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“Two-Dimensional Acoustic CR Neuromodulation Using Frequency

and Periodicity as Control Parameters”

Field of the Invention
Various embodiments of the systems, devices, components and methods disclosed

and described herein relate to acoustic coordinated reset neuromodulation therépies

delivered to patients via external and/or implanted systems, devices and components.

Background

Acoustic_ coordinated reset (CR) neuromodulation therapy is a form of noninvasive

neuromodulation therapy for treating primary tinnitus, in particular, the frequency-
specific, often tonal tinnitus. commonly seen in these patients. See, for example,
“Counteracting tinnitus by acoustic coordinated reset neuromodulation,” Restor.
Neurol. Neurosci. 30(2):137-159. Tass et al., 2012.

- Acoustic CR neuromodulation uses acoustic signals that stimulate the auditory neural

tracts as they account for hearing level and psychoacoustic characteristics of the
tinnitus percept (Tass et al.,, 2012). These techniques employ well-accepted
neuroplasticity principles and were developed using cbmputational modeling. See, for
example, “A model of desynchronizing deep brain stimulation with a demahd-controlled
coordinated reset of neural subpopulations,” Biol Cybern 89(2):81-88, Tass,‘ 2003.

See also “Long-term anti-kindling effects of desynchronizing "bj'ain stimulation: a

‘theoretical study,” Biol. Cybern 94(1):58-66, Tass, P.A., Majtanik M., and “Unlearning

tinnitus-related cerebral synchrony with acoustic coordinated reset stimulation:
theoretical concept and modelling,” Biol. Cybern. 106(1):27-36, Tass and Popovych,.
2012. ’

Using the systematic tonotopic organization of the peripherai and central auditory

system in the auditdry cortex in the temporal lobe, acoustic tones, typically having four
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different frequencies centered around the characteristic frequency of the patient’s
tinnitus percept, are det_ermined and delivered in non-simultaneous sequences several
hours per day for several weeks (Tass et al., 2012). The four tones are designed to

activate different areas of the central auditory system in a coordinated manner.

- Despite their relative éophis’tication, many known acoustic CR neuromodulation

techniques do not provide or deliver acceptable therapeutic results to pétients. What
is needed are ways to improve the therapeutic effects provided by acoustic CR

neuromodulation techniques.

SUmmary

In-one embodiment, there is provided a method of delivering a two-dimensional
acoustic coordinated reset neuromodulation therapy to a patient's ‘auditory cortex

comprising evaluating a tinnitus pitch of the patient using a pitch matching method to

_determine a tinnitus center frequency; evaluating a tinnitus periodicity of the patient

using a tinnitus periodicity estimation or determination method to determine a tinnitus
periodicity; determining, for the patient, frequency and periodicity stimulation
parameters cotrresponding to multiple therapeutic stimulation signals, where the
frequency and periodicity parameters are calculated and generated on the basis of the
patient's determined tinnitus pitch and tinnitus periodicity, the multiple therapeutic
stimulation signals being configured to excite areas surrounding the center of tinnitus
excitation in the patient’s auditory cortex; and optionally delivering to the patient the

multiple therapeutic stimulation signals thereby to treat the patient’s tinnitus.

In other words, in one aspect there is provided a method of providing, particularly
generating, stimulation signals for _ acoustic coordinated reset neUromod“uIation
thérapy. The rhethod comprises evaluating a tinnitus pitch and a tinnitus timbre to
determine a set of tinnitus parameters comprising at least a tinnitus pitch parameter
and a tinnitus timbre parameter. The tinnitus pitch parameter (which may also be called
tinnitus frequency parameter) describes a pitch (also called frequency or fundamental

frequency or center frequency) of the tinnitus as experienced by the patient. The
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tinnitus timbre- pararrieter (which may also be called tinnitus periodicity parameter)

describes a timbre (also called periodicity) of the tinnitus as experienced by the patient.

Evaluation of the tinnitus pitch of the patient can be carried out by various pitch
matching methods to determine a tinnitus pitch fr (also called center frequency or

fundamental frequency) as experienced by the patient. For example, a tunable tone is

~ delivered to the patient, while the patient adapts the pitch of the tunable tone until it

matches the tinnitus pitch as experienced by the patient. Depending on the type of the
tinnitus, the fundamental frequency of the tinnitus as experienced by the patient may
be a center frequency of a noise or it méy be a the fundamental tone, if the tinnitus is

experienced as a tone-like tinnitus. Thus, in one aspect the fundamental frequency

~ may be considered in the frequency domain as the greatest common divisor of all

frequencies of a harmonic signal. Even if the fundamental frequency itself is not
included in the spectrum of a tone, the pitch of that tone may still be perceived by a
human as the pitch of a pure tone having said fundamental frequency, but having a
different timbre. Thus, in this sense the frequencies of the overtones in a harmonic_
tone (or a harmonic component of a tone) correspond to the pitch of that tone, while

the (relative) intensities of the overtones define its timbre.

Evaluation of the tinnitus periodicity (timbre) of the patient can be carried out by various
tinnitus periodicity estimation or determination methods to determine a tinnitus

periodicity (also called tinnitus fimbre). In one preferred embodiment, this may

_comprise generating (and delivering to the patient) a (acoustic) timbre evaluation signal

based on a combination of a first and a second evaluation signal with a tunable relative
strength (or intensity) of the first and the second evaluation signal. In this composed
signal, the first evaluation signal comprises a frequehcy corresponding to the
determined tinnitus pitch parameter (i.e. the fundamental frequency of the tinnitus
éxperienced by the patient), and the second evaluation signal comprises at least one
frequency outside a predetermined fundamental frequency bandwidth around the
frequency corresponding to the determined tinnitus pitch parameter. With tunihg the
relative strength/intensity of the two signal components, a resulting timbre of the timbre

evaluation signal can be changed, specifically adapted or tuned, by the patient until
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the tuned timbre matches the patient’s experience with the timbre of the tinnitus. Thus,
the method preferably comprises receiving the patient’s selection for a setting of the

tunable relative strength, at which the generated acoustic timbre evaluation signal

corresponds best with the tinnitus experienced by the patient. The tinnitus timbre

parameter can then be determined based on the user selection. In particular, the
tinnitus parameter may be determined as the ratio of the intensity or power of the
second evaluation signal' relative to the (overall) intensity or power of the tinnitus

evaluation signal.

The timbre of the tinnitus evaluation signal can be efficiently tuned if the predetermined

fundamental frequency bandwidth extends from about 0.5 * fr, preferably vfrom about

0.8 * Fr, more preferably from about 0.95* Fr, even more preferably from about
0.99 * Fr, most preferably from about 0.995 * Fr to about 2 * fr, preferably to about
1.2 * fr, more preferably to about 1'.0'5 * fr,.even more preferably to about 1.01 * fr,
most preferably to about 1.005 * fr. In a specifically preferred embodiment, the second
evaluation signal comprises integer multiples of the fundamental frequency fr.
Preferably, the determined tinnitus timbre parameter defines é ratio of the power of
frequency components in the tinnitus evaluation signal outside the predetermined
fundamental frequency bandwidth relative to the overall power of the tinnitus

evaluation signal.

Moreover, in one aspeét of the present invention, the method comprises determining
at least one set of stimulation parameters based on the set of tinnitus parameters,

wherein the at least one set of stimulation parameters comprises at least a stimulation

‘pitch parameter and a stimulation timbre parameter and generating at least one

stimulation signal based on the determined at least one set of stimulation parameters.

Thus, in accordance with an aspect of the present invention, lt has been proposed to
apply a stimulation signal not only depending on a pitch of the tinnitus, but also
depending on the expefienced timbre of the tinnitus. While it has been known that
adapting the frequency of a stimulation signal based on a frequency of the tinnitus is

most efficient for a CR therapy, the present invention found that also adapting a timbre
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of the stimulation signal is highly efficient for the therapy. This is described by a two-
dimensional matching of regions in the auditory cortex by means of the stimulation
frequency as a first dimension and the stimulation timbre as a second dimension.
Moreover, a stimulation signal adapted in its timbre based on the. experienced tinnitus

has proven to be particularly accepted by patients even when applied for many hours

~ a day over a longer therapeutic period.

Preferably, the at least one set of stimulation parameters is determined based on the
set of tinnitus parameters such that the stimulation pitch parameter and the stimulation
timbre parameter are within a predetermined range relativé to the tinnitds pitch
parameter and the tinnitus timbre parameter. Most preferably, a stimulation timbi'e
offset is applied, which defines an intentionally introduced shift of the stimulation timbre
parameter in the at Ieést one set of stimulation parameters as compared to the tinnitus
timbre parameter. Thereby, a coordinated displacement of the stimulated region in the
auditory cortex in the timbre dimension is achieved as compared to center of the region
responsible for the tinnitus. With this two-dimensional adaption of the stimulation
region in the auditory cortex, the intentional and coordinated shift of the stimulated
region in a direction substantially perpendicular to a direction representative for the
frequency enables to reduce an intentional shift in the frequency space (between the
center of the tinnitus region and the stimulated region) without substantially increasing
the total overlap of the tinnitus region and the stimulated regioh. Thus, with the
coordinated stimulation which is selective in two-dimensions of the auditory cortex,
multiple regions close to the region responsible for the tinnitus can be selectively and
cooperatively stimulated without increasing an undesired overlap with the tinnitus
region. In particular, even more than two regions next to (and around) the tinnitus
region can be stimulated selectively in the auditory cortex. This is understood to be a

reason for a high efficiency of the therapy and a high acceptance by patients.

Preferably, determining at least one set of stimulation parameters based on the set of
tinnitus parameters comprises defining a two-dimensional parameter space spanned
by a pitch parameter as a first dimension and a timbre parameter as a second

dimension. The set of tinnitus parameters define a point (tinnitus point) in the two-
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dimensional space. Preferably, a maximum stimulation distance is provided as a

predetermined value, e.g. considering the two-dimensional space spanned by the

| parameters as an Euclidean space. The at least one set of stimulation parameter may

‘then be determined so that it defines a stimulation point in the two-dimensional space

that is within the maximum stimulation distance from the tinnitus point.

Preferably, determining at least one set of stimulation parameters based on the set of
tinnitus - parameters further comprises providing a minimum stimulation distance as a
predetermined value. Preferably, the at least one set of stimulation parameters is
determined so that the stimulation point in the two-dimensional space is spaced from

the tinnitus point by at least the minimum stimulation distance.

Preferably, determihing at least one set of stimulation parameters comprises
determining a plurality of sets of stimulation parameters based on the set of tinnitus
parémeters, each set of stimulation parameters comprising at Ieaéta stimulation pitch
parameter and a stimulation timbre parémeter; and wherein generating at least one
stimulation signal comprises generating a plurality of stimulation signals, each
stimulation signal being based on one of the determined sets of stimulation '

parameters.

Specifically, the plurality of (therapeutic). stimulation signals may comprise three
(preferably four, more preferably six, even more preferably eight) separate
(therapeutic) tones or signals, wherein each of the three (four, six, or eight)
(therapeutic) tones or signals has a unique combination of frequency (i.e. pitch) and .

periodicity (i.e. timbre) associated therewith.

In a preferred embodiment, the method further comprises determining, for the patient,
respective intensities for each of the plurality of (therapeutic) stimulation signals. This

may specifically be done based on an individual hearing ability or hearing loss.

Preferably, determining a plurality of sets of stimulation parameters based on the set

of tinnitus parameters comprises:



10

15 -

20

25

30

WO 2018/024374 PCT/EP2017/000954

defining a two-dimensional parameter space spanned by a pitch parameter as
a first dimension and a timbre parameter as a second dimension;

providing a minimum inter-signal distance as a predetermined value, e.g. when
considering the parameter space as an Euclidean space; and

determining the plurality of sets of stimulation parameters so that each set of

stimulation parameters defines a stimulation point in the two-dimensional space,

‘wherein for each pair of stimulation points (defined by the plurality of set of stimulation

parameters) a distance between the stimulation points in the two-dimensional

parameter space is at least the minimum inter-signal distance.

Specifically, the plurality of sets of stimulation parameters may comprise at least three
sets of stimulation parameters, and the respective stimulation points in the two-
dimensional parameter spéce form a (stimulation) polygon (e.g. a triangle in case of
three sets of stimulation parameters) such that a tinnitus point defined in the two-
dimensional parameter space by the set of tinnitus parameters is within said

(stimulation) polygon (e.g. triangle). In this aspect, the plurality of stimulation points in

‘the parameter space and thus the plurality of stimulation regions in the auditory cortex _'

are not on the same line, but rather surround the tinnitus region in the auditory cortex,
which is assumed to be responsible for the high efficiency of the therapy and the high

acceptance by the patients.

In a preferred embodiment, the at least one stimulation signal is generated based on

a combination (e.g. the sum) of a first and a second stimulation signal component with

~ arelative strength of the first and the second stimulation signal component determined

by the stimulation timbre parameter, wherein the first stimulation signal component
comprises a frequency determined by the stimulation pitch parameter (i.e. the
fundamental frequency of the tinnitus experienced by the patient), and the second

stimulation signal component comprises at least one frequency outside a

* predetermined fundamental stimulation frequency bandwidth around the frequency

determined by the stimulation pitch parameter, wherein a relative intensity of the

second stimulation signal is determined by the stimulation timbre parameter.
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Thus, the stimulation signal is composed of frequency components in a main band -
component (fundamental stimulation frequency bandwidth) and at least one side band |
component (outside the fundamental stimulation frequency bandwidth). in one
example, the main band component may represent or include the fundamental
frequency of a tone or a center frequency of a noise, while side band component may
represent or include integer multiples (such as harmonics) of the fundamental
frequency in case of a tone, or extended frequency band(s) in case of a noise.
Preferably the side band component includes a higher frequency than the main band
component. Specifically, the main band component and/or the side band components
comprise substantially single distinct frequencies in case of a tone or extended
frequency bands having a finite width in case of a noise. The center frequency of the
main band component is preferably defined by the stimulation pitch parameter, while
the relativé strength of frequency components outside a range around the center

frequency is preferably defined by the stimulation timbre parameter.

In one aspect multiple therapeutic stimulations signals, specifically as provided in one

of thé embodiments described herein is provided for use in creating a two-dimensional |

' stimulé_tion of the auditory cortex. Preferably they are used treating tinnitus.

In another embodiment, there is provided a system or device configured to deliver a

two-dimensional acoustic coordinated reset neuromodulation therapy to a patient’s

'auditory cortex comprising means for evaluating a tinnitus pitch of the patient using a

pitch matching method to determin_e a tinnitus center frequency; means for evaluating
a -tinnitus periodicity of the patient using a tinnitus periodicity estimation or
determination method to determine a tinnitus periodicity; means for determining, for
the patient, frequency and periodicity stimulation parameters corresponding to multiple
therapeutic stimulation signals, where the frequency and periodicity parameters are
calculated and generated on the basis of the patient's determined tinnitus pitch and
tinnitus periodicity, the multiple therapeutic stimulation signals being conﬁgusr‘ed to
excite areas surrounding the center of tinnitus excitation in the patient's auditory cortex,
and means for delivering to the patient the multiple therapeutic stimulation signals

thereby to treat the patient’s tinnitus.
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In other words, in one aspect a system or device is provided that is configured to
provide/deliver stimulation signals for acoustic coordinated reset neuromodulation
therapy, the system or device comprising:

means for evaluating a tinnitus pitch and a tinnitus timbre to determine a set of
tinnitus parameters comprising at least a tinnitus pitch parameter (which describes a
pitch of the tinnitus as experienced by the patient) and a tinnitus timbre parameter
(which describes a pitch of the tinnitus as experienced by the patient);

means for determihing at least one set of stimulation parameters based on the
set of tinnitus parameters, wherein the at least one set of stimulation pérameters
comprises at least a stimulation pitch parameter and a stimulation timbre parameter;

means for generating at least one stimulation signal based on the determined

at least one set of stimulation parameters.

Preferably, the system or device is adapted to perform a method according to the

present invention, specifically in accordance with one or more of the preferred

“embodiments described herein.

In yet another aspect, the present invention provide a computer program product, such
as storage medium or a signal stream or preferably digital signals, comprising
computer readable code, which when loaded and executed by a computer system,
causes the computer system to pérform operations according a method of the present
invention, specifically in accordance with one br more of the preferred embodiments

described herein.

Further embodiments are disclosed herein or will become apparent to those skilled in

the art after having read and understood the specification and drawings hereof.

Detailed Descriptions of Some Embodiments
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Described herein are various embodiments of systems, devices, components and
methods relating to acoustic coordinated reset medical neuromodulation therapies

delivered to patients via external and/or implanted systems, devices and components.

Figure 1 shows a schematic representation of an exemplary method for acoustic CR

neuromodulation according to the invention.

Figures 2a to 2d show different examples of timbre evaluation signals for determining

a tinnitus timbre parameter.

Figure 3 shows a schematic representation of stimulation signals for acoustic CR

neuromodulation according to the prior art.
Figure 4 shows a tinnitus point in a two-dimensional parameter space.
Figure 5 shows stimulation points in a two-dimensional parameter space.

Figure 6 shows an exemplary schematic representation of stimulation signals for

acoustic CR neuromodulation according to the invention.

Tinnitus is the subjective perception of a sound in the absence of actual sound waves
(also called acoustic waves). Since the perception is identical to the percéption of an
objectively-existing aud_io signal, tinnitus can nonetheless be described using aUdio
signal chéracteristics. In particular, two sound parameters that may be useful in

evaluating tinnitus are pitch and timbre.

An audio signal may be, but is not limited to, a pure tone signal, a harmonic signal, an

inharmonic signal, a noise signal or a combination thereof.
A pure tone signal has a sinusoidal wave as waveform, i.e. the amplitude of the signal

varies with time according to a sine function. A sine wave has a single, well-defined

frequency, which is the number of full cycles per time unit. In the frequency domain

10
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representation (also called Fourier spectrum) the signal has only a peak or, more
precisely, a Dirac delta function in correspondence of this frequency value. The pitch
of a pure tone signal is its frequency, and also the timbre of a pure tone signal is

characterized by its frequency. |

Harmonic signals are given by the superposition of sinusoidal waves having different
frequencies that are positive integer mu|tiples of a common frequency, called

fundamental frequency.

The Fourier spectrum of these signals is discrete with a plurality of peaks'
corresponding to the different frequencies. The pitch of a harmonic signal is the

fundamental frequency. Inharmonic signals also have a discrete spectrum with a

~ plurality of peaks, which however deviate from the harmonic integer-muitiple positions.

For analogy with the harmonic signals, a fundamental frequency is defined for
inharmonic signals as the lowest frequency in the spectrum. Accordingly, also the pitch
of an inharmonic signal can be defined as corresponding to the fundamental frequehcy,
even if inharmonic signals do not actually produce a definite pitch perception in the

human ear.

The frequencies that are above the fundamental frequency are called overtones and
the set of overtones (also called harmo'nic content) is part of what defines the timbre.
In particular, the timbre_‘ may be characterized by the spectral envelope derived from
the Fourier spectrum. The spectral envelope is a curve in the frequency—amplitude
plane that wraps around the Fourier spectrum, linking the peaks in a smooth manner
so as to provide an overall profile of the amplitude of the signal as a function of the
frequency. There are different ways of determining the spectral envelope, which

include, but are not limited to, polynomial spline and cepstral windowing.

Although there are other factors contributing to the timbre of a sound as well, for the
purposes of this application two signals having substantially the same spectral
envelope are considered to have substantially the same timbre. For example, if two

spectral envelopes  are denoted by S(f) and So(f), wherein f is the frequency, the

11
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spectral envelopes may be considered to be substantially the same if |S1(f) — S2(F)|/S1(f)

< A for all frequencies, with A being a constant. A may be e.g. 5%, or 3% or1%.

A noise signal is a signal with a continuous (or noisy) Fourier spectrum instead of a
discrete one. The continuous set of frequencies is usually delimited by an upper
frequency f2 and a lower frequency f1, and the difference between the upper frequency
and the lower frequency is called bandwidth BW. In particular, a narrow band noise
signal has a relatively small BW in.comparison to the audible range, e.g. BW=100 Hz
or BW=20 Hz. ’

The spectral envelope and consequently the timbre can be defined for noise signals or
combination .of different kinds of signals analogously to the harmonic/inharmonic

signals.

If the Fourier spectrum is substantially symmetric, the pitch of a noise signal may be
defined as the geometric mean or the arithmetic mean of f1 and f2, which is called

center frequency f.

If the Fourier spectrum is not symmetric, which could be the case for a signal given by

a combination of different kinds of signals, e.g. harmonic plus noise, the pitch of a

‘signal may also be defined in relation to the spectral envelope. The pitch may

- exemplarily be defined as that frequency fq such that:

ffat stnar

> B, 1
[f2s(par ()

~wherein Af may have a fixed value (e.g. Af/f=5%) or may be determined on a case-to-

. case basis. B may be a constant with value 25%, or 20%, or 15%.

In the following, in light of what explained above, the terms “pitch” and “frequency” will
be used interchangeably. Further, the term “periodicity” will also be used to indicate

the “timbre” for reasons that will become clear later.

12
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A method of providing stimulation signals -for acoustic coordinated reset
neuromodulation therapy may comprise: '

evaluating a tinnitus pitch and a tinnitus timbre to determine a set of tinnitus
parameters comprising at least a tinnitus pitch parameter and a tinnitus timbre
parameter, |

| determining at least one set of stimulation parameters based on the set of

tinnitus parameters, wherein the at least one set of stiniulation parameters comprises
at least a stimulation pitch parameter and a stimulation timbre parameter;

generating at least one stimulation signal based on the determined at least one

set of stimulation parameters.

An eXemplary implementation of this method is illustrated in Figure 1.

According to this method, the tinnitus timbre is not just evaluated for a more precise
characterization of the tinnitus but also so that a stimulation timbre can be determined

according to it, as discussed later on.

Firstly, the tinnitus pitch is evaluated (step 100) to determine a tinnitus pitch parameter

- fr that describes the tinnitus pitch as experienCed by the patient; The tinnitus pitch may

be evaluated according to the pitch matching method described in the paper

“Validation of a. Mobile Device for Acoustic Coordinated Reset Neuromodulation

Tinnitus Therapy” by Hauptmann et al., 2016. The tinnitus pitch evaluation may enable
a quantitative description of the perceived tinnitus pitch via a numerical value for the

tinnitus pitch parameter, which may be a freduency value in Hz.

In particular, the tinnitus pitch parameter may be determined as a characteristic
frequency of the tinnitus experienced by patient. In light of what explained above, the

characteristic frequency of the tinnitus may be the frequency of a pure tone signal, the

~ fundamental frequency of a"harmonic/inharmonic signal, the center frequency of a

noise or the frequency fq according to equation (1) above.

13
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Secondly, the tinnitus timbre is evaluated (step 200). The tinnitus timbre may be
evaluated according to a timbre matching method in which a person affected by tinnitus
is provided with evaluation means to identify a signal producing a sound that has
substantially the same timbre as the tinnitus. In particular, the evaluation means may
comprise generation means for generating at least a sample signal and output means
for conveying the sample signal to a patient, e.g. loudspeakers or earphones, and input
means that allow an operator and/or the patient to provide feedback to the generation
means. The at least one sample signal may also be called “timbre evaluation signal”
and may be an acoustic signal or be configured to be transformed into an acoustic

signal (e.g. an electrical signal).

In one example, a single sample signal may be provided to the patient, who is enabled
to modify the characteristics of the sample signal via the input means such as control
knob or a combination of computer input devices (e.g. touchscreen, keyboard and
mouse) and a graphical user interface. Specifically, the input means may allow the
patient to change the timbre of the signal via a tunable parameter. Accordingly, the

patient may manipulate the signal until the sound he hears resembles the tinnitus

“sound.

One possiblé way of providing a signal whose timbre can be adjusted via a quantitative
tunable parameter, which can then be used to determine a stimulation timbre
parameter, is the following. Two predetermined base signals may be used, wherein
the base signals have the same pitch but different timbres. In particular, the pitch of

the base signals may be the tinnitus pitch as previously evaluated.

A first base signal may have a Fourier spectrum comprising a frequéncy cofresponding
to the determined tinnitus pitch parameter, i.e. the characteristic frequency of the
tinnitus as expeﬁenced by the patient. A second base signal may have a Fourier
spectrum comprising at least one frequency outside a predetermined characteristic
frequency bandwidth around the frequency corresponding to the determined tinnitus

pitch parameter.
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In some embodiments, the tunable parameter may define a ratio of the power of
frequency components in the tinnitus evaluation signal outside the predetermined -
fundamental frequency bandwidth relative to the overall power of the tinnitus
evaluation signal. The predetermined fundamental frequency bandwidth may extend
from about 0.5 fr, preferably from about 0.8 fr, more preferably from about 0.95 fr, even
more preferably from about 0.99 fr, most preferably from about 0.995 fr to about 2 fr,
preferably to about'1.2 fr, more preferably to about 1.05 ff, even more preferably to
about 1.01 fr, most preferably to about 1.005 fr.

In one examplé, the first base signal has a s'pectral envelope dominated by low

frequencies (i.e. the sound has a dark timbre) and the second base signal has a

- spectral envelope dominated by high frequencies (i.e. the sound has a bright timbre).

Exemplarily, the first base signal may have a spectral envelope SB1 and the second

base signal may have a spectral envelope SB2 such that

f
19 sB1(Par
 r— (2)
ffl $B1(fldf
- 12 sBa(par
P P (3)
ffl SBy(fldf
wherein C may be 60%, or 75% or 90%, f1 and f2 are the smallest frequency and the
largest frequency represented in the Fourier spectrum, respectively, and fg is a

threshold frequency.-

The threshold frequency may be for example the arithmetic mean of f1 and fé. In
another example, the threshold frequency may be determined with respect to the
tinnitus pitch. For instance, the threshold frequency may be fg=1.5‘ fr, or fg=2 fr, or
fg=2.5 fr.

In another example, the first.base signal may be a pure tone signal and the second

base signal may be an acoustic signal with a spectral envelope dominated by high

frequencies, similarly to the first example. In particular, the second base signal may be
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a harmonic _éignal in which the fundamental frequency and, optionally, the first
overtone, or the first and second overtones, are missing. An example of such base
signals is shown in Figure 2a. Figure 2a shows on the left a schematic representation
of a Fourier spectrum of a first base signal, which is a pure tone signal, and on the right
a schematic representation of a Fourier spectrum bf a second base signal, which is a

harmonic signal in which the fundamental frequency is missing.

The sample signal can be given by a weighed combination or superposition of the first

base signal' and the second base signal, wherein the weight is the tunable parameter
that changes the timbre. In other words, the relative strength of the first and second

base signals is tunable.‘ Schematically, if the first base signal is B4(t) and the second |
base signal is B2(t), the sample signal S(t) = w1 - Ba(t) + (1-w1) - B2(t), with w1 being

the weight, wi€ [0, 1]. It should be understood that the above formula is not a rigorous

~ mathematical equation but rather a symbolic representation of the combination of the

two signals.'The combination of the base signals may entail the introduction of a phase

offset between the base signals_. Exemplarily, if the two base signals are harmonic'
signals Bl'(tt) =a, + Z:=1 a, sin2mnfrt + @4) and "Bsz"'(t) = by +
Z:=1 b, sin(2nnfrt + @,), the sémple signal may be given by the equati.on

S@® =wiB(0) + 1 —w)By(t =), (4)

wherein ao, an, bo, bn are amplitude parameters, ¢1 and ¢2 are the phases and d is a

phase shift parameter.

Another possible way of generating a timbre evaluation signal with a tunable parameter

that changes the timbre is the following. The signal S(t) may be defined as:

'sin. Tt'it fort € n nPb
_ (2 PD ) ]O+f' f ] / :
S = § 0 fort € ]n.io’% €5)

where n € N, t is the time in seconds and f is the pitch of the signal in Hz, which could

be set to fr.
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This signal is a “compressed” sinewave, which maintains the same frequency f or

period T of a standard sinusoid signal, but is a harmonic signal including overtones.

“The range of time in which the signal is different from zero is given by T - PD.

Accordingly, the parameter PD could be seen as introducing a “second period” for the
sinusoidal part and therefore it is also called periodicity. Since the variation of this
parameter changes the harmonic content of the spectrum, and, thus, the timbre, the

terms “timbre” and “periodicity” are used interchangeably.

Accordingly, the signal is controlled by the parameter PD, whose values can in principle
range from values greater than 0 up to 1. The actual values of thé parameter PD
depend on the frequency f and the sampling rate of the signal. The smallest possible
value of PD/f has to contain 5 samples of the discrete signal to allow building a full

'sinus wave. E.g. for typical frequencies of f up to 10000 Hz, sampling rates of 528000

Hz would be needed to realize values of PD € 10.1, 1].

Figure 2b shows two signals with a period of 0.002 sec, resulting in a fundamental
frequency of 500 Hz. On the left side the parameter PD equals 1.0 and on the right -
side the PD equals 0.2. '

A third possibility for generating @ sample signal with a control parameter that
influences the timbre is the following. The sample signal may be generated using
amplitude modulatioh with a specific modulation rate on a carrier signal. The carrier
signal can be a narrow band noise signal with a specific center frequency, exemplarily
ranging from O to 16.000 Hz, and with a specific bandwidth of the narrow band, defined "

in Hz (e.g. 20Hz or 100Hz) or as a percentage of the center frequency, ranging from

0% to 100% (e.g. 1.5%). -

The amplitude modulation as a function of time may be defined as m(AMR,t) = 0.5 *
(1 + sin(2m * AMR = t)),wherein the parameter AMR is the amplitude modulation rate.
In some examples, the AMR could rangé from 0 to 16.000 Hz, more specifically from
0 to 5000 Hz, further specifically from 2 to 300 Hz, yet further specifically from 30 to

100 Hz.
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A tunihg parameter PD that varies from 0 to 1 may be introduced to obtain different

‘regimes in the variation of the amplitude modulation. For example, the sample signal -

S(t) may be defined as:

(5 PD) *m(16Hz,t) * CS(t) +(1—-5*PD)*CS(t) forPD E [0,0.2]

S = { m(PD » 300Hz — 44Hz,t) * CS(t). for PD € ]0.2,1] ()

wherein CS is the carrier signal.

For PD in the range from 0 to 0.2, an amplitude modulated signal with an AMR of 16Hz
will be mixed with the pure carrier signal in a linear way so that for 0% the pure carrier

signal will be used and for 20% the pure amplitude modulated signal will be used.

For PD in'the range from 0.2 to 100, the amplitude modulation varies linearly between

The interval limits of 16Hz and 256 Hz and also the threshold of 0.2 are just one

exemplary implementation.

As shown in Figures 2c and 2d, the Fourier spectrum and corresponding spectral
envelope for two different values of PD, 0.2 and 0.57, are different, and consequently

the timbre of the signals with different PD values are different.

In summary, the step 200 of evaluation of the tinnitus timbre involves the generation of

a timbre evaluation signal whose timbre is adjustable via of a quantitative tunable

-parameter (e.g. w1 or PD) that defines the timbre of the sample signal. As mentioned,

the patient is provided with input means so that a patient’s selection for a setting of the
tunable parameter can be received. Specifically, the patient is supposed to adjust the
tunable parameter until the generated timbre evaluation sighal corresponds best with
the tinnitus as experienced. Accordingly, the tinnitus timbre parameter pr is d‘etermined

based on the user’s selection.
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This approach to evaluating the tinnitus timbre is unlike known approaches, in which
the patient is led to selecting a tone that resembles the tinnitus sound e.g. by iterative
comparison of a set Aof tones. In particular, the herein described characterization of the
timbre allows the possibility of deriving a timbre-related well-defined control parahﬁeter

of the stimulation signals used in CR therapy, as will be explained in the following.

The term “stimulation signal” may be used to denote both an electrical signal that is
converted into an acoustic wave perceivable by a patient and an acoustic wave itself,
which could be generated also in a different way. In the following, the terms “tone” and

“stimulation signal” may be used interchangeably.

Conventional CR therapy methods employ pure tone signals to treat tinnitus, wherein
the pure tone stimulation signals have different pitches that are determined in relation

to the tinnitus pitch.

Figure 3 shows a schematic representation of “stimulation signals according to a
conventional method. The shaded area represents the primary auditory cortex 10 of a

patient, which is tonotopically organized, meaning that neighboring cells in the cortex

" respond to neighboring frequencies. The area activated by the tinnitus 20 is a part of

the cortex and, for example, four stimulation signals activate areas 22, 24, 26 and 28
close to the tinnitus 20. In particular, the stimulation signals have frequencies f1, f2, f3
and f4, respectively, with- fi < f2 < fr < f3 < fa. The only varying parameter in the
étimulations signals is the frequency, so that the parameter space is one-dimensional.
Due to the tonotopicity of thé cortex, the one-dimensionality of the stimulation signals
in the parameter space is reflected into the physical location of the activated areas 22,

24, 26 and 28, which are arranged substantially in a line.
Here we deécribe and outline a novel two-dimensional approach to acoustic CR

neuromodulation for treating Tinnitus, Parkinson's disease,. and potentially other

diseases or maladies, which employs frequency and periodicity as control parameters.
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The scientific literature provides hints that stimulation tone frequencies and
periodicities may be represented in orthogonal maps of the human auditory cortex.
See, for example, “Frequency and periodicity are represented in orthogonal maps in
the human auditory cortex: evidence from magnetoencephalography,” Langner et al.,
December, 1997, J. Comp. Physiol. A 181, 665-676; and “A map of periodicity
orthogonal to frequency representation in the cat auditory cortex,” Langner et al.,
November, 2009, Frontiers Integr. Neurosci., Volume 3, Article 27, 1-11. As disclosed

herein, certain aspects of the concepts disclosed in the foregoing Langer et al.

“publications are adapted and modified to effect suitable 2-D stimulation of the auditory

cortex.

In some approaches, the frequencies of CR neuromodulation stimulation tones are
adjusted with respect to the tinnitus pitch and changed to optimally arrange the tones
in a two-dimensional arrangement around the site in the auditory cortex where the
tinnitus pitch is generated. The auditory cortex is not a one-dimensional structure.
Ihstead, the auditory cortex is a three-dimensional structure, which may be modelied

as a two-dimensional or three-dimensional structure.

As a pre-requisite for this type of novel 2-D stimulation, b_oth the frequency and the
periodicity’ of the tinnitus are evaluated in order to determine a set of tinnitus
parameters, as explained above, and not only the tinnitus pitch or frequency, as has
been done up to now. This information regarding tinnitus frequency and periodicity is
then employed in a two-dimensional tinnitus pitch matching algorithm to calculate and
then apply suitable therapeutic stimulation tones or signals, where both frequency and

periodicity are taken into account.

The 2-D stimulation tone configuration can be achieved by changing the periodicity of
the stimulation tones together with the frequency, which causes the stimulation signals
to excite areas surrounding the center of tinnitus excitation in the patient’'s auditory
cortex in a two-dimensional arrangement. More specifically, the stimulation signals are
generated on the basis of two different parameters, pitch and timbre, so that each

signal can be represented by a point in the two-dimensional parameter space where
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the pitch is one dimension and the timbre is the other dimension. Consequently, since
the pitch and the timbre may be represented in orthogonal maps of the auditory cortex,
the two-dimensional parameter space is reflected in an actual two-dimensional

activation of the cortex.

After determining the set of tinnitus parameters as described above, at least one set of

-stimulation paraméters is determined based on the set of tinnitus parameters, wherein

the at least one set of stimulation parameters comprises at least a stimulation pitch
parameter and a stimulation timbre parameter. This corresponds to exemplary step
400 of Figure 1.

As explained, using two control parameters, namely the pitch and the timbre, enables
one or more stimulation signals to excite areas in the cortex that are located in a two-

dimensional space around the center of tinnitus excitation. Conversely, when only the

-frequency is used as control parameter for the stimulation signals, as it is

co'nventionally done, only areas along a one-dimensional 'space can be excited.
Therefore, taking the periodicity into account broadens the range that can be treated
by the stimulation signals, allowing to reach areas that aré precluded to conventional
methods. Accordingly, even a single stimulation signal can achieve a 2-D sti'm.ulation,
in the sense that it excites an area located in a two-dimensional space around the

center of tinnitus excitation.

In some embodiments, determining at least one set of stimulation parameters
comprises determining a plurality of sets of stimulation parameters based on the set of
tinnitdé parameters, each set of stimulation parameters comprising at least a
stimulation pitch parameter and a stimulation timbre parameter. Generally, the
stimulation pitch parameters and stimulation timbre parameters of a plurality of
stimulation signals can be denoted with fi and pi, respectively, with i=1, ..., n. As
mentioned, at least one stimulation signal with f1 and p1 is required. When a plurality .

of signals is employed, at least one of the following conditions is satisfied Vi # j: f; #

fjorpiipj.
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The stimulation parameters of each signal may be determined as a function of the
tinnitus parameters, i.e. fi = gi(fr) and pi = hi(pt). The specific form of the functions gi
and hi should be determined so that the subsequently generated signals activate areas
in proximity of the center of tinnitus excitation and, at the same time, they can bev
perceived 'by the patient as two different tones. Conéequently, there are two

requirements for gi and hi.

First, the functions should be chosen so that the activated areas lie close to the tinnitus
center, in order to improve the efficacy of the treatment. Secondly, the functions should
be chosen so that the stimulation parameters are sufficiently different from each other
and from the tinnitus parameters to give rise to differently-perceived tones. Two tones
are perceivéd as different, if the auditory activity caused by the two tones is processed

in two different neuronal areas. Accordingly, the brain organization and the cochlear

| organization define the constraints for this second requireme‘nt.

The first condition must hold for each stimulation signal independently from the other.
Considering the two-dimensional parameter space spanned by a pitch parameter as a
first dimension and by a timbre parameter as a second dimension, the set of tinnitus

parameters defines a tinnitus point 50 in this space, as shown in Figure 4. In order to

- implement the first condition, a maximum stimulation distance may be provid‘ed based

on therapeutic considerations, such as the efficacy of the treatment. Accordingly, the
maximum stimulation distance may be a predetermined value derived e.g. from tests

on patients.

The at least one set of stimulation parameters is determined so that it defines a
stimulation point in the two-dimensional space that is within the maximum stimulation
distance. For example, if E1 is a normalized maximum stimulation distance, then fi and

pi may be determined according to the following equation:

JIfi—fri?2+lpi—prl?
fF+pf

wherein E1 is a constant value that may be equal to e.g. 0.2 or 0.1. At least one of the

< E1; (7)

stimulation parameters must be different from the corresponding tinnitus parameter,

i.e. either f; # fr orp; # pr.
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The second condition may be implemented by providing a minimum stimulation
distance and/or a minimum inter-signal distance. The values for these distances may -
be predetermined e.g. on the basis of the patient physiology. The minimum stimulation

distance and the minimum inter-signal distance may coincide or not.

When a minimum stimulation distance is provided, the at least one set of stimulation
parameters'i's determined so that the stimulation point in the two-dimensional space is
spaced from the tinnitus point by at least the minimum stimulation distance. For
example, ifEzis a predetermined value for a normalized minimum stimulation distance,

the stimulation parameters may be determined according to the following equation:

JIfi—fri*+lpi—pri? > E, _ (8),-

fE+0%

wherein E2 may be equal to e.g. 0.4 or 0.2.

When providing a minimum inter-signal distance, the plurality of sets of stimulation

parameters is determined so that each set of stimulation parameters defines a

stimulation point in the two-dimensional space, wherein for each pair of stimulation
points a distance between the stimulation points in the two-dimensional parameter
space is at least the minimum inter-signal distance. For example, if Es is a
predetermined value for a normalized minimum inter-signal distance, the stimulation

parameters may be determined according to the following equations:

2 2
JIﬁ-f,-I +|pi —
ff+et
wherein E3 may be equal to e.g. 0.4 or 0.2.

> E, Vi # j,

It is worth noting that in a two-dimensional space in the co.rtex around the center of
tinnitus excitation the areas activated by the stimulation signals may advantageously
be closer to the center of tinnitus e%citation, as a whole, in comparison with the known
methods. It can be seen from Figure 3 that areas 22 and 28 are farther apart from the
tinnitus area 20, in order for the signals to be still perceived as different tones. With an

additional dimension, the excited areas can be located e.g. in a circular path around
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the tinnitus areé, i.e. at the same distance therefrom, while at the same time being

sufficiently distant from the each other.

In one example, the functions'gi and himay be parameterized as follows:
gi(fr) = mi * fr and .hi(pT) = ni * pr. wherein m;i and ni are constant factors. In other
examples, an offset may be included in these linear relations, or the functions may be

non-linear in the tinnitus parameters.

In summary, the functions gi(fr) and hi(pt) may be defined to satisfy the conditions
listed above. In the above example, the frequency and periodicity factors mi and ni may
be chosen to comply with the constraints. Once the form of thé functions gi(fT) and
hi(pr) is defined as a consequence of the distance conditions (step 300 in Figure 1),
the stimulation parametérs can be calculated (step 400 in Figure 1).

In one embodiment, the plurality of sets of stimulation parameters comprises at least
three sets of stimulation parameters, and the respective .stimulation points in the two-

dimensional parameter space from a triangle such that the tinnitus point defined in the

"~ two-dimensional parameter space by the set of tinnitus parameters is within said

triangle. In one example, the triangle may be substantially equi'lat'erél and the tinnitus

point may be at the center of it.

In another embodiment, the plurality of sets of stimulation parameters comprises at
least three sets of stimulation parameters. The four sets. of stimulation parameters,
which take into account the patient’s tinnitus pitch or frequency and the patient’s
tinnitus periodicity, may be c_alculated as follows:

Set 1:f1 = 0.8 * fr, p1 = 0.8 * pr

Set2:f2=0.8 *fr, p2=1.2* pr

Set3:f3=1.2*f,f3=0.8 " pr

Set4:fa=12*fr,fa=1.2 " pr,
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where fr = frequency of tinnitus, and pt = periodicity of the tinnitus. From these values
and parameters a stimulation configuration or regime such as that shown above in

Figure 6 may be derived. In particular, Figure 5 'shows the four stimulation points 52,

' 54, 56 and 58 corresponding to the above four sets of stimulation parameters in the

two-dimensional parameter space.
Note that other numbers of therapeutic stimulation tones or signals are also

contemplated, such as one, three, five, six, seven, eight, and so on.

After having determined the stimulation parameters for a stimulation signal, the
stimulation eignal is generated based thereon. If a plurality of sets of stimulation
parameters (f;, pi) has been determined, a plurality of stimulation signals is accordingly
generated. In particular, in order to generate a eignal with a timbre parameter pi, given
the frequency fi, the methods described above with reference to generating timbre

evaluation signals may be similerly employed.

The stimulation signals obtained according to the method explained above can then
be used for stimulating the cortex of a patient. In one embodiment, four test tones,
tones or therapeutic frequericies are designed to activate different areas of the central
auditory system in a coordinated manner. As described above, note that fewer or more
such tones may be employed, in upper and lower frequency pairs or otherwise (e.g.
singly or in combinations of odd and/or even numbers). Figure 6 shows an example in
which different areas of a cortex 10 are shown. In particular, the area aetivated by the
tinnitus'20_is surrounded by the four areas v32, 34, 36 and 38 activafed by the four

stimulation signals. In particular, the four stimulation signals have sets of stimulation

- parameters (f1, p1), (f2, p2), (f3, p3) and (f4, pa), determined as described for Figure 5

above.
In one example, the generated stimulation signals are electrical signals whose

amplitude represents a voltage. These electrical signals can be converted into sound

by means of a transducer, e.g. a loudspeaker.
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A single stimulation signal may be delivered to a patient at-a given rate. If multiple
stimulation signals are used, the tones are delivered sequentially, i.e. there is no

overlap of the tones.

Tones may be delivered continuously or there may be intervals of non-delivery, i.e.

- pauses, in between. A segment of the delivery between two pauses may'be called a

sequence.

In one example, the tones may be delivered in a random manner, meaning that there
is no predetermined order in the succession of the tonés in a sequence. The
randomnéss may be boundleés, in that the occurrence of each tone in the sequence
may be equally probable at each moment. In other cases, some constraints may be
given that at least partially goverh the delivery of the tones. For example, the

occurrence of each may be determined according to probability distributions that may

be computed on the basis of therapeutid considerations. Additionally or alternatively,

rules may be implemented, according to which e.g. the same tone cannot be repeated
twice consecutively and/or all tones must appear at least once in the sequence and/or
a certain tone cannot follow another tone. In some examples, each tone occurs once

and only once in a sequence.

The delivery of tones in different sequences can obey the same constraints or not. The

durations of the sequences can be the same for all sequences of not and, similarly, '

the lengths of the pauses can be the same for all pauses or not.

The rate of the delivery of the sequences may be related to the incidence of the tinnitus,
so that e.g. all tones are played at least once in a certain period of time computed on

the basis of such incidence.

In some embodiments, the-selection of such tones or, more specifically, of their
therapeutic frequencies is optimized by adapting the spread of the tones or therapeutic
frequencies with respect to the intensity of each of the individual tones, as well as

optionally with respect to the hearing thresholds of the patient being treated. In one
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embodiment, a built-in microphone can be used to adjust the intensity of the stimulation
tones with respect to ambient or environmental noise, and the newly adjusted tones

can then be corrected for above-threshold intensities.

Until now CR therapy tones have been fixed and selected with respect to the tinnitus
pitch without considering that increased stimulation tone intensities can be
compensated for by choosing wider spfeads. Currently used tones are only optimal
for a particular intensity band. If the stimulation tone intensity needs to be adjusted
outside the standard.or conventional range (e.g., because of individual hearing
thresholds), stimulation tones can become suboptimal and therapeutic outcome for

patients can be reduced.

- Based on a current stimulation intensity (dB above threshold), stimulation,frequencies

can be changed instantaneously or nearly instantaneously (where some delay or
inertia is applied to prevent over-rapid changes in the intensity of the stimulation that
is delivered). If the patient changes the intensity of the stimulation signal, or the
intensity is changed automatically by the device delivering the stimulation, the
frequencies of the stimulation tones are changed and/or adapted accordingly (i.e.,
stimulation tone frequencies are changed if the stimulation intensity is modified). No
fixed stimulation signal is programmed. Instead, a stimulation algorithrﬁ utilizing dB -
hearing loss (HL) information from a patient assessment and current master volume
settings are used to instantaneously define optimal stimulation frequencies. A
thresholdogram obtained during the patient assessment is stored and used by an
algorithm subh that for any set of frequencies a balanced set of stimulation tones can
be defined. For high intensity stimulation applications, a wide spread of stimulation

tones may be required.

Some type of inertia or delay may be employed to avoid over-rapid adjustments in

stimulation intensity delivered to the patient. Using such techniques, an iPod

- configured to carry out the methods described herein can be programmed and

configured to automatically adjust the intensity of_ the delivered stimulation, and no

intervention by the patient is required. Together with automatic adaptation of the
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stimulation frequencies, stimulation is optimized and stimulation outcomes are
improved. In one embodiment, a stimulation adaptation algorithm is configured to -
enable programming automated stimulation frequency adjustments based on an

above-threshold dB level of stimulation.

A thresholdogram may be obtained during patient assessment and stored for use by
the algorithm such that for any frequencies a balanced set of stimulation tones can be
defined. Using such techniques, the algorithnﬁ/software can determine the appropriate

intensity (dB HL for the individual patient) corresponding to each of the stimulation

tones and for the present environmental or ambient noise level. For each stimulation

tone, the optimal frequency in relation to the pitch frequency (tinnitué frequency) is
calculated. The frequency of the stimulation tone is then re-adjusted and the local
amplitude requirements are ch:ecked again. Using such an iterative process,
stimulation frequency and. amplitude levels are optimized. For higher-intensity

stimulation applications a wide spread of stimulation tones may be required.

In addition, recorded patient feedback may be recorded and then employed to adjust

or change therapeutic stimulation. signal center frequencies, therapeutic stimulation

- signal intensities, amounts of 'overlap.between therapeutic stimulation signals,

therapeutic stimulation signal ABF and/or ERB widths, and/or therapeutic stimulation
signal periodicities. Equivalent rectangular bandwidths (or ERBs) are understood to be

only a particul'ar type of auditory filter bandwidth (or AFB).

The various embodiments disclosed and described herein may also be adapted and

configured to treat diseases other than tinnitus, such as Parkinson’s disease.

Some of the calculations, methods, algorithms, vequatio‘n,s and/or formulas used to
calculate or determine specific tones or frequencies, frequency and _periodicity
stimulation parameters, auditory filter bandwidths (including equivalent rectangular

bandwidths or EBRs), the amount of overlap between adjoining tones or frequenc'ies,
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and/or the intensity of stimulation that is to be delivered to a patient are derived in part

from published sources (e.g., Hopkins and Moore, 2011).

It is to be understood that these calculations, methods, algorithms, equations ahd/or
formulas are merely illustrative, and that_ other suitable calculations, methods,
algorithms, equations and/or formulas may be employed to attain the same, or

substantially the same, results.

In Hopkins and Moore, 2011, the perception of sound under different situations, and in
particular for different sound intensity levels, is studied. Therapeutic stimulation is not
a topic of this article. One equation from Hopkins and Moore, 2011, is employed in the
following pages to design an effective therapeutic stimulation regime for reducing the
effects of tinnitus. This equation is used to space therapy tones apart from one énother
such that distinct sub-populations of the neuronal network are stimulated by each of
the four stimulation tones, which is intended to provide an optimal desynchronizing
effect of the stimUlation and éccordingly provide maximum therapeutic benefit to the

patient.

One of the key issues explored in Hopkins and Mooré, 2011 is the effect of human
hearing loss and age on frequency selectivity. One portion of the study presented by
Hopkins and Moore, 2011, provides an intuitive mathematical formula that enables
rapid estimation of auditory filter bandwidths to pek_mit further investigation of the

correlation between human hearing loss and age on the one hand, and frequency

- selectivity on the other hand. In one embodiment, we apply the formula of Hopkins

and Moore, 2011, to permit fine tuning of a pre-existing acoustic stimulus therapy for
tonal subjective tinnitus. That is, we do not apply the formulae disclosed by Hopkins
and Moore, 2011, to research frequency selectivity in humans. Instead, we calculate

one AFB and/or ERB for below the tinnitus frequency and one AFB and/or ERB for

}' above the tinnitus frequency. We use these approximations for.an overlap calculation

of tones or frequencies 1 through 4. By doing so we avoid the need to perform
numerous iterations that would likely not improve precision ortherépeutic performance

by very much (but which according to some embddiments may be carried out).
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Moréovér, in some embodiments the order in which AFB and/or ERBs and stimulation
intensities are calculated may be reversed, since in the general case the intensity of
the stimulation tones is obtaihed before the AFB and/or ERBs can be calculated.
Consequently, the expected ivnteinsity of the stimulation tones cén be approximéted

initially and iteratively as a final intensity of stimulation is initially unknown.

Upon having read and understood the specification and claims of the present patent
application, those skilled in the art will immediately understand and appreciate that
other mathematical equations and formulas, or modified mathematical equations and
formulas, may be employed advantageously to attain the same or substantially the

same results without departing from the scope and spirit of the present ir_wention.

The systems, devices, components, and methods disclosed in various publications
may also be modified advantageously in accordancé with the teachings set forth
herein. Such publications include, but are not limited to, the following publications,
copies of which are attached herefo in Appendix B: (a) “The effects of age and
cochlear hearing loss on temporal fine structure sensitiVity, frequency selectivity, and
speech reception in noise,” Hopkins and Moore, J. Acoust. Soc. Am. 130 (1),'334—349 '
(2011); (b) “The effecf of hearing loss on the resolution of partials and fundamental
frequency discrimination,” Moore and Glasberg, J. Acoust. Soc. Am. 130 (5), 2891-
2901 (2011); (c) “Acoustic Coordinated Reset Neuromodulation in a Real Life Patient
Population with Chronic Tonal Tinnitus,” Hauptmann et al., BioMed Research
International Article’ ID 569052, Hindawi Publishing Corporation (2015); (d) “Acoustic
CR neuromodulation therapy for subjective tonal tinnitus: a review of clinical outcomes

in an independent audiology practice setting,” Williams et al., Front. Neurol. (2015); (e)

: “Validation of a Mobile Device for Acoustic Coordinated Reset Neuromodulation

Tinnitus Therapy,” Hauptmann et al., J. Am. Acad. Audiol. 00:1—12 (2016), and (f)
“optimal number of stimulation contacts for coordinated reset neuromodulation,”

Lysyansky et al., Frontiers in Neuroengineering, Vol. 6, pp 1-15 (2013).
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~ According to some embodiments, there is provided a method of delivering a two-

dimensional acoustic coordinated reset neuromodulation therapy to a patient’s auditory
cortex comprising évaluating a tinnitus pitch of the patient using a pitch matching
method to determine a tinnitus center frequency; evaluating a tinnitus periodicity of the
patient using a tinnitus periodicity estimation br determination method to determine a
tinnitus periodicity; determining, for the patient, frequency and periodicity stimulation
parameters corresponding to muitiple therapeutic stimulation signals, where the
frequency and periodicity parameters are calculated and generated on the basis of the
patient's determined tinnitus pitch and tinnitus periodicity, the multiple therapeutic
stimulation signals being configured to excite areas surrounding the center of tinnitus

excitation in the patient’'s auditory cortex; and delivering to the patient the multiple

therapeutic stimulation signals thereby to treat the patient'’s tinnitus.

Such a method may further comprise four separate therapeutic tones or signals,
wherein each of the four therépeutic tones or signals has a unigue combination of

frequency and periodicity associated Vtherewith;

six separate therapeutic tones or signals, wherein each of the six therapeutic tones or
signals has a unique combination of frequency and periodicity associated therewith;
eight separate therapeutic tones or signals, wherein each of the eight therapeutic tonés

or signals has a unique combination of frequency and periodicity associated therewith;

- determining, for the patient, respective auditory filter bandwidths (AFBs) for each of

the muitiple therapeutic stimulation signals, each AFB having a-res‘pective width
associated therewith; determining, for the patient, respective center frequencies for
each of the multiple therapeutic stimulation signals; and determining, for the patient,

respective intensities for each of the multiple therapeutic stimulation signals.

According to further embodiments, there is provided a system or device configured to
deliver a two-dimensional acoustic coordinated reset neuromodulation therapy to a
patient's auditory cortex comprising means for evaluating a tin'nitUs pitch of the patient
using a pitch matching method to determine a tinnitus center frequency; means for

evaluating a tinnitus periodicity of the patient using a tinnitus periodicity estimation-or
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determination method to determine a tinnitus periodicity; means for determining, for
the patient, frequency and periodicity stimulation parameters corresponding to muitiple
therapeutic stimulation signals, where the frequency and periodicity parameters are
calculated and generated on the basis of the patient's determined tinnitus pitch and
tinnitus periodicity, the multiple therapeutic stimulation signals being configured tp
excite areas surrounding the cehter of tinnitus excitation in the patient’s auditory cortex,
and means for delivering to the patient the multiple therapeutic stimulation signals

thereby to treat the patient’s tinnitus.

Such systems or devices may further comprise any one or more of four sep'arate
therapeutic tones or signals, wherein each of the four therapeutic tones or signals has
a unique combination of frequency and periodicity associated therewith; six separate
therapeutic tones or signals, wherein each of the six therapeutic tones or signals has
a unique combination of frequency and periodicity associated therewith; eight separate

therapeutic tones or signals, wherein each of the eight therapeutic tones or signals has

a unique combination of frequency and periodicity associated therewith; means for

determining respective auditory filter bandwidths (AFBs) for each of the multiple
therapeutic stimulation signals, each AFB having a respective width associated
therewith; and means for deterrhining réspective center frequencies for each of the
multiple therapeutic stimulation signals; means for determining respective intensities

for each of the multiple therapeutic stimulation signals.

The above-described embodiments should be considered as examples of thé

inventions described and disclosed herein, rather than as limiting the scope thereof.

In addition to the foregoing émbodiments, review of the detailed description and
accompanying drawings will show that many other embodiments are contemplated that
may not be explicitly disClosed- or described herein. Accordingly, many combinations,
permutations, variations and modifications of the foregoing embodiments will
nevertheless fall within the spirit and scope of the various inventions described and
disclosed herein. For example, implantable systems, devices and components may be
adapted and configured for use in accordance with the teachings set forth herein, such

as in cochlear implant devices and systems.
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Although various methods and techniques haye been described as being implemented

‘in software, similar techniques can be implemented in hardware, firmware, or the like.

Example hardware implementations include implementations within an application -
specific integrated circuit (ASIC); a field programmablé gate array. (FPGA), a
progrémAmabIe'logic device, specifically designed hardware components, one or more-
processors, or any combination thereof. If implemented in software, a computer
readable medium stores computer readable instructions, e.g., program code, that can

be executed by a processor, DSP or other suitable computing device to carry out one

of more of the techniques desc;ribed above. For example, the computef readable

medium can comprise random access memory (RAM), read-only memory (ROM), non-
volatile random access memory (NVRAM), elect‘ridally erasable programmable read-
only memory (EEPROM), flash memory, or the like. The computer readable medium
can comprise computer readable instructions that when executed carry out one or
more of the techniques described -herein. The disclosed embodiments are presented

for purposes Qf illustration and not limitation.
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Claims

1. A method of providing stimulation signals for acoustic coordinated reset
neuromodulation therapy, the method comprising:'

evaluating a finnitus pitch and a tinnitus timbre to determine a set of tinnitus
parameters comprising at least a tinnitus pitch parameter and a tinnitus timbre
parameter; _ |

determining at least one set of stimulation parameters based on the set of
tinnitus parameters, wherein the at least one set of stimulation parameters comprises
at least a stimulation pitch parameter and a stimulation timbre parameter;

generating at least one stimulation signal based on the determined at least one

set of stimulation parameters.

2. The method according to claim 1, Wherein the at least one set of stimulation .
parameters is determined based on the set of tinnitus parameters such that the

stimulation pitch parameter and the stimulation timbre parameter are within a

'predetermined range relative to the tinnitus pitch parameter and the tinnitus timbre

parameter.

3. The method according to claim 1 or 2, wherein determihihg at least one set of

stimulation parameters based on the set of tinnitus paramet_e_rs comprises:

- defining a two-dimensional parameter space with the set of tinnitus parameters
defining a tinnitus point in the two-dimensional space;
providing a__maxifnum stimulation distance; and

determining the at least one set of stimulation parameters so that it defines a

stimulation point in the two-dimensional space that is within the maximum stimulation

- distance from the tinnitus point.

4, The method according to claim 3, wherein determining at least one set of
stimulation parameters based on the set of tinnitus parameters further comprises

providing a minimum stimulation distance; and wherein the at least one set of
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stimulation parameters is determined so that the stimulation point in the two-
dimensional space is spaced from the tinnitus point by at least the minimum stimulation

distance.

5. The method according to any one of the preceding claims, wherein determining
at least one set of stimulation parameters comprises determining a plurality of sets of
stimulation parameters based on the set of tinnitus parameters, each set of stimulatioh
parameters comprising at least a stimulation pitch parameter and a stimulation timbre
parameter; and wherein generating . at least one stimulation ssignal comprises
generating a plurality of stimulation sngnals each stlmulatlon signal bemg based on

one of the determined sets of stimulation parameters.

6. - The method according to claim 5, whefein the plurality of stimulation signals
comprises three separate tones or signals, wherein each of the three tones or signals

has a unique combination of frequency and periodicity associated therewith.

7. The method according to claim 5 or 6, further comprising determining, for the

patient, respectiye intensities for each of the plurality of stimulation signals.

8. The method according to any one of claims 5 to 7, wherein determining a
plurality of sets of stimulation parameters based on the set of tinnitus parameters
corhprises:

defining a two-dimensional parameter space;

providing a minimum inter-signal distance; and

determining the plurality of sets of stimulation parameters so that each set of
stimulation parameters defines a stimulation point in the two-dimensional space,
wherein for each pair of stimulation points a distance between the stimulation points in

the two-dimensional parameter space is at least the minimum inter-signal distance.

9. T‘he method according to claim 8, wherein the plurality of se_t's' of stimulation

parameters comprises at least three sets of stimulation parameters, and the respective .

stimulation points in the two-dimensional parameter space form a polygon such that a
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tinnitus point defined in the two-dimensional parameter space by the set of tinnitus

parameters is within said polygon.

10. The method according to any one of the preceding claims, wherein evaluating
a tinnitus pitch and a tinnitus timbre to determine a set of tinnitus parameters
comprises: | | |
| determining as the tinnitus pitch parameter a fundamental frequency fr of the
tinnitus experienced by the patient; _
generating a timbre evaluation signal based on a combination of a first and a

second evaluation signal with a tunable relative strength of the first and the second

“evaluation signal, wherein the first evaluation signal comprises a frequency

corresponding to the determined tinnitus pitch parameter, and the second evaluation
signal comprises at least one frequency outside ‘a_‘vpredeten"nined fundamental
freqUency bandwidth a‘round the frequency corresponding to the determined tinnitus
pitch parameter; | |

receiving a patient’s selection for a setting of the tunable relative strength; and

determining the tinnitus timbre parameter based onthe user selection. .

11.  The method according to claim 10, wherein the predetermined fundamental
frequency bandwidth extends from about 0.5 * fr, préferably from about 0.8 * Fr, more
preferably from about 0.95 * Fr, even more preferably from about 0.99 * Fr, most
preferably from about 0.995 * Fr to about 2 * fr, preferably to about 1.2 * fr, more
preferably to about 1.05 * fr, even more preferably to about 1.01 * fr, most preferably
to about 1.005 * fr.

' 12.  The method according to claim 10 or 11, wherein the determined tinnitus timbre
- -parameter defines a ratio of the power of frequency components in the tinnitus

- evaluation signal outside the predetermined fundamental frequency bandwidth relative

to the overall power of the tinnitus evaluation signal.

13.  The method according to any one of the preceding claims, wherein the at least

one stimulation signal is g'enerated based on a combination of a first and a second
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stimulation signal component with a relative strength of the first and the second
stimulation signal component determined by the stimulation timbre parameter, wherein

the first stimulation signal component comprises a frequency determined by the

}stimulation pitch parameter, and the second stimulation signal component comprises

at least one frequency outside a predetermined fundamental stimulation frequency
bandwidth around the frequency determined by the stimulation pitch parameter,
wherein a relative intensity of the second stimulation signal is determined by the

étimu|ation timbre parameter.

14.  Multiple therapeutic stimulations signals for use in c'reating a two-dimensional

stimulation of the auditory cortex.

15.  Multiple therapeutic stimulations signals according to claim 14, for use in

treating tinnitus.

16. A system or device configured ,td prdvide/delivef stimulation signals for acoustic
coordinated reset neufom'oddlation therapy, the system comprising: |

means for evaluating a tinnitus pitch and a tin‘nitusvtimbre to determine a set of
tinnitus parameters comprising at least a tinnitus pitch parameter and a tinnitus timbre
parameter; | | ‘ _ ' ,

means for determining at least one set of stimulation parameters based on the
set of tinnitus parameters, wherein the at least one set of stimulation parameters
comprises at least a stimulation pitch parameter and a stimulation timbre parameter;

means for generating at least one stimulation signal based on the detérmined

at least one set of stimulation parameters.

17. A computer program product comprising computer readable code, which when

loaded and executed by a computer system, causes the computer system to perform

operations according a method of any one of claims 1 to 13.

37



PCT/EP2017/000954

WO 2018/024374

1/8

" Joyowesed |
i . 8Jquuil uofieinwis |
_
_

pue Jjowesed |~ -
youd uonejnwing |

R L '

00

siojpwesed uonenwis
JLBEN mc_c_E‘_mumo

uasoyd __
paJnseaw I_

L.

patejnojes |
- J

T 814

. asuesIp
_ leusis-Ja3ur wnwiuiw
! ‘30UBISIP UOIIRINWINS
. wnwiuIw
_ Jo/pue wnuixen

— o — — — —
- J3jawedsed aiquiy snyuull

st e e

_ Ja13weled youd snyuui]

<—

SUoIlIpuOod
auesip Buipinoid

I\

/

00t

Tl,

mEEz
snjuuiy uenjead

/

A

00t

youd
snjuull Suizeniea3

"\ oo




PCT/EP2017/000954

WO 2018/024374

2/8

qg ‘814
aiquin/Aldipoisad Jusiayiq

e
4

Aauanbauy/pousad [ejuswepuny swes (s) awn

10°¢

S0~

o
wiojonem

A

pouad Vg A Vi

|
1

1
1

|
{
Iy
i
\
\
!

pouad/

i

/
/

S°0-

)

{z'0 = ad) (eudis |epiosnuis passaiduio)

ez 314

WJI0JaNEM

< wm‘o.

(0'T = ad) 1euBis |eptosnuis plepuels

}




PCT/EP2017/000954

WO 2018/024374

3/8

27 "84
(zH) Adusnbauy
00TL 0S0L 000L 0569 0069
L _ ' 4
3 1,07
k 4
3 0T
L ]
L 1001
]
L 1201
Js0T
L i

ZH 9T Yum paleinpow apnyjdwe :wnaydads

(s) awn
C

T T

. — . T0
ZH 9T Yyum paiejnpow apnijdwe :punos

(zH) Aouanbauy

00T, 0S0L 000 ] 0569

s L "

0069

»0T
01
o0T
0T

v0T

9SI0u pueqmouieu ‘wnJoads

(s} awn
4

ZH 0S0/-0S69 3SI0U PUBGMOJIBU :puUNos



PCT/EP2017/000954

WO 2018/024374

4/8

pz '8i4

(zH) Aduanbauy
00TL 0004

30T

4 N..OH

007

ZH 87T Yim pajeinpow apnyjdwe :wnayads
(s) awn
v € z T 0

ZH 87T Yum pajejnpow apniyijdwe :punos

(zH) Aduanbauyy
00TL 0sS0L 000L 0569 0069
L . . i
k ..YOﬁ
1 0T
L 00T
£
L 0T
£
3 0T

asiou puegmouseu :wnJydads

(s) swmn
3 . z ST

L —

ZH 050/-0S69 9SI0U PUBGMOJIEU :PUNOS




WO 2018/024374

20

24

26 28

5/8

10

PCT/EP2017/000954
1%2]
=
©
.
)
c
L
=
o
bt
|-
ey
ul
<
o« -
.0
W E
]
o %
2o
~ L.
Lo
iy



WO 2018/024374 PCT/EP2017/000954

6/8

Pr

Tinnitu
s

AN

Fig. 4

Yy
Frequency

50

\ 4

Aydipouad



PCT/EP2017/000954

WO 2018/024374

7/8

.rn_o 0

tde o1

G 814

Aduanbau4

h:4

wm,/\/ \«wm
L/ \J

L/

Ole

4 D
\Y f\p
vg s

L/

ezt Yego

4

Ad1poLIad



WO 2018/024374 PCT/EP2017/000954
8/8

Periodicity axis

P3, Pg -

Py, P2 Pr

»
»

ff, f ff, Frequency axis

Fig. 6



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2017/000954

A. CLASSIFICATION OF SUBJECT MATTER

INV. AG1F11/00
ADD. AG1M21/00 A61B5/12

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A6IM A61F A61B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 20117071340 A1 (MCGUIRE JOHN F [US]) 1-17
24 March 2011 (2011-03-24)
paragraph [0118]

A US 4 222 393 A (HOCKS ROBERT W ET AL) 1-17
16 September 1980 (1980-09-16)
column 1; claim 1

A WO 2008/046882 A2 (GLAXO GROUP LTD [GB]; 1-17
CHRISTENSEN SOREN RAHN [GB]; MERLO PICH
EMILIO [) 24 April 2008 (2008-04-24)
pages 2,40

A US 2015/003635 Al (BAKER MICHAEL [US] ET 1-17
AL) 1 January 2015 (2015-01-01)
paragraphs [0023] - [0058]

D Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : i i . " .
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance

"E" earlier application or patent but published on or after the international "X* document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other

. P "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified)

considered to involve an inventive step when the document is

"Q" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
23 November 2017 08/12/2017
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040, .
sz:((+31-78) 340-3016 Edward, Vinod

Form PCT/ISA/210 (second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2017/000954
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2011071340 Al 24-03-2011  NONE

US 4222393 A 16-09-1980  NONE

WO 2008046882 A2 24-04-2008 AU 2007312209 Al 24-04-2008
BR PI0717600 A2 22-10-2013
CA 2666765 Al 24-04-2008
CN 101568341 A 28-10-2009
EA 200900575 Al 30-10-2009
EP 2079470 A2 22-07-2009
JP 2010506884 A 04-03-2010
KR 20090069340 A 30-06-2009
US 2010317666 Al 16-12-2010
WO 2008046882 A2 24-04-2008

US 2015003635 Al 01-01-2015 AU 2014302193 Al 28-01-2016
AU 2014302199 Al 28-01-2016
CA 2916944 Al 31-12-2014
CA 2916945 Al 31-12-2014
CN 105473108 A 06-04-2016
CN 105813608 A 27-07-2016
EP 3013291 Al 04-05-2016
EP 3013292 A2 04-05-2016
HK 1224167 Al 18-08-2017
HK 1224168 Al 18-08-2017
KR 20160033705 A 28-03-2016
KR 20160033706 A 28-03-2016
US 2015003635 Al 01-01-2015
US 2015003650 Al 01-01-2015
US 2016183019 Al 23-06-2016
WO 2014210463 Al 31-12-2014
WO 2014210469 A2 31-12-2014

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - wo-search-report
	Page 49 - wo-search-report

