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arranged and configured to measure electrical activity signals
indicative of an electroencephalogram (EEG) of a user wear-
ing the device. The control unit is configured to receive the
electrical activity signals and to detect a presence of a slow
oscillation, which is in a frequency range between 0.5 Hz and
1 Hz, in the electrical activity signals. The control unit is
further configured to trigger, in response to detecting the
presence of a slow oscillation, a generation of at least one
stimulus impulse. The output transducer is configured to
receive the at least one stimulus impulse and to generate a
corresponding output sound.
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SOUND STIMULATOR FOR MEMORY
ENHANCEMENT

[0001] The invention regards an in-ear stimulation device
comprising at least one in-ear sensor, a control unit and an
output transducer and configured to measure electrical activ-
ity signals indicative of an electroencephalogram (EEG) of a
user, which are analysed and used to generate an output sound
corresponding to or derived from or synchronized to slow
oscillations detected in the electrical activity signals.

[0002] Brain activity oscillations reflect synchronized
activity that organizes information processing and communi-
cation in neuronal cortical networks in a state-dependent
manner, see from H.-V. V. Ngo, T. Martinetz, J. Born, and M.
Molle, “Auditory Closed-Loop Stimulation of the Sleep Slow
Oscillation Enhances Memory”, Neuron 78, 545-553 (2013)
[Ngo et al. (2013)], e.g., G. Buzsaki and A. Draguhn “Neu-
ronal oscillations in cortical networks™, Science 304 1926-
1929 (2004), and F. Varela, J. P. Lachaux, E. Rodriguez, and
J. Martinerie, “The brain web: phase synchronization and
large-scale integration.” Nat. Rev. Neurosci. 2, 229-239
(2001). The brain activity oscillates at different frequencies.
Slow oscillations in brain activity, which occur during so-
called slow-wave sleep, are critical for retaining memories.
[Ngo et al. (2013)] have found that playing sounds synchro-
nized to the rhythm of the slow brain oscillations of people
who are sleeping enhances the slow brain oscillations and
boosts the memory of the people. This demonstrates an easy
and non-invasive way to influence human brain activity to
improve sleep and enhance memory.

[0003] Brain rhythms regulate information processing in
different states to enable learning and memory formation.
The <1 Hz sleep slow oscillations hallmark slow-wave sleep
and is critical to memory consolidation. [Ngo et al. (2013)]
show in sleeping humans that auditory stimulation in phase
with the ongoing rhythmic occurrence of slow oscillation up
states profoundly enhances the slow oscillation rhythm,
phase coupled spindle activity, and, consequently, the con-
solidation of declarative memory. Stimulation out of phase
with the ongoing slow oscillation rhythm remained ineffec-
tive. Close-loop in-phase stimulation provides a straight-for-
ward tool to enhance sleep rhythms and their functional effi-
cacy.

[0004] In [Ngo et al. (2013)] a method for enhancing
memory during sleep is presented. The method performs two
auditory stimuli to ears of a user using headphones after the
detection of a slow oscillation in the brain activity pattern of
the user. The frequency of applying the auditory stimuli cor-
responds to the oscillation frequency of the slow oscillations
in the brain activity of the user. After the application of two
auditory stimuli in phase with the slow oscillations, the
method is paused 2.5 seconds before anew detection ofa slow
oscillation can be performed.

[0005] EP 2 571 289 A2 shows a hearing aid system com-
prising two or more electric terminals. The electric terminals
are arranged in the surface of ahearing instrument shell where
it contacts the skin inside or outside an ear canal of a user. The
electric terminals can be configured for the same purpose,
e.g., obtaining an ambulatory electroencephalogram (EEG),
or for different purposes, e.g., some electric terminals mea-
suring EEG and some electric terminals measuring body tem-
perature. The hearing aid system is used to estimate a user’s
cognitive status or cognitive load, e.g., based on the user’s
working memory capacity. The hearing aid system is config-
ured to activate helping systems, such as directional micro-
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phones, noise reduction schemes, or time-frequency masking
schemes, to reduce the cognitive load, if a cognitive model
predicts that the cognitive limit of the user has been exceeded.
[0006] WO 2012/097872 A1 describes a personal wearable
EEG monitor, which comprises a sensor part, EEG signal
analyzer, EEG stimuli controlling means, EEG response
detection means, and a classifier. The sensor part has skin
surface electrodes for measuring EEG signals from a person.
The EEG signal analyzer is adapted for transferring the EEG
signal from the EEG sensor part and is adapted for monitoring
the EEG signal. The EEG stimuli controlling means are
adapted to provide a stimulus to the person, e.g., an auditory
stimulus repeated at least two times, to request the person to
perform a stimuli creating act, or to identify a stimuli creating
ambient sound. The EEG response detection means are
adapted to identify an induced response from the EEG signal
caused by the stimuli. The classifier is adapted for deciding—
based on said induced response—if the skin surface elec-
trodes receive EEG signals. At least one electrode can be
adapted to be arranged in an ear canal of a person. The
electrode can be arranged on an ear-piece with a permanent
shape fitting the ear canal of the person.

[0007] JPS63267097A deals with an earphone comprising
an ear plug with an electrode for picking up brainwaves. The
brain wave signals extracted from the electrode are fed back
as a sound signal such as music through an external circuit,
thereby, a brain wave state can be heard by the user and the
brain wave state can be controlled.

[0008] It is an object of the invention to provide an
improved in-ear stimulation device.

[0009] This object is achieved by an in-ear stimulation
device comprising at least one in-ear sensor, a control unit and
an output transducer. The in-ear stimulation device is config-
ured to be worn at or on an ear of a human user and at least
partly in an ear canal of the user. The at least one in-ear sensor
is arranged and configured to measure electrical activity sig-
nals indicative of an electroencephalogram (EEG) of a user
wearing the device. The control unit is configured to receive
the electrical activity signals and to detect a presence of a slow
oscillation, which is in a frequency range, e.g. between 0.5 Hz
and 1 Hz, in the electrical activity signals. The control unit is
further configured to trigger, in response to detecting the
presence of a slow oscillation, a generation of at least one
stimulus impulse. The output transducer is configured to
receive the at least one stimulus impulse and to generate a
corresponding output sound.

[0010] The term ‘stimulus impulse’ is taken to mean a
stimulus that is non-continuous and concentrated in time, e.g.
characterised in having a relatively large amplitude over a
relatively short time. ‘Non-continuous’ is here taken to mean
that between each impulse, a time segment of substantially
zero amplitude (or substantially lower amplitude than the
amplitude of the impulse) is present.

[0011] In-ear sensors can for example be electrodes, such
as skin surface electrodes, skin contact electrodes and are
preferably dry electrodes (as opposed to electrodes using
conductive gels and glues to reduce the contact impedance
between skin and electrode). A slow oscillation here corre-
sponds to the most distinct of the brain activity oscillations
that hallmark the electroencephalogram (EEG) during slow-
wave sleep (SWS) of a user, see from [Ngo et al. (2013)], e.g,,
1. Timofeev, “Neuronal plasticity and thalamocortical sleep
and waking oscillations.”, Prog. Brain Res. 193, 121-144, and
M. Steriade, “Grouping of brain rhythms in corticothalamic
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systems”, Neuroscience 137, 1087-1106 (2006). The pres-
ence of aslow oscillation is preferably detected during adown
state of the slow oscillation, meaning ‘when the EEG has a
minimum voltage value’. The presence of a slow oscillation
can also be detected for any negative voltage value below a
certain threshold indicative for the presence of a slow oscil-
lation. The stimulus impulse preferably triggers the genera-
tion of the corresponding output sound in a way, that the
output sound stimulates the user synchronized with an up
state of the slow oscillation, meaning that the output trans-
ducer generates the output sound when the EEG has a maxi-
mum voltage value. Therefore the generation of the output
sound is preferably time delayed to the detection of the pres-
ence of a slow oscillation, e.g., by a time delayed generation
of the stimulus impulse. The output transducer is preferably a
speaker, a vibrator of a bone anchored hearing device, or
electrodes of a cochlear implant or any other device that is
configured to stimulate hearing of the user wearing and using
the in-ear stimulation device. The stimulation of the hearing
of the user generates a brain activity, as the brain of a human
generally processes stimuli from the outside delivered to one
of the body internal sensor units, e.g., nerves, sensors in ears,
eyes, skin, tongue, nose, or other sensor units generating a
stimulus that is delivered to the brain.

[0012] One aspect of the invention is that the in-ear stimu-
lation device (e.g. a hearing aid) can be worn by a user during
sleep and which comprises all functionalities for measuring
the electrical activity and for stimulating the user; therefore
no more special equipment is needed, e.g., special equipment
for synchronizing the electrical activity, i.e., electroencepha-
logram (EEG) of the user with the sound stimuli, devices for
measuring the electrical activity, or devices for generating the
output sound and stimulating the user. Another aspect of the
invention is that the invention requires only a low power
battery, which decreases safety risks compared to general
public high voltage AC (110 V to 220 V) needed for prior art
EEG hats. The invention also lowers the power consumption.
A further aspect of the invention is that the in-ear sensors, i.e.,
electrodes, do not move significantly during sleep, as the
in-ear sensors are fixed in an ear canal of the user, which
increases the efficiency of measuring electrical activity sig-
nals. The in-ear sensor of the in-ear stimulation device have a
better fit to the ear of the user and are fixed, as the in-ear
stimulation devices is partly arranged in the ear canal of the
user, e.g., by using an earmould. The in-ear stimulation
device has almost no physical interference for the user.

[0013] In an embodiment, the in-ear stimulation device is
configured to provide that sounds are only generated by the
output transducer when a very specific EEG pattern arise, e.g.
the REM-sleep pattern (REM=Rapid Eye Movement), which
is characterized by saw-tooth EEG wave patterns. In an
embodiment, the control unit is configured to detect a REM-
sleep pattern in the electrical activity signals.

[0014] According to one theory, certain memories are con-
solidated during REM sleep. Numerous studies have sug-
gested that REM sleep is important for consolidation of pro-
cedural memory and spatial memory. (Slow-wave sleep, part
of non-REM sleep, appears to be important for declarative
memory.) Artificial enhancement of the non-REM sleep
improves the next-day recall of memorized pairs of words. It
has been demonstrated in the literature that a daytime nap
containing solely non-REM sleep enhances declarative
memory but not procedural memory. Moreover, one case
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study of an individual who had little or no REM sleep due to
ashrapnel injury to the brainstem did not find the individual’s
memory to be impaired.

[0015] Intimately related to views on REM function in
memory consolidation, it has been proposed that by virtue of
its inherent spontaneous activity, the function of REM sleep
“Is to remove certain undesirable modes of interaction in
networks of cells in the cerebral cortex”, which process has
been characterized as “unlearning”. As a result, those memo-
ries, which are relevant (whose underlying neuronal substrate
is strong enough to withstand such spontaneous, chaotic acti-
vation), are further strengthened, whilst weaker, transient,
“noise” memory traces disintegrate.

[0016] In an embodiment, the in-ear stimulation device is
configured to generate non-continuous stimulus, e.g. intet-
mittent stimuli, and phase locked to the peaks of the REM
waves in the detected electrical activity signals. [n an embodi-
ment, the in-ear stimulation device is configured to generate
an artificial noise burst or other artificially generated signal,
which is presented intermittently and phase locked to the
peaks of the EEG signal. In other words, the sound stimuli
generated by the in-ear stimulation device are NOT intended
to directly mimick the EEG waves themselves,

[0017] Ina preferred embodiment of the in-ear stimulation
device the control unit is configured to trigger in response to
detecting the presence of a slow oscillation a generation of an
auditory stimulus impulse sequence of at least two stimulus
impulses. The auditory stimulus impulse sequence can, e.g,,
comprise two, three, four or more consecutive stimulus
impulses during which the control unit is adapted not to detect
the presence of a slow oscillation (or at not to modify the
stimulus impulse sequence). Additionally the auditory stimu-
lus impulse sequence can comprise a detection pause of, e.g,,
2sto 5 s, preferably 2.5 s, following the at least two stimulus
impulses in which the control unit is adapted not to detect the
presence of a slow oscillation (or at not to modify the stimulus
impulse sequence). The stimulus impulse sequence prefer-
ably has a frequency in the frequency range between 0.5 Hz
and 1 Hz, meaning that stimulus impulses are generated every
1510 2 s. The impulses of the auditory impulse sequence are
preferably bursts of pink 1/f noise. The spectrum of pink 1/f
noise essentially contains an equal amount of energy in each
octave. The duration ofthe bursts is preferably below 200 ms,
such as 100 ms, more preferably 50 ms. The bursts can have
a rising time and a falling time, which preferably are sym-
metric (e.g. equal). The rising time is preferably below 50 ms,
such as below 25 ms, below 10 ms, or more preferably below
5 ms. The falling time is preferably below 50 ms, such as
below 25 ms, below 10 ms, or more preferably below 5 ms.
The sound volume of the output sound triggered by the stimu-
lus impulse is preferably calibrated to a sound pressure level
of below 80 dB, such as below 70 dB, or more preferably
below 55 dB (e.g. adapted to a hearing impairment, e.g. a
hearing threshold, of a user).

[0018] Ina preferred embodiment of the in-ear stimulation
device the control unit is configured to determine a user
specific slow oscillation frequency in the electrical activity
signals. Preferably the control unit is configured to trigger a
generation of an auditory stimulus impulse sequence with the
user specific slow oscillation frequency, i.e., with one or more
auditory stimuli, which have a time delay to each other, that
corresponds to the user specific oscillation frequency. The
user specific oscillation frequency in the electrical activity
signals can for example be determined by Fourier analysis or
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other methods known to the person skilled in the art. Prefer-
ably the user specific oscillation frequency in the electrical
activity signals is determined by means of determining the
corresponding time delay between two subsequent extrema,
more preferably minima, in the electrical activity signals, e.g.
with the additional requirement, that minima have to have a
value below a predetermined threshold value and/or that
maxima have to have a value above a predetermined threshold
value. The extrema can be determined by methods known to
the person skilled in the art, e.g., by means of determining the
first and second derivative of the function describing the
electrical activity signals, by means of determining the dif-
ference between neighbouring values of the electrical activity
signals combined with a minimum difference threshold and/
or a requirement that a certain number of subsequent differ-
ences between neighbouring values need to be positive or
negative to detect a minimum or maximum value, or other
methods. The value of the predetermined threshold is prefer-
ably adaptive, meaning that the predetermined threshold
adapts its value to the lowest value determined in the electri-
cal activity signals for finding a minimum and/or to the high-
est value determined in the electrical activity signals for find-
ing a maximum. Preferably the predetermined threshold
value has an initial value, e.g., —80 1V for a minimum and +40
uV for a maximum. It is also possible that a lowest predeter-
mined threshold value and a highest predetermined threshold
value are used, meaning two threshold values are used at the
same time, one predetermined threshold value for detecting
the presence of a slow oscillation using a minimum and one
predetermined threshold value for detecting the presence of a
slow oscillation using a maximum.

[0019] The user specific slow oscillation frequency can be
determined in a training phase, in which the control unit is
preferably configured to only monitor the electrical activity
indicative of an encephalogram of the user without triggering
stimulus impulses. Preferably, the user specific slow oscilla-
tion frequency is determined as an average oscillation fre-
quency value determined from a large number of measure-
ments of the user specific slow oscillation frequency
performed during the use of the in-ear stimulation device by
a user. A longer usage time of the in-ear stimulation device
increases the determined user specific slow oscillation fre-
quency estimate, which allows to improve the synchronicity
between the slow oscillations and stimulus impulses. The
user specific slow oscillation frequency f can be converted to
a user specific time period T by dividing one by the user
specific oscillation frequency f. meaning T=1/f. The user
specific time period T can be used as a user specific time delay
between stimulus impulses to synchronize the frequency of
the stimulus impulse sequence with the user specific slow
oscillation frequency. The phase of the stimulus impulses and
the electrical activity signals can be synchronized by deter-
mining amplitudes of the electrical activity signals and trig-
gering the stimulus impulse sequence when the slow oscilla-
tion is detected at an extremum, i.e., time delaying the initial
stimulus impulse of the stimulus impulse sequence by half the
user specific time delay when a minimum is used for detecting
the presence of a slow oscillation or time delaying the initial
stimulus impulse of the stimulus impulse sequence by one
user specific time delay when a maximum is used for detect-
ing the presence of a slow oscillation.

[0020] The in-ear stimulation device preferably comprises
a memory configured to store data, e.g., bursts of pink 1/f
noise, user specific oscillation frequencies, user specific time

Jun. 18,2015

delays, predetermined thresholds, or other data used by the
in-ear stimulation device or units of the in-ear stimulation
device.

[0021] In a preferred embodiment, the control unit is con-
figured to trigger the generation of the auditory stimulus
impulse sequence in response to detecting the presence of a
slow oscillationand to generate the auditory stimulus impulse
sequence after a time delay. Preferably the time delay to the
detection of the presence of a slow oscillation is approxi-
mately half the user specific time delay or a time delay cor-
responding to approximately halfthe oscillation frequency of
the detected presence of a slow oscillation, if a minimum of
the electrical activity signals is used to detect the presence of
the slow oscillation. Preferably the time delay to the detection
ofthe presence of a slow oscillation is approximately one user
specific time delay or a time delay corresponding approxi-
mately to the oscillation frequency of the detected presence of
a slow oscillation, if a maximum of the electrical activity
signals is used to detect the presence of the slow oscillation.
Approximately here is to be understood as only a small devia-
tion of less than 5%, preferably less than 3% and most pref-
erably less than 1% of the time period corresponding to the
oscillation frequency.

[0022] Inoneembodiment, atleast one of the in-ear sensors
is or comprises a dry electrode. The in-ear sensors can have
different sensor types, e.g., skin surface electrodes, skin con-
tact electrodes, dry electrodes, or other sensors, which are
configured to measure electrical activity signals indicative of
an encephalogram (EEG) of a user. Preferably, all of the
in-ear sensors are dry electrodes.

[0023] In a preferred embodiment, the control unit com-
prises a band-pass filter. The band-pass filter is preferably
configured to filter the electrical activity signals between 0.25
Hz and 4 Hz values, meaning that the band-pass filter sup-
presses the amplitudes of the electrical activity signals with
values above 4 Hz or below 0.25 Hz. The band-pass filter can
be a unit of the control unit or the band-pass filter can be an
algorithm executed on a processing unit of the control unit or
in-ear stimulation device.

[0024] The control unit is preferably configured to sample
the electrical activity signals, with a sampling rate of between
10 Hz and 300 Hz, such as between 100 Hz and 250 Hz, and
most preferably with 200 Hz.

[0025] Inoneembodiment, the control unitis configured to
trigger the generation of an auditory stimulus impulse
sequence or the auditory stimulus impulse each time an
amplitude of the electrical activity signals crosses an adaptive
negative threshold toward negative values of larger amount
than the adaptive negative threshold value. The adaptive
negative threshold value preferably has an initial value
between —100 uV and =50 pV, more preferably between -90
1V and =75 nV, most preferably -80 uV. The adaptive nega-
tive threshold is preferably adjusted every 1 s to 5 s, more
preferably every 2 s to 3 s, most preferably every 2 s, accord-
ing to the largest negative amplitude value of the electrical
activity signals within a preceding time intervalof 1 s to 10,
more preferably 55 to 7 s, most preferably 5 s. The adjustment
of the adaptive negative threshold can be performed with
constant preceding time intervals or with adaptive preceding
time intervals. The time intervals can depend on the largest
negative amplitude value of the electrical activity signals
and/or the oscillation frequency of the electrical activity sig-
nals.
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[0026] Alternatively, the control unit can be configured to
adjust the adaptive negative threshold continuously to the
value of the largest negative amplitude and to trigger the
generation of an auditory stimulus impulse sequence or the
auditory stimulus impulse each time an amplitude of the
electrical activity signals crosses an adaptive negative thresh-
old toward negative values of larger amount than the adaptive
negative threshold value, while a previous triggering of the
generation of the auditory stimulus impulse sequence is can-
celled each time a new triggering occurs. In this way, the
control unit is configured to find a minimum of the oscillation
frequency to detect the presence of a slow oscillation, which
is favourable to generate stimulus impulses and output sound
in phase with the amplitudes of the electrical activity signals
of the user.

[0027] Alternatively, the control unit canalso be configured
to trigger the generation of an auditory stimulus impulse
sequence or the auditory stimulus impulse each time an
amplitude of the electrical activity signals crosses an adaptive
positive threshold toward positive values of larger amount
than the adaptive positive threshold value.

[0028] Preferably, at least the part of the in-ear stimulation
device, which is configured to be worn in an ear canal of the
user has a form of an earmould configured to fit the ear canal
of the user. Also, the whole in-ear stimulation device can be
integrated in an earmould. Most preferably at least the in-ear
sensor or in-ear sensors are arranged in an ear canal of the
user. Preferably, the in-ear sensors are integrated in the ear-
mould in a way that the in-ear sensors can contact the skin in
an ear canal of the user. The earmould is preferably produced
in a stereolithography (SLA) process. Preferably the SLA
produced earmoulds comprise the in-ear sensors, e.g., Ear
EEG electrodes or the like.

[0029] In a preferred embodiment, the in-ear stimulation
device is or comprises a hearing aid. The in-ear stimulation
device configured as a hearing aid comprises one or more
microphones. The microphone or microphones are config-
ured to receive sound from the environment and to generate
electrical sound signals according to the sound received from
the environment. The control unit of the in-ear stimulation
device is preferably configured to receive the electrical sound
signals and process the electrical sound signals by generating
an output sound signal. The control unit can also be config-
ured to generate a sound interference signal, which is adapted
to destructively interfere with environment sound received by
the microphone or microphones. The output transducer of the
in-ear stimulation device is preferably configured to generate
an output sound corresponding to the output sound signal or
sound interference signal generated by the control unit.
[0030] A further aspect of the invention is that the sleep of
a user can be enhanced by suppressing sound of the environ-
ment, e.g., airplane noise, street noise, train noise, ultra high
noise of devices in standby-mode, ultra high noise of devices,
music noise, or the like. This is especially useful if a user
intends to sleep when riding an airplane, a train, a bus, a ship
or the like and a monotonous environment sound with noise
can be disturbing for a healthy sleep of the user.

[0031] The in-ear stimulation device can also comprise an
interface configured to connect the in-ear stimulation device
to one or more hearing aids, ora communication device, such
as amobile phone, a personal computer, an alarm, or the like.
The interface can for example be a wired interface, e.g., a
wire, a cable, or the like, or a wireless interface, e.g., a Blue-
tooth transceiver, a wireless transceiver, or the like. The inter-
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face is preferably configured to receive electrical signals, e.g.,
data signals and/or sound signals, from the devices connected
to the interface. The control unit is preferably configured to
process the electrical signals received by the interface. Elec-
trical signals received by the interface can for example cause
the in-ear stimulation device to stimulate the hearing of the
user, .., by an alarm sound for waking up the user at a time
specified by an alarm, by a sleep supporting tune like water
wave sounds, or the like.

[0032] Inoneembodiment, the in-ear stimulation device is
configured to detect when the user using the in-ear stimula-
tion device during sleep is in a sleep phase favourable to wake
up the user, e.g., by detecting an oscillation pattern indicating
a favourable wake up phase in the electrical activity signals.
The in-ear stimulation device is preferably configured to
wake up the user in sleep phases favourable to wake up the
user, e.g., by stimulating the hearing of the user with a wake
up tune, alarm sound, or the like.

[0033] Preferably the in-ear stimulation device is powered
by a battery, e.g. a rechargeable battery. The battery prefer-
ably has a low voltage, meaning a voltage in the range of 1 V
to 5V, such as between 1.2 V and 3 V, most preferably
between 1.35V and 1.65 V.

[0034] In a preferred embodiment, the in-ear stimulation
device is used to stimulate the hearing of a user during sleep.
The in-ear stimulation device can also be configured to stimu-
late the user during sleep, e.g., delivering other stimulation
pulses that stimulate the electrical activity signals of the user
than auditory stimuli.

[0035] In an embodiment, the in-ear stimulation device is
used to stimulate a memory of a user during sleep. In an
embodiment, the in-ear stimulation device is configured to
stimulate a memory of a user during sleep.

[0036] The in-ear stimulation device can be operated as a
stand alone device or in combination with a second in-ear
stimulation device as a binaural in-ear stimulation device. If
the in-ear stimulation device is operated binaurally, meaning
as a binaural in-ear stimulation device, the in-ear stimulation
devices of the binaural in-ear stimulation device are prefer-
ably wirelessly connected. The wirelessly connected binaural
in-ear stimulation devices are preferably configured to
exchange data, e.g., electrical activity signals indicative of
electroencephalograms (EEG) ofthe user, sound signals, data
signals, user specific oscillation frequencies, user specific
time delays, or the like. Preferably each of the in-ear stimu-
lation devices of the binaural in-ear stimulation device is
arranged at or on an ear of the user and at least partly in the
respective ear canal of the user, e.g., one in-ear stimulation
device is arranged on or at the left ear of the user and the other
in-ear stimulation device is arranged on or at the right ear of
the user.

[0037] In a preferred embodiment, the control unit of the
in-ear stimulation device comprises a processor unit. The
processor unit is preferably configured to be able to execute a
phase-locked loop algorithm. The phase-locked loop algo-
rithm preferably is a method to synchronize the phase of the
stimulus impulses and the phase of the slow oscillation. The
phase-locked loop algorithm is preferably adapted to deter-
mine a user specific oscillation frequency and/or a user spe-
cific time delay, e.g., as described above. The phase-locked
loop algorithm is further preferably adapted to apply the user
specific time delay to the generation of the stimulus impulse
when the presence of a slow oscillation is detected using a
maximum and to apply half a user specific time delay to the



US 2015/0164361 Al

generation of the stimulus impulse when the presence of a
slow oscillation is detected using a minimum, so that the
triggering of the stimulus impulse generates a stimulus
impulse in phase with a positive amplitude of the slow oscil-
lation, i.e., a slow oscillation up state. The stimulus impulse
preferably causes the output transducer to generate an output
sound in phase with the slow oscillation up state in the elec-
trical activity signals.

[0038] In a further aspect, a method of operating an in-ear
stimulation device configured to be worn at or on an ear of a
human user and at least partly in an ear canal of the user is
provided. The method comprises

[0039] Using an in-the-ear sensor for measuring electri-
cal activity signals indicative of an encephalogram
(EEG) of a user;

[0040] Receiving the electrical activity signals;

[0041] Detecting a presence of a slow oscillation, which
is in a frequency range between 0.5 Hz and 1 Hz, in the
electrical activity signals;

[0042] Triggering, in response to detecting the presence
ofaslow oscillation, a generation of atleast one stimulus
impulse; and

[0043] Generating a corresponding output sound.

[0044] The invention further resides in a method for audi-
tory stimulation. The method is preferably performed using
the in-ear stimulation device. The method comprises the fol-
lowing steps. Generate electrical activity signals indicative of
an encephalogram (EEG) of a user. Sample the electrical
activity signals with a sample rate of between 10 Hz and 500
Hz, such as between 100 Hz and 300 Hz, preferably with a
sample rate of 200 Hz. The sampling can be optional. Detect
apresence ofa slow oscillation, which is in a frequency range
between 0.5 Hz and 1 Hz, in the electrical activity signals.
Trigger, in response to detecting the presence of a slow oscil-
lation, a generation of at least one stimulus impulse. Generate
an output sound corresponding to the stimulus impulse.
[0045] A preferred embodiment, of the method comprises a
step of determining an oscillation frequency in the electrical
activity signals. The method preferably comprises a step of
performing a stimulation mode if the oscillation frequency is
below 1 Hz and performing a monitoring mode if the oscil-
lation frequency is above 1 Hz. The monitoring mode com-
prises a step of determining an oscillation frequency in the
electrical activity signals until the oscillation frequency is
below 1 Hz and activating the stimulation mode when the
oscillation frequency is below 1 Hz.

[0046] The stimulation mode preferably comprises the fol-
lowing steps. Band-pass filter the electrical activity signals
between 0.25 Hz and 4 Hz, suppressing electrical activity
signals above 4 Hz and below 0.25 Hz. Trigger a stimulus
impulse when an amplitude of the electrical activity signals
crosses an adaptive negative threshold toward negative values
of larger amount than an adaptive negative threshold value,
which also corresponds to the detection of the presence of a
slow oscillation. Adjust the adaptive negative threshold value
to the value with largest negative amount, if the value of
largest negative amount is of larger amount than the adaptive
negative threshold value. An initial adaptive negative thresh-
old value can for example be between 100 uV and =50V, is
preferably between -90 pV and 75 pV, and is most prefer-
ably -80 uV. Determine an oscillation frequency of the slow
oscillation by determining the corresponding time delay
between two up-states or two down-states of the slow oscil-
lation, meaning the time delay between two maxima or two
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minima of the slow oscillation. Generate a stimulus impulse
with a time delay to the detection of the presence of a slow
oscillation that corresponds to half'the time delay determined
for a slow oscillation. Generate the output sound correspond-
ing to the stimulus impulse. The method can also be adapted
to generate an auditory stimulus impulse sequence, e.g., com-
prising two or more stimulus impulses and a detection pause
for the time of the auditory stimulus impulse sequence. An
additional detection pause can follow the stimulus impulse
and/or stimulus impulse sequence, in which the method is
adapted not to detect the presence of a slow oscillation.
[0047] In one embodiment, at least the part of the in-ear
stimulation device arranged in an ear canal of the user com-
prises a vent or allows a venting pathway. The vent or venting
pathway is configured to allow an air flow between a tym-
panic membrane of an ear canal of the user and the outside of
the ear to prevent, e.g., an occlusion effect or the like.
[0048] In the present context, a “hearing aid” refers to a
device, such as e.g. a hearing instrument, a listening device or
an active ear-protection device, which is adapted to improve,
augment and/or protect the hearing capability of a user by
receiving acoustic signals from the user’s surroundings, gen-
erating corresponding audio signals, possibly modifying the
audio signals and providing the possibly modified audio sig-
nals as audible signals to at least one of the user’s ears.
[0049] A “hearing aid” further refers to a device such as an
earphone or a headset adapted to receive audio signals elec-
tronically, possibly modifying the audio signals and provid-
ing the possibly modified audio signals as audible signals to at
least one of the user’s ears. Such audible signals may e.g. be
provided in the form of acoustic signals radiated into the
user’s outer ears, acoustic signals transferred as mechanical
vibrations to the user’s inner ears through the bone structure
of the user’s head and/or through parts of the middle ear as
well as electric signals transferred directly or indirectly to the
cochlear nerve and/or to the auditory cortex of the user.
[0050] A hearing aid may be configured to be worn in any
known way, e.g. as a unit arranged behind the ear with a tube
leading air-borne acoustic signals into the ear canal or with a
loudspeaker arranged close to or in the ear canal, as a unit
entirely or partly arranged in the pinna and/or in the ear canal,
as a unit attached to a fixture implanted into the skull bone, as
an entirely or partly implanted unit, etc. A hearing aid may
comprise a single unit or several units communicating elec-
tronically with each other. Likewise, the hearing aid may
comprise multiple speakers. A purpose of using several
speakers may be to reduce vibrations and feedback or to
improve LF and/or HF performance (e.g. by using specific
units for each frequency range).

[0051] More generally, a hearing aid comprises an input
transducer for receiving an acoustic signal from a user’s
surroundings and providing a corresponding input audio sig-
nal and/or a receiver unit for electronically receiving an input
audio signal, a signal processing circuit for processing the
input audio signal and an output unit for providing an audible
signal to the user in dependence on the processed audio sig-
nal. Some hearing aids may comprise multiple input trans-
ducers, e.g. for providing direction-dependent audio signal
processing. In some hearing aids, the receiver unit may com-
prise a wireless receiver.

[0052] In some hearing aids, the receiver unit may e.g.
comprise an input amplifier for receiving a wired signal. In
some hearing aids, an amplifier may constitute the signal
processing circuit. In some hearing aids, the output unit may
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comprise an output transducer, such as e.g. a loudspeaker for
providing an air-borne acoustic signal or a vibrator for pro-
viding a structure-borne or liquid-borne acoustic signal. In
some hearing aids, the output unit may comprise one or more
output electrodes for providing electric signals.

[0053] An aid may be a part of a “hearing system” that
refers to a system comprising one or two hearing aids, and a
“binaural hearing system” refers to a system comprising one
or two hearing aids and being adapted to cooperatively pro-
vide audible signals to both of the user’s ears.

[0054] Hearing systems or binaural hearing systems may
further comprise “auxiliary devices”, which communicate
with the hearing aids and affect and/or benefit from the func-
tion of the hearing aids. Auxiliary devices may be e.g. remote
controls, remote microphones, audio gateway devices,
mobile phones, public-address systems, car audio systems or
music players. Hearing aids, hearing systems or binaural
hearing systems may e.g. be used for compensating for a
hearing-impaired person’s loss of hearing capability, aug-
menting or protecting a normal-hearing person’s hearing
capability and/or conveying electronic audio signals to a pet-
son.

[0055] The present invention will be more fully understood
from the following detailed description of embodiments
thereof, taken together with the drawings in which:

[0056] FIG. 1 shows a schematic illustration of a first
embodiment of the in-ear stimulation device;

[0057] FIG. 2 shows a schematic illustration of a second
embodiment of the in-ear stimulation device;

[0058] FIG. 3 shows a perspective illustration of two in-ear
stimulation devices wirelessly connected with each otherina
binaural in-ear stimulation device;

[0059] FIG. 4 shows a perspective illustration of the first
embodiment of the in-ear stimulation device connected 1o a
behind-the-ear (BTE) hearing aid via a cable;

[0060] FIG.5 shows a schematic illustration of an electrical
activity signal indicative of an electroencephalogram (EEG)
of a user with the presence of a slow oscillation together with
a first embodiment of a method of stimulation;

[0061] FIG. 6 shows a schematic illustration of an electrical
activity signal indicative of an electroencephalogram (EEG)
of a user with the presence of a slow oscillation together with
a second embodiment of a method of stimulation;

[0062] FIG. 7 shows a schematic illustration of a sleeping
user stimulated by auditory impulses and a corresponding
electroencephalogram (EEG) of the sleeping user;

[0063] FIG. 8 shows a block diagram of a method for audi-
tory stimulation;

[0064] FIG. 1 shows a first embodiment of an in-ear stimu-
lation device 10 with a first electrode 12, a second electrode
14, a control unit 16, a battery 17, and a speaker 18. The
control unit 16 comprises a memory 20, a processing unit 22,
and a band-pass filter 24. The in-ear stimulation device 10 is
arranged at an ear 26 of a user 28 (see FIG. 7) with the largest
part of the in-ear stimulation device 10 being arranged in an
ear canal 30 of the user 28. The electrodes 12 and 14 are in
contact with the skin of the ear canal 30.

[0065] Theelectrodes 12 and 14 measure electrical activity
signals 32 (see FIG. 5 and FIG. 6) indicative of an electroen-
cephalogram EEG of the user 28. The electrical activity sig-
nals 32 are received by the control unit 16, which processes
the electrical activity signals 32 by detecting 33 the presence
of a slow oscillation 34 (see FIG. 5 and FIG. 6). In the
embodiment of the in-ear stimulation device 10 presented in
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FIG. 1 the method presented in FIG. 5 is used to detect the
presence of aslow oscillation 34. The control unit 16 triggers,
in response to each detection 33, 33' of the presence of a slow
oscillation 34, a generation of a stimulus impulse 36, 36'. The
speaker 18 receives the stimulus impulse 36, 36' and gener-
ates a corresponding output sound 38, which stimulates the
hearing of the user 28. The stimulation of the hearing of the
user 28 corresponds to a stimulation of the electrical activity
of a brain of the user 28. The stimulus impulses 36, 36' are
applied in phase with the slow oscillation 34 enhancing the
slow oscillation rhythm.

[0066] The in-ear stimulation device 10 is powered by the
battery 17. The battery 17 has a low voltage between 1.35V
and 1.65 V. The voltage can also be in the range of 1 V10 5V,
such as between 1.2 Vand 3 V.

[0067] In the following we will give some more details
about the functions of the units of the control unit 16.
[0068] The band-pass filter 24 filters the electrical activity
signals 32 between 0.25 Hz and 4 Hz values, meaning the
band-pass filter 24 suppresses the amplitudes of the electrical
activity signals 32 with values above 4 Hz or below 0.25 Hz.
The band-pass filter 24 can also be an algorithm executed on
the processing unit 22.

[0069] The processing unit 22 is configured to execute
algorithms, to apply outputs of the processing unit 22 and/or
the control unit 16 on signals processed by the processing unit
22, and to perform calculations, e.g., for band-pass filtering,
for signal amplification, for signal processing, for signal fil-
tering, for determining extrema, like maxima and minima in
the electrical activity signals 32 (cf. FIG. 5), for determining
time delays between extrema, for determining oscillation fre-
quencies, or for other functions of the control unit 16. The
electrical activity signals 32 are sampled with a sampling rate
of 200 Hz. The electrical activity signals 32 can also be
sampled with a sampling rate of between 10 Hz and 300 Hz,
such as between 100 Hz and 250 Hz.

[0070] The memory 20 is used to store data, e.g., bursts of
pink 1/f noise, predetermined output sounds, user specific
oscillation frequencies, oscillation frequencies in the electri-
cal activity signals 32, user specific time delays, adaptive
threshold values, or other data used for the processing of the
electrical activity signals 32.

[0071] The in-ear stimulation device 10 optionally com-
prises an interface 40. The interface 40 can be a wired inter-
face 40' (see FIG. 4), e.g., a connector for a wire, a connector
for a cable or a connector for a similar line, or a wireless
interface 40, e.g., a Bluetooth Transceiver, a wireless trans-
ceiver or similar device. The interface 40 is configured to
establish a connection to one or more external devices, e.g., a
second in-ear stimulation device 10a (see FIG. 3), a hearing
aid Behind-The-Ear (BTE) unit 42 (see FIG. 4), a mobile
phone, an alarm, a personal computer or other device. The
connection between the in-ear stimulation device 10 and the
external device connected to the in-ear stimulation device 10
can be used to exchange data, e.g., electrical activity signals
32 (e.g. EEG signals), sound signals, data signals, bursts of
pink 1/f noise, user specific oscillation frequencies, oscilla-
tion frequencies in the electrical activity signals 32, user
specific time delays, predetermined threshold values, or other
data, e.g., used for the processing of the electrical activity
signals 32.

[0072] FIG. 2 shows a second embodiment of an in-ear
stimulation device 10" with a first electrode 12, a second
electrode 14, a control unit 16, a speaker 18, a first micro-
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phone 44 and a second microphone 46. The control unit 16
comprises a memory 20, a processing unit 22, and a band-pass
filter 24. The in-ear stimulation device 10 is arranged at an ear
26 of a user 28 with the largest part being located in an ear
canal 30 ofthe user 28. The electrodes 12 and 14 are in contact
with the skin of the ear canal 30. In contrast to the embodi-
ment of the in-ear stimulation device 10 presented in FIG. 1,
the in-ear stimulation device 10' presented in FIG. 2 com-
prises the microphones 44 and 46.

[0073] The in-ear stimulation device 10' can be operated in
various modes of operation. In a hearing aid mode the in-ear
stimulation device 10' is used as a hearing aid. In a sleep
enhancement mode the in-ear stimulation device 10" is oper-
ated in a way similar to the in-ear stimulation device 10
presented in FIG. 1 with the difference, that sound 48 from the
environment received by the microphones 44 and 46 is pro-
cessed by the in-ear stimulation device 10' to enhance the
sleep of the user 28 wearing and using the in-ear stimulation
device 10'.

[0074] The in-ear stimulation device 10' operating in the
hearing aid mode receives sound 48 with the microphones 44
and 46. The microphones 44 and 46 generate electrical sound
signals 50, which are provided to the control unit 16. The
processing unit 22 of the control unit 16 processes the elec-
trical sound signals 50, e.g., spectral filtering, amplifying,
filtering, or other typical processing of sound signals in a
hearing aid generating an output sound signal 52. The output
sound signal 52 is provided to the speaker 18, which generates
an output sound 38 corresponding to the output sound signal
52 which stimulates the hearing of the user 28.

[0075] The in-ear stimulation device 10' operating in the
sleep enhancement mode receives sound 48 with the micro-
phones 44 and 46. The microphones 44 and 46 generate
electrical sound signals 50, which are provided to the control
unit 16. The processing unit 22 of the control unit 16 pro-
cesses the electrical sound signals 50 by generating an output
sound signal 52 which is adapted to an interference pattern
that allows to generate an output sound 38, which is able to
suppress sound 48 from the environment by destructive inter-
ference. The output sound signal 52 is provided to the speaker
18, which generates an output sound 38 corresponding to the
output sound signal 52, which suppresses the sound 48 reach-
ing the user 28, creating almost complete silence. The elec-
trical sound signals 50 can also be processed in a way to
generate an output sound signal 52, which suppresses the
sound 48 and at the same time stimulates the hearing of the
user 28 with a predetermined sound, e.g., a burst of pink 1/f
noise, a sound stored in the memory, such as water wave
sounds, whale sounds, or other sounds that enhance the sleep-
ing and/or relaxation experience. The control unit 16 is con-
figured to process the electrical sound signals 50 by generat-
ing an output sound signal 52 including a sound 48
suppressing portion and a stimulus impulse 36 portion when
the presence of a slow oscillation 34 is detected 33 in the
electrical activity signal 32.

[0076] The mode of operation of the in-ear stimulation
device 10' can be manually selected by the user 28 or auto-
matically selected by the control unit 16, e.g., by detecting a
presence of a slow oscillation or other indications that allow
to determine that the user 28 is sleeping, or by detecting a
sound level above a certain threshold value in a sound from
the environment, which in combination with electrical activ-

Jun. 18,2015

ity signals 32, e.g., high oscillation frequency, received by the
electrodes 12 and 14 allows to determine that the user 28 is
awake and listening.

[0077] Other modes of operation are possible, e.g., a moni-
toring mode, which is used to determine parameters, e.g., user
specific oscillation frequency, user specific time delay, or
other parameters.

[0078] The in-ear stimulation device 10" is powered by the
battery 17 (e.g. a rechargeable battery). The battery 17 has a
low voltage between 1.35V and 1.65 V. The voltage can also
be in the range of 1 V to 5V, such as between 1.2 Vand 3 V.
[0079] The in-ear stimulation device 10' can optionally
comprise an interface 40. The interface 40 can be used to
connect the in-ear stimulation device 10' with other devices,
e.g., with a second in-ear stimulation device 10' for binaural
operation of the in-ear stimulation device 10'". If the in-ear
stimulation device 10" is operated binaurally the two in-ear
stimulation devices 10" are connected with each other and the
interfaces 40 are configured to exchange data between the two
in-ear stimulation devices 10", e.g., electrical activity signals
32 e.g. EEG signals), output sound signals 52, electrical
sound signals 50, data signals, bursts of pink 1/f noise, user
specific oscillation frequencies, oscillation frequencies in the
electrical activity signals 32, user specific time delays, pre-
determined threshold values, or other data, e.g., used for the
processing of the electrical activity signals 32.

[0080] FIG. 3 shows a left in-ear stimulation device 10 and
aright in-ear stimulation device 10a wirelessly connected via
a wireless link 54. The in-ear stimulation devices 10 and 10a
have the form of a stereolithographically (SLA) produced
earmould 56 and form a binaural in-ear stimulation device.
The control unit 16, the battery 17 (not shown), and the
interface 40 are included in an electric circuitry part 58
enclosed by the earmould 56. In contrast to the embodiment
of the in-ear stimulation device 10 of FIG. 1 the in-ear stimu-
lation devices 10 and 10a presented in F1G. 3 comprise a third
electrode 60, a fourth electrode 62, a fifth electrode 64, and a
vent 66. The electrode 60 is a ring-electrode 60 arranged
circumferentially around a speaker hole 68, which comprises
the speaker 18. The electrodes 12, 14, 60, 62, and 64 receive
electrical activity signals 32 when they are in contact with the
skin of an ear canal 30 of the user 28. In an embodiment, the
electrodes are dry electrodes (and the control unit corre-
spondingly adapted to comply with the high contact imped-
ance). The vent 66 allows an air flow between the ear canal 30
and the outside of the ear 26 to prevent occlusion effects
and/or other audio effects. The binaural in-ear stimulation
device operates similar to the in-ear stimulation device 10
presented in FIG. 1.

[0081] FIG. 4 shows a first embodiment of an in-ear stimu-
lation device 10 as presented in FIG. 1 connected via a cable
70 to the interface 40' of ahearing aid Behind-The-Ear (BTE)
unit 42. The hearing aid comprises a battery 17, a microphone
44 and electric circuitry 72. In use the in-ear stimulation
device 10 is arranged in an ear canal 30 of a user 28 and the
hearing aid Behind-The-Ear (BTE) unit 42 is arranged on the
ear 26 of the user 28 (cf. FIG. 7).

[0082] The hearing aid Behind-The-Ear (BTE) unit 42 can
be operated in a hearing aid mode. In the hearing aid mode the
microphone 44 of the hearing aid Behind-The-Ear (BTE) unit
42 receives sound 48 from the environment and generates
electrical sound signals 50. The electrical sound signals 50
are processed by the electric circuitry 72 of the hearing aid
Behind-The-Ear (BTE) unit 42, which generates an output
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sound signal 52. The output sound signal 52 is transmitted
using the wired interface 40" and the cable 70 to the in-ear
stimulation device 10. The in-ear stimulation device 10 either
processes the output sound signal 52 received by the hearing
aid Behind-The-Ear (BTE) unit 42 using the control unit 16 or
directly provides the output sound signal 52 to the speaker18.
The speaker 18 generates an output sound 38 corresponding
to the output sound signal 52, which stimulates the hearing of
the user 28.

[0083] The hearing aid Behind-The-Ear (BTE) unit 42 can
also be operated in a sleep enhancement mode. The hearing
aid Behind-The-Ear (BTE) unit 42 operating in the sleep
enhancement mode is configured to receive sound 48 from the
environment via the microphone 44. The microphone 44 gen-
erates electrical sound signals 50 corresponding to the sound
48 received from the environment. The electrical sound sig-
nals 50 are provided to the electric circuitry of the hearing aid
Behind-The-Ear (BTE) unit 42, which processes the electri-
cal sound signals 50 by generating an output sound signal 52
which is adapted to an interference pattern that allows to
generate an output sound 38, which is able to suppress sound
48 from the environment by destructive interference. The
output sound signal 52 is transmitted using the wired interface
40" and the cable 70 to the in-ear stimulation device 10. The
in-ear stimulation device 10 either processes the output sound
signal 52 received by the hearing aid Behind-The-Ear (BTE)
unit 42 using the control unit 16 or directly provides the
output sound signal 52 to the speaker 18. The output sound
signal 52 is processed in the control unit 16 of the in-ear
stimulation device 10, by including an auditory stimulus
impulse 36 in the output sound signal 52, when the presence
of a slow oscillation 34 is detected 33. The output sound
signal 52 can also be processed by generating an output sound
signal 52, which suppresses the sound 48 and at the same time
stimulates the hearing of the user 28 with a predetermined
sound, e.g., a sound stored in the memory, such as water wave
sounds, whale sounds, or other sounds that enhance the sleep-
ing and/or relaxation experience, e.g. a tinnitus masking
sequence. The speaker 18 generates an output sound 38 cor-
responding to the output sound signal 52 which stimulates the
hearing of the user 28.

[0084] Other modes of operation are possible, e.g., a moni-
toring mode, which is used to determine parameters, e.g., user
specific oscillation frequency, user specific time delay, or
other parameters.

[0085] Thehearing aid can also be part of the in-ear stimu-
lationdevice 10, e.g., similar to the second embodiment of the
in-ear stimulation device 10' as presented in FIG. 2.

[0086] FIG.5 shows a schematic illustration of an electrical
activity signal 32 indicative of an electroencephalogram EEG
ofthe user 28 with a presence of a slow oscillation 34 together
with a first embodiment of a method for auditory stimulation
of the user 28. In the following the method for auditory
stimulation of the user 28 is described.

[0087] The brain activity of the user 28 is received by the
electrodes 12, 14, 60, 62, and 64, which generate electrical
activity signals 32 indicative of an electroencephalogram
EEG of the user 28. In FIG. 5 one electrical activity signal 32
of the electrical activity signals 32 is presented. All of the
electrical activity signals 32 can be analysed in parallel or a
dominant electrical activity signal 32, meaning the signal
with the highest absolute values, can be analysed. The elec-
trical activity in the electrical activity signal 32 shows an
oscillatory pattern. A user specific oscillation frequency of a
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slow oscillation 34 corresponding to a user specific time delay
74 between two maxima in the electrical activity signal 32,
i.e., slow oscillation up states 76, is determined in a training
phase (not shown) and/or continuously determined for each
detection 33 of the presence of a slow oscillation 34 in the
electrical activity signal 32. An initial adaptive negative
threshold 78 has a value of =80 uV. The initial adaptive
negative threshold 78 can also have a value between -100 LV
and =50 pV, such as between =90 uV and =75 pV.

[0088] The method is adapted to detect 33 a presence of a
slow oscillation 34 by determining a local minimum voltage
value, i.e., a slow oscillation down state 80, of the electrical
activity signal 32 which is below the value of the adaptive
negative threshold 78. The detection 33 of'the presence of the
slow oscillation 34 triggers the generation of a stimulus
impulse 36 with a time delay 82 to stimulate the electrical
activity in a maximum, i.e., the slow oscillation up state 76, of
the electrical activity signal 32. The time delay 82 corre-
sponds to half the user specific oscillation frequency of the
slow oscillation 34, i.e., half the user specific time delay 74.
The method is adapted to adjust the initial adaptive negative
threshold 78 to the value of the minimum, so that a new
adaptive negative threshold 84 has a higher negative value
than the initial adaptive negative threshold 78. After the time
delay 82 an auditory stimulus impulse 36 in form of an output
sound 38 consisting of a burst of pink 1/f noise of 50 ms, with
a 5 ms rising time and a 5 ms falling time is applied via the
speaker 18 in the ear canal 30 of the user 28 to stimulate the
hearing and the brain activity of the user 28. The duration of
the bursts is 50 ms and can also be below 200 ms, such as 100
ms. The rising time and falling time are symmetric. The rising
time can also be below 50 ms, such as 25 ms, or 10 ms. The
falling time can also be below 50 ms, such as 25 ms, or 10 ms.
The sound volume of the output sound 38 triggered by the
stimulus impulse 36 is calibrated to a sound pressure level of
55 dB and can also be calibrated to a sound pressure level
below 80 dB, such as 70 dB.

[0089] Themethod is configured to detect 33' another pres-
ence of a slow oscillation by determining a local minimum
voltage value of the electrical activity signal 32 which is
below the value of the adaptive negative threshold 84. The
detection 33' of the presence of the slow oscillation 34 trig-
gers the generation of a stimulus impulse 36' with a time delay
82' to stimulate the electrical activity in a maximum of the
electrical activity signal 32. The time delay 82' is approxi-
mately identical to the time delay 82. Approximately here
means that the deviation between the time delays is below
1%. The difference can result from an updated user specific
oscillation frequency or corresponding user specific time
delay 74, which is determined continuously during the
method by determining the time delay between two extrema,
i.e., the time delay between two maxima or two minima of the
slow oscillation. The adaptive negative threshold 84 is
adjusted to the larger negative value of a new adaptive nega-
tive threshold 86. After the time delay 82' a stimulus impulse
36' is applied in form of an output sound 38 consisting of a
burst of pink 1/f noise of 50 ms, with a 5 ms rising time and a
5 ms falling via the speaker 18 in the ear canal 30 of the user
28 to stimulate the hearing and the brain activity of the user
28.

[0090] The method looks for the presence of a slow oscil-
lation, however, the amplitude 88 of the electrical activity
signal 32 does not cross the adaptive negative threshold 86.
No presence of a slow oscillation 34 is detected. The adaptive
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negative threshold can be left unaltered or can be adjusted to
another value, e.g., the initial value of the adaptive negative
threshold 78, the previous value of the adaptive negative
threshold 84, or some average between previous values. In
this embodiment of the method the adaptive negative thresh-
old 86 is determined as the largest negative value of the
preceding 3 s interval.

[0091] The method is adapted to continuously look for the
presence of slow oscillations until the method is stopped
manually by a user or automatically by the method, e.g., when
no presence of a slow oscillation has been detected for a
certain period of time, e.g., for 1000 s or for 100, or when an
oscillation frequency has been detected, which suggests, that
the slow wave sleep phase has ended, e.g., an oscillation
frequency above 2 Hz, more preferably above 4 Hz, that lasts
for a period of time significantly larger than a sleep spindle
activity time period of the user 28.

[0092] FIG. 6 shows a schematic illustration of an electrical
activity signal 32 indicative of an electroencephalogram EEG
of theuser 28 with a presence of a slow oscillation 34 together
with a second embodiment of a method for auditory stimula-
tion of the user 28. In the following the second embodiment of
the method for auditory stimulation of the user 28 is
described.

[0093] As in the first embodiment of the method presented
in FIG. 5, the brain activity of the user 28 is received by the
electrodes 12, 14, 60, 62, and 64 which generate electrical
activity signals 32 indicative of an electroencephalogram
EEG of the user 28. In FIG. 6 one electrical activity signal 32
of the electrical activity signals 32 is presented. All of the
electrical activity signals 32 can be analysed in parallel or a
dominant electrical activity signal 32, meaning the signal
with the highest absolute values, can be analysed. The elec-
trical activity in the electrical activity signal 32 shows an
oscillatory pattern. A user specific oscillation frequency of a
slow oscillation 34 corresponding to a user specific time delay
74 between two maxima in the electrical activity signal 32,
i.e., slow oscillation up states 76, is determined in a training
phase (not shown) and/or continuously determined for each
detection 33 of the presence of a slow oscillation 34 in the
electrical activity signal 32. An initial adaptive negative
threshold 78 has a value of -80 pV. The initial adaptive
negative threshold 78 can also have a value between —100 uN
and -50 pV, such as between -90 uV and -75 pV.

[0094] The method is adapted to detect 33 a presence of a
slow oscillation 34 by determining a local minimum voltage
value, i.e., a slow oscillation down state 80, of the electrical
activity signal 32 which is below the value of the adaptive
negative threshold 78. The detection 33 of the presence of the
slow oscillation 34 triggers the generation of a stimulus
impulse sequence, consisting of the two stimulus impulses 36
and 36a, with a time delay 82 to stimulate the electrical
activity in maxima, i.e., the slow oscillation up state 76, of the
electrical activity signal 32. The time delay 82 corresponds to
half the user specific oscillation frequency of the slow oscil-
lation 34, i.e., halfthe user specific time delay 74. The method
is adapted to adjust the initial adaptive negative threshold 78
to the value of the minimum, so that a new adaptive negative
threshold 84 has a higher negative value than the initial adap-
tive negative threshold 78. After the time delay 82 the first
auditory stimulus impulse 36 in form of an output sound 38
consisting of a burst of pink 1/f noise of 50 ms, with a 5 ms
rising time and a 5 ms falling time is applied via the speaker
18 in the ear canal 30 of the user 28 to stimulate the hearing
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and the brain activity of the user 28. After the user specific
time delay 74 the second auditory stimulus impulse 364 in
form of an output sound 38 consisting of a burst of pink 1/f
noise of 50ms, with a 5§ ms rising time and a 5 ms falling time
is applied via the speaker 18 in the ear canal 30 of the user 28
to stimulate the hearing and the brain activity of the user 28.
The second auditory stimulus impulse 36' is followed by a
detection pause 90 of 2.5 s. The detection pause can also be
between 2 s and 10 s, such as between 2.5 s and 5 s. After the
detection pause 90, the method is reinitialised and uses the
adaptive negative threshold 84 to detect the presence of a slow
oscillation 34.

[0095] The Closed-Loop Auditory Stimulation In-Phase
with slow oscillation up states 76 induces trains for slow
oscillations 34 and enhances declarative memory. FIG. 6
shows the stimulation procedure. The detection 33 of a slow
oscillation 34 negative half-wave peak (vertical dashed line)
triggers two auditory stimuli 36, 36a (vertical lines), with the
first stimulus impulse 36 occurring during the slow oscilla-
tion up state 76 of the detected slow oscillation 34 and the
second stimulus impulse 36a after a user specific time delay
74, e.g., 1.075 s, after the first stimulus impulse 36.

[0096] FIG. 7 shows a sleeping user 28. The user 28 is
stimulated with auditory stimulus impulses 36, 36', 36" after
detection 33, 33, 33" of the presence of a respective slow
oscillation 34 following the method described in FI1G. 5. The
amplitude 88 has a value smaller than the adaptive negative
threshold, which prevents the triggering of an auditory stimu-
lus impulse, leading to no stimulation impulse 92. The stimu-
lation of the user during sleep allows to enhance the process-
ing of data during sleep 94.

[0097] FIG. 8 shows a method for stimulation of the hear-
ing of a user during sleep comprising the steps:

[0098] 100 generating electrical activity signals 32 indica-
tive of an encephalogram EEG of a user 28,

[0099] 110 detecting 33 apresence of a slow oscillation 34,
which s in a frequency range between 0.5 Hzand 1 Hz, in the
electrical activity signals 32,

[0100] 120 triggering, in response to detecting 33 the pres-
ence of a slow oscillation 34, a generation of at least one
stimulus impulse 36.

[0101] The stimulus impulse can be transmitted to a
speaker 18, which is configured to generate an output sound
38 corresponding to the stimulus impulse 36, e.g., a burst of
pink 1/fnoise. The duration ofthe burstsis 50 ms and can also
be below 200 ms, such as 100 ms. The rising time and falling
time are symmetric. The rising time can also be below 50 ms,
such as 25 ms, or 10 ms. The falling time can also be below 50
ms, such as 25 ms, or 10 ms. The sound volume of the output
sound 38 triggered by the stimulus impulse 36 is calibrated to
a sound pressure level of 55 dB and can also be calibrated to
a sound pressure level below 80 dB, such as 70 dB.

REFERENCE SIGNS
[0102] 10 in-ear stimulation device
[0103] 12 first electrode
[0104] 14 second electrode
[0105] 16 control unit
[0106] 17 battery
[0107] 18 speaker
[0108] 20 memory
[0109] 22 processing unit
[0110] 24 band-pass filter
[0111] 26 ear



US 2015/0164361 Al

[0112] 28 user

[0113] 30 ear canal

[0114] 32 electrical activity signals

[0115] EEG electroencephalogram

[0116] 33 detection of the presence of a slow oscillation
[0117] 34 slow oscillation

[0118] 36 stimulus impulse

[0119] 38 output sound

[0120] 40 interface

[0121] 42 hearing aid Behind-The-Ear (BTE) unit
[0122] 44 first microphone

[0123] 46 second microphone

[0124] 48 sound from the environment
[0125] 50 electrical sound signal

[0126] 52 output sound signal

[0127] 54 wireless link

[0128] 56 earmould

[0129] 58 electric circuitry part

[0130] 60 third electrode

[0131] 62 fourth electrode

[0132] 64 fifth electrode

[0133] 66 vent

[0134] 68 speaker hole

[0135] 70 cable

[0136] 72 electric circuitry

[0137] 74 user specific time delay

[0138] 76 slow oscillation up state

[0139] 78 initial adaptive negative threshold
[0140] 80 slow oscillation down state

[0141] 82 time delay

[0142] 84 adaptive negative threshold

[0143] 86 second adaptive negative threshold
[0144] 88 amplitude with smaller negative value than adap-

tive threshold

[0145] 90 detection pause
[0146] 92 no stimulation
[0147] 94 processing of data during sleep

1. An in-ear stimulation device configured to be worn at or
on an ear of a human user and at least partly in an ear canal of
the user, comprising

at least one in-ear sensor arranged and configured to mea-

sure electrical activity signals indicative of an electro-
encephalogram of a user wearing the device,

a control unit, which is configured

to receive the electrical activity signals and to detect a
presence of a slow oscillation, which is in a frequency
range between 0.5 Hz and 1 Hz, in the electrical
activity signals;

to trigger, in response to detecting the presence of a slow
oscillation, a generation of at least one stimulus
impulse,

and

an output transducer, which is configured to receive the at

least one stimulus impulse and to generate a correspond-

ing output sound.

2. An in-ear stimulation device according to claim 1,
wherein the control unitis configured to trigger in response to
detecting the presence of a slow oscillation a generation of an
auditory stimulus impulse sequence of at least two stimulus
impulses, the impulse sequence having a frequency in the
frequency range between 0.5 Hz and 1 Hz.

3. An in-ear stimulation device according to claim 1,
wherein the control unit is configured to determine a user
specific slow oscillation frequency in the electrical activity
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signal and to trigger a generation of an auditory stimulus
impulse sequence, the stimulus impulse sequence having the
user specific slow oscillation frequency.

4. An in-ear stimulation device according to claim 3,
wherein the control unit is configured to trigger the genera-
tion of the auditory stimulus impulse sequence in response to
detecting the presence of a slow oscillation and wherein the
control unit is configured to generate the auditory stimulus
impulse sequence after a time delay.

5. An in-ear stimulation device according to claim 1,
wherein the in-ear sensor comprises a dry electrode.

6. An in-ear stimulation device according to claim 1,
wherein the control unit comprises a band-pass filter, which is
configured to filter the electrical activity signal between 0.25
Hz and 4 Hz values.

7. An in-ear stimulation device according to claim 1,
wherein the control unit is configured to sample the electrical
activity signal with a sampling rate of between 10 Hzand 300
Hz.

8. An in-ear stimulation device according to claim 1,
wherein the control unit is configured to trigger the genera-
tion of the auditory stimulus impulse sequence each time an
amplitude of the electrical activity signal crosses an adaptive
negative threshold toward negative values of larger amount
than the adaptive negative threshold value.

9. An in-ear stimulation device according to claim 8,
wherein the control unit is configured to use the adaptive
negative threshold with an initial value between =100 uV and
=50 pV and to adjust the adaptive negative threshold every 1
sto 5 s according to the largest negative amplitude value of the
electrical activity signal within a preceding time interval of 1
sto 10s.

10. An in-ear stimulation device according to claim 1,
wherein the control unit is configured to generate stimulus
impulses consisting of a burst of pink 1/f noise.

11. An in-ear stimulation device according to claim 1,
wherein at least the part of the in-ear stimulation device which
is configured to be worn in an ear canal of a user has a form of
an earmould configured to fit the ear canal of the user.

12. An in-ear stimulation device according to claim 1,
wherein the in-ear stimulation device is a hearing aid com-
prising at least one microphone configured to receive sound
from the environment, to generate electrical sound signals
according to the sound received from the environment,
wherein the control unit is configured to receive the electrical
sound signals and process the electrical sound signals gener-
ating an output sound signal, and wherein the output trans-
ducer is configured to generate an output sound correspond-
ing to the output sound signal.

13. An in-ear stimulation device according to claim 12,
wherein the control unit is configured to generate an output
sound signal, which is adapted to destructively interfere with
sound from the environment received by the microphone.

14. An in-ear stimulation device according to claim 1,
wherein the in-ear stimulation device is powered by a battery.

15. An in-ear stimulation device according to claim 1,
wherein the in-ear stimulation device is configured to detect a
REM-sleep pattern in the electrical activity signals.

16. Use of an in-ear stimulation device according to claim
1 to stimulate the hearing of a user during sleep.

17. A method of auditory stimulation in an in-ear stimula-
tion device configured to be worn at or on an ear of a human
user and at least partly in an ear canal of the user, the method
comprising
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Using an in-the-ear sensor for measuring electrical activity
signals indicative of an encephalogram of a user;

Receiving the electrical activity signals;

Detecting a presence of a slow oscillation, which is in a
frequency range between 0.5 Hz and 1 Hz, in the elec-
trical activity signals;

Triggering, in response to detecting the presence of a slow
oscillation, a generation of at least one stimulus impulse;
and

Generating a corresponding output sound.
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