps of
measuring a biofeedback signal of the user,
determining a signal characteristic of the measured bio-
feedback signal,
wherein the signal characteristic represents a neurofeed-
back,
determining a biofeedback signal quality of the measured
biofeedback signal by extracting a signal feature of the
measured biofeedback signal and calculating a probabil-
ity of a measurement error for said signal feature, which
probability represents the biofeedback signal quality,
and
providing feedback to the user, wherein the feedback com-
prises the neurofeedback and a feedback about the bio-
feedback signal quality and wherein an intensity of the
feedback is based on the biofeedback signal quality.
15. A computer program comprising program code means
for causing a computer to carry out the steps of the method as
claimed in claim 14 when said computer program is carried
out on the computer.
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