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(57) Abstract: Systems, methods and com-
puter-readable media are disclosed for providing
therapeutic auditory stimulation. Consistent with
disclosed embodiments, a system for providing
therapeutic auditory stimulation may comprise a
diagnostic unit that computes an EEG spectral
density of a patient and a heart rate spectral dens-
ity of a patient and provides values for one or
more EEG frequency bands and one or more
heart rate frequency bands. The system may also
comprise a therapy unit that generates, based on
the provided values, one or more stimulation
vvaveforms corresponding to one or more of the
EEG frequency bands and provides the stimula-
tion waveforms for therapeutic auditory stimula-
tion. The stimulation waveforms may comprise
audible carrier frequencies modulated by signals
with frequencies that vary exponentially with
time. The EEG frequency bands may comprise
the delta, theta, alpha, beta 1, beta 2, and gamma
EEG frequency hands.
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METHODS AND SYSTEMS FOR THERAPEUTIC NEUROMODULATION

{8411 The present application claims the beneflit of priority to ULS, Provisional Patent
Application No. 62/115,095, filed February 11, 2015, the coutents of which are hereby
incorporated by reference herein in their entivety.

TECHNICAL FIFLD

{821 The disclosed embodiments generally relate to systems, methods, and
computer-readable media for treating physiological and psychological disorders using
auditory newremeodulation,

BACKGHROUND

683]  Siress can evoke a hypothalamic response, causing the release of hormones
that in turp activate the hypothelamic-pituitary-adrenal {(HPA) axis, which is mvolved in
regulating emotions, metabolism, cognition, and the immune system. This in turn
evokes a stress response which may disrupt blood sugar levels, suppress immune and
inflammatory responses, interfere in memory formation, and disrupt feedback
mechanisms intended to inhibit further stress responses. Chronic stress may resulf in
impaired mental and physical health.

[084]  Existing medical reatments may have negalive systemic side effects, while
surgical treatments may be destructive and invasive. However, sound may be used to
encode neural signals for therapeutic effect, Such audiiory neuromodulation has been
used to treat disorders in humans. For example, multiple studies have demonstrated that
auditory neuromodulation may significantly decrease tinpitas. Tass, P. A, Adamchic, 1,
Freund, H. 1., von Slackelberg, T, Hauptmann, C. {2012}, “Counteracting tinnitus by
acoustic coordinated reset newromodulation.” Adamchic, 1, Hauptmann, C,, Tass, P AL

{2012y, “Changes of oscillatory activity in pitch processing network and related tinnifus
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relief induced by acoustic CR nevromodulation.” Silchenko, AL N, Adamchie, 1,
Hauptmarm, ., Tass, P. A, (2013}, “tmpact of acoustic coordinated reset
neuromodulation on effective connectivity in a neural network of phantorm sound.” This
subjective decrease in tinnitus may be accompanied by modification of abnormal EEG
thythms, Adamchie, L, Toth, T., Hauptmann, C., Tass, P. A, (2013}, “Beversing
pathologicatly increased FEG power by acoustic coordinated reset neuromodulation.” In
a ral model of antidepressani-like activity, treatrnent with auditory neuromodulation
demonstrated effects similar to fraditional chemical anti-depressants. Ievarina M.L,,
Lensman M.V, Murovets ¥V.Q., Savoxin ALA, “Antidepressant activity of Acoustical
Newro-Modulation in comparisen with well-known antidepressants in forced swim test
ju rats” International Journal of Peychophysiclogy 69:3, Sept. 2008, p. 288, Isvarina
N.L., Lensman M.V, Murovets V.0, Savoxin A A., “Investigation of antidepressants
activity of sound beats created with different algorithms of modulation in comparison
with antidepressants in forced swim test (F8T} on rats.” Poster, 8% IBRO World
Congress of Neuroscience/ Florence-Italy July 14-18, 2011, A493.

{0037 Standard methods of anditory nevromodulation may only achieve temporary
resulls, as the patient may quickly accommodate to the auditory stimulation.
Consequently, there exisis a need for systems and methods for providing long-term
treatment of physiclogical and psychological disorders using anditory neuromodulation,
The envisioned embodiments satisfy this need by providing therapeutic nonlinear,
multi-parametric modulation of sound. This therapeutic anditory stimulation may
selectively influence the activation of the HPA axis, modulating the release of
neurciransmitiers to influence psychological and physiological behavior. Thus ths
therapewtic auditory stimulation may be used to treat anxiety disorders, anlism specirum

disorders, and other psychological and physiological disorders deseribed herein,
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(6] The disclosed embodiments include, for exarople, systerns and methods for
providing therapeutic auditory stimulation. This therapeutic auditory stinmulation may
complement or provide an alternative to medication, behavioral therapy, or othes
medical interventions for reatment of abnormal physiological states, including autism
spectram disorders; anxiety; posi-iraumatic stress disorders; depressive disorders,
including depression presenting in patients with a history of post-raumatic paing
phantom pain disorders; mulii-infarct dementia (Alzheimer-type vascular dementia};
mernory loss; mental confusion; Parkinson’s disease; multiple personality disorders;
headache and migraine; high blood pressure; and constipation. Additionally, and
without limitation, abnormal physiological states may include type 2 diabetes, and
treatment with therapeutic auditory stimulation may be used to reduce overall
morbidity, improve quality of life, and decrease variations in blood glucose levels
Additionally, and without limitation, abnormal physiclogical states may include infant
cercbral palsy, stuttering, psychosomatic disorders, and coma. In some embodiments,
therapentic auditory stimulation may be provided to a pregnant women as a preveutive
measure to decrease the likelihond of subsequent abnormal physiological states jn her
developing fetus. For example, therapentic auditory stimulation may be provided to a
pregnant women as g preventive measure to decrease the subsequent likelihood of
antism spectrumn disorders; anxiety; post-traumatic siress disorders; depressive
disorders; and similar disorders in her developing fetus.

17 The disclosed embodiments may include, for example, a device for providing
therapeutic auditory stimulation. The device may include a processor and a non-
transitory memory. The memory may contain instructions that when executed by the

processor cause the device to generate one or more stimulation waveforms. These
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stirpulation wavetorms may correspond to electroencephalographic (EEG) frequency
pands. They may comprise an auditle carvier frequency modulated by signals with
frequencies that vary non-iinearly with time. The deviee may also inclade means for
moviding one or more of the stimulation waveforms to a patient as therapeutic anditory
stimuldation. For example, the device may include local means for providing the sigoal,
including electronic devices such as music players, computers, or smartpbones. As an
additional example, local means for providing the signal may nclude medical products,
such as special purpose therapeutic devices, The providing means may also include
remnote means {or providing the signal. Remote provide means may comprise means for
storing and transmitting the stimulation signal so that the generation of stimulation
signal may be temporally or spatially separated from the provision of the stimulation
signal. Storage means may include pon-transitory computer-readable media, such as
magnetic tape or magnetic disks, optical disks, flash memory, or read-only memary.
Transmission means may inchude computer networks, telephone networks, or the
physical transmission of the above storage media,

{3081 In certain embodiments, EEG frequency bands may include a low-freguency
hand and a high-frequency band. The stimulation waveform corresponding to the low-
frequency band may be provided before the sumulation frequency corresponding to the
high frequency band. In certain embodiments, the stimulation wavetorm corresponding
to the high-frequency band may be provided before the stimulation frequency
corresponding 1o the ow frequency band.

{091 In ceortain crbodiments, the stimulation waveforms may comprise pairs of
frequency intervals, the pairs including increasing frequency intervals and decreasing
frequency intervals, the modulating signal frequencies inereasing exponentially during

the increasing frequency intervals and decreasing exponentially during the decreasing
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freguency intervals, In some embodiments, the durations of the pairs may vary non-
Hnearly. In some embodiments, the durations of the decreasing frequency intervals may
exceed durations of the increasing frequency intervals. In some embodiments, the
durations of the frequency intervals way be approximately related by a constant
multiple, This constant multiple may be the golden ratio.

(18] In certain embodiments, the EEG frequency bands may be selected from the
group consisting of the delia, theta, alpha, beta 1, beta 2, and gamma EEG frequency
Bands.

13117 The disclosed embodiments may also include, for example, a system for
providing therapeuiic auditory stimulation. This system may include a diagnostic unit
configured to compute an FEG spectral density and a heart rate spectral density of a
patient, The unit may provide values for one or more BEG frequency bands and one or
more heart rate frequency bands, The system may include a therapy unit that generates,
based on the values provided by the diagnostic unit, one or more stimulation waveforms
corresponding to one or more of the EEG frequeney bands. The therapy unut may
provide the stimulation waveforms for therapeutic auditory stimulation.

{9121 In certain embodiments, the diagnostic unit may include an
electroencephalograph comprising two or more occipital electrodes. In certain
embodiments the diagnostic unit may calculate the sympathovagal balance of the
patient. In some embodiments, the stimulation wavelorms may corpprise audible carrier
freguencies modulated by signals with frequencies that vary exponentially with time. In
various embodiments, the moduolating signal frequencies may increase exponerntially
from the beginning to the end of each stimulation wavetorm. In some embodiments, the
stimulation waveforms may comprise pairs of frequency intervals, The pairs may

include increasing frequency intervals and decreasing frequency intervals. The
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modulating signal frequencies may increase exponentially during the increasing
frequency intervais and decreasing exponentially during the decreasing frequency
intervals. The durations of the pairs way vary non-linearly. The durations of the
decreasing frequency intervals may excesd durations of the increasing frequency
intervals. The durations of trequency intervals may be approximately related by a
constant mouitiple, The constant multiple may be the golden ratio.

131 In some embodimenis, the EEG frequency bands may comprise the delta, theta,
alpha, beta 1, beta 2, and gamma EEG freguency bands, In some embodiments, the
stinulation wavelorms may be generated remotely from the therapeutic auditory
stirauiation. In cerlain embodiments, the fivst stimulation waveform may be provided
for therapeutic auditory stiroulation telephonically.

iBi41  The disclosed embodiments may inchede, for example, a method for providing
therapeutic guditory stimulation, The method may comprise receiving an indication of
an abunormal physiclogical state of g patient, The method may comprise generating a
firat stimulation waveform based on the indication. The first stimulation waveform may
correspond to a first EREG freguency band. The first stimulation waveform may
comprise an gudible carrier freguency modulated by a first signal with an exponentially
varying frequency. The method may comprise providing the frst surnulation wavetorm
for fivst therapeutic auditory stimulation

18] I certain embodiments, a maximum frequency of the first signal may
correspond o a maximum frequency associated with the first EEG frequency band. In
some embodiments, the method may further comprise generating a second stimulation
waveform based on the indication. The second waveform may correspond to g second
FEG frequency band and yoay comprise an andible carrier frequency modnlated by a

second signal with an exponentially varving freguency. The method may further
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corprise providing the second stimulation waveform for second therapeutic auditory
stirnulation.

1616]  In certain embodiments, the duration of the increasing frequency interval and
the decreasing frequency interval may depend on the first EEG frequency band. In some
embodiments, the indication may be based on clectroencephalography and sympathetic-
vagal balance measurement of the patient. In various erobodiments, the first stiroulation
waveform may be provided for first therapeutic anditory stimoulation on a computer-
readable mednon.

16171 The disclosed embodiments may inchude, for example, a method for providing
therapeutic auditory stimulation. The method may include measuring, usiog a portable
electroencephalograph, the sympathovagal balance of a patient and the contributions
from one or more BEQG frequency bands 1o an EEG of the patient. The method may also
inciude generating a train of stimulation waveforms. The train of stimulation waveforms
may be based on an indication of an abnormal physiological state of a patient. Oue of
the stimulation waveforms may correapond to an EEG frequency band and may
comprise an aodible carrier frequency modulated by a signal. The signal may include
frequency intervals comprising increasing frequency intervals during which the
freguency of the signal increases exponentially. The frequency intervals may comprise
decreasing frequency intervals during which the frequency of the signal decreases
exponentially. The durations of the tnereasing frequency intervais and the decreasing
frequency intervals may vary and may depend on the EEG frequency band
corresponding to the stimulation waveform. The method may coroprise providing the
stimulation waveforms 1o an audio speaker for generating therapeutic auditory

stimnulation for the patient.
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81 In certain embodiments, the train of stimulation wavetorms roay be generated
remotely from the andio speaker. In variouws embodiments, the method may further
comprise storing the train of stimulation waveforms in a non-transitory memory before
providing the stimulation waveforms to the audio speaker. In some emmbodiments, ¢
telephone may comprise the audio speaker.

13191  The disclosed embodimenis may include, for example, a computer-readable
medium comprising instructions that cause a computer to perform the operations for
providing therapeutic audiiory stimuation. The operations may comprise generaling a
train of stimulation waveforms based on an indication of an abnormal physiological
state of a patient, One of the stimulation waveforms may correspond to an BEG
freguency band and may comprise an audible carrier frequency modulated by a signal.
The signal may include frequency intervals comprising increasing frequency iptervals
during which the frequency of the signal increases exponentially and decreasing
frequency intervals during which the frequency of the signal decreases exponentially.
The daration of the frequency intervals may be related by an approximately constant
multiple.

{201 Tt is to be understood that both the foregoing general deseription and the
following detailed description are exemplary and explanatory only and are not
restrictive of the disclosed emnbodiments, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

(921} The drawings are not necessarily to scale or exhaustive. Instead, evophasis 15
generaily placed upon iHustrating the principles of the foveotions described herewn. The
accompanying drawings, which are incorporated in and constitute a part of this
apecification, tustrate several embodiments consistent with the disclosure and together

with the description, serve to explain the principles of the disclosure. In the drawings:
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W22] Fig 1 depicts an exeroplary electronic device for providing therapeutic

stimulation.

[923]  Fig. 2A depicts an exemplary classification of the EEG power spectrurn into

frequency bands.,

[924]  Fig. 28 depicts an exemplary transformation of a heart rate signal into the

frequency domain,

{251 Fip, 20 depicts the effect of therapeutic auditory stimulation in a mode] of

depression.

9Z6] Fig 3 depicts a block diagram iilusirating an exemplary system for providing

therapeutic auditory stirpulation.

927 Fig. 4A depicts a block diagram tlhustrating an exemplary diagnostic unit for
eceiving indications of the condition of a patient.

[828]  Fig. 4B depicts an exemplary schematic of an electrode placement arrangement
for quantitative or LORETA EEG.

8281 Fig 40 depicts an exemplary ilustration of the use of quantitative or

LORETA EEG o localize a region of abnormal neural activity for diagnostic and
MCTONNE PUrposes,

[936]  Fig. 5 depicts a block diagram Hlustrating exemplary functional components of
a therapy unit,

18311 Fig. 6A depicts an exemplary method for providing therapeutic anditory
stimmiation,

11321 Fig. 6B depicts an exemplary user intertace for providing therapeutic anditory
stimulation.

19331 Figs. 7TA-TD depict characteristics of exemplary waveforms for therapeutic

auditory stimmlation,
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[034] Figs. 8A-8D depict exemplary pre-treatment and post-ireatment neuroimages
obtained using LORETA EEG that illustrate the effect of therapeutic auditory
stimulation on abnormal neural activily,

DETAILED DESCRIPTION

1935]  Consistent with disclosed embodiments, the envisioned therapeutic anditory
stimulation may be used 1o treat autism spectrum disorders; anxiety; post-traumatic
stress disorders; depressive disorders, including depression presenting in patients with a
history of post-traumatic pain; phantom pains disorders; muiti-infarct dementia
{Alzheimer-type vascular dementia), memory loss, mental confusion; Parkinson's
dizease; multiple personality disorders; headache and migraine; hugh blood pressure;
and constipation. In patienis with type 2 diabetes, therapeutic auditory stimulation rway
be used to reduce overall morbidity, uprove guality of life, and decrease variations in
biood glucose levels, Therapeutic stimulation may be used to treat infant cerebral palsy,
stuttering, psvehosomatic disorders, and coma. In some embodiments, therapeutic
auditory stimulation may be provided 10 a pregnant women as a prevenlive measure o
decrease the ltkelihood of subsequent abnormal physiclogical states in her developing
fetus. For example, therapeutic auditory stimulation may be provided to a pregnant
wOomen as a preventive measure to decrease the subsequent likebhood of Autism
specirum disorders; anxiety; post-traumatic stress disorders; depressive disorders; and
simlar disorders o her developing fetus,

136]  Fig. 1 depicts an exemplary electronic device for providing therapeutic
stimulation, consistent with disclosed embodiments. This electronic device may
comprise exemplary corputing systermn 100, In some embodiments, sysiern 100 may
include a processor 105 and a non-transitory wemory 118, In certain embodiments,

~

sysiern 100 may {but need not) inelnde one or more of a display 113, Vi interface(s)

10
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120, and network adapter 125, These uniis may commurnicate with each other via bus
130 and/or wirelessly, or a combination theresf, In various embodiments, processor 103
may be one or ore pucroprocessors or ceniral processor units {CPLUS) performing
processing operations, Memory 110 may be a volatile or non-volatile, magnetic,
semviconductior, tape, optical, removable, non-removable, or other type of storage device
or tangible (L., non-transitory} computer-readable mediom. In various embodiments,
memory 110 may siore data 140 reflecting any type of information in any format that
the system may use 1o perform eperations consistent with the disclosed embodiments,
Memory 110 may store instructions 135 to enable processor 105 to execute one or more
applications, including program{s}. Alernatively, the instructions, application programs,
ete., may be stored in an exiernal storage in communication with server(s) via a
network. Display 115 may be any device which provides a visual cutput, for example, a
compuier monitor, an LOD sereen, ete, VO interface 120 may include, for example, &
kevboard, a mouse, an audio fnput device, a touch sereen, oy an infrared input interface.
Network adapter 125 may enable device 100 to exchange information with external
networks, In various embodiments, network adapter 125 may inchude a wireless wide
arca network (WWAN) adapier, or a local arca network {LAN) adapier. Counsistent with
disclosed embodiments, the components shown in Fig. 1 may reside in a single device
or ynltiple devices.

{437]  Pig 24 depicts an exempiary classification of the EEG power spectrum into
frequency bands, An electroencephalogram is a recording of the electrical activity of a
patient’s brain, Both the time domain and the frequencey domain representation of the
EEG signal may be of diagnostic value. The power spectram of the EEG signal may be
divided into distinct bands. These bands may be cven spaced on a logarithmic scale,

meaning that the frequencies defining a band are approximately Hxed multiples ot the

11
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frequencies defining the preceding band, As au Hustrative example, the upper
frequency for alpha waves {13Hz) may be approximately 1.7 times the upper frequency
for theta waves {8Hz), which in turn may be approximately 1,73 times the apper
frequency for the delta wave band (SHz). The fixed multiple may approximate the
golden ratio (), an irrationsl number. Funciionally, this relationship reduces
sutrainment and cross-talk between signals in the different frequency hands,

{38]  One of ordinary skill in the art would recognize that other categorizations of
EEG power spectral density, differing in mursber or arvangersent of bands, are possible.
The categorization lustrated in Fig. 2A inchudes alpha, beta 1, beta 2, gamuma, delta,
and theta bands. Though this categorization includes minirmurn and maxanmm
frequencies, those frequencies do not define the bands. Instead, the bands correspond to
mental states or processes and are defined with reference to those processes. As used
herein, when two bands are considered, the high-freguency band may have g higher
maximum frequency, and the low-freguency band may have a lower mindrourm
frequency. In certain aspects, the high-frequency band and the low frequency band may
be distinet. For example, when an alpha band and a beta band are considered, the bets
band is the high-frequency band and the alpha band is the low-frequency band. When a
beta band and a theta band are considered, the beta band i3 the high-freguency band and
the theta band is the low-frequency band.

[03%1  Gamma waves are patierns of neural oscillation corresponding to higher mental
aciivity, such as perception, problem solving and emotions, and consciousness. [n some
embodiments, gamma waves may be defined g5 encompassing waves with frequencies
ranging from 25-100+ Hz, More preferably, gamma waves may be defined as

encompassing waves with frequencies ranging from 34-35 Ha,

12
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{340}  Beta waves are patterns of neural oscillation corresponding Lo active, busy, or
conscious thinking. Beta waves may correspond 1o active concentration, arousal, and
cognition. In some embodiments, beta waves may be defined as encompassing waves
with frequencies ranging from 13-34 Hz, More preferably, Beta 1 waves may be defined
as encompassing waves with frequencies ranging from 13-21 Hz and Beta 2 waves may
he defined as encompassing waves with frequencies ranging from 22-34 He,

13411 Alpha waves are paiterns of neural oscillation coresponding o awake

, alpha waves

relaxation and pre-awake or pre-sloep drowsiness. In some embodiments,
may be defined as encompassing waves with frequencies ranging from 8-13 Hz
{3427  Theta waves are paiterns of neural oscillation corresponding to deep
meditative, drowsy, or dreaming states. Strong or persistent thets waves may indicste
brain pathologies, In some embodiments, theta waves may be defined as encompassing
waves with frequencies ranging from 5-8 Hz.
{0437 Delta waves are paiterns of neural oscillation corresponding to dreamiess sieep
vith loss of body awareness. In some embodiments, theta waves may be defined as
encompassing waves with frequencies ranging from 3-5 Ha.
13441  Consistent with disclosed embodiments, abnormal mental states may be
wdentified using BEGs, For example, anxicty or depression may be indicated by
increased power in the alpha and beta EEG bands. As an additional example, patients
with aitention deficit disorder may present with increased power in theta EEG bands
and an increase in the beta EEG band as compared to the gamma EEG band. As
described below, altering the power in FEG bands may have therapeutic etfect. For
example, increasing and decreasing the contribution of the alpha EEG band may

provide a {reatment for anxiety.

13
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{345  Fig. 2B depicis an exemplary transformation of a heart rate signal into the
frequency domain, consistent with disclosed embodiments. In some erobodiments this
transformation may be a heart rate power spectral density. In certain aspects, the
interval between heartbeais may reflect nervous system activity, such as avtononic
nervous sysiem activity, affecting the heart rate. For example, this interval may depend
on the balance between sympathetic and vagal activation of the heart {1.¢. the
sympathovagal balance). Abnormal sympathetic or vagal activation may indicate an
abnormal physiological state, such as an abnormal mental state. As a non-limiting
example, abnormal activation may indicate anxiety, depression, pante disorders, post-
traumatic stress disorders, autism spectrum disorders, or other disordered roental states
ae known by one of skill in the art. Time domain statistics, such as the standard
deviation of the heart rate interval or the mean-squared difference between successive
heart rate intervals may indicate abnormal nervous system activity, Frequency domain
statistics, such as contributions 1o the power spectral density of the heart rate interval,
may also indicate sbnormal nervous sysiem activity. For example, Fig. 28 depicis the
tow and high frequency components of the power spectral density of heartbeat interval
times. As described below, the magnitude of the components may be computed using
various techuiques known to one of skill in the art. The low frequency component of the
power spectral density mway be associated with fluctuations in sympathetic nerve
activity. The high frequency component may be associated with fluctuations of vagal-
cardiac nerve activity. The ratio of the low frequency component to the high frequency
component may indicate the relative contributions of sympathetic and parasympathetic
agtonomic nervous system components to the heart rate. Abnormalities in this balance
may indicate abnormal mental states and can be used as diagnostic criteria in selecting

appropriate therapeutic auditory stimulation.

14
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{B46]  Consistent with diselosed embodiments, therapeutic auditory stunulation may
provide auditory signale comprising certain waveforms corresponding to different EEG
bands. As discussed below with respect to Figs. 7TA-TD, the stimulation wavetorms yoay
vary non-linearly in doration, frequency, and rate of change of frequency. The
correspondence between a stimulation waveform and an EEG band may be functional,
For exampie, providing the stimulation frequency may atfcct the contribution of that
EEG band to the overall power spectrum of the EEG. In some aspecis, the contribution
may be reduced. This functional relationship may be based on a correspondence
between frequency pararssters of the stimulation waveform and the frequency
parameters of the corresponding BEEG bands,

13471 As described, in response to the therapeutic auditory stimulation, the
contribution from corresponding BEQG bands may change. This change may at least
emporarily persist once the external stimulation is removed, Consistent with disclosed
erubodiments, therapeutic mental or behavioral changes may arise from this change. In
some embodiments, some common mechanisin may generate both the observed change
in EEG contributions and the therapeutic mental or behavioral changes. For example,
providing therapeutic stimulation corresponding to the alpha EEG band described above
may cause a decrease in the contribution of the alpha EEG band. This decrease may
cause, or be associated with, an increase in aleriness and a reduction i symptoros of
depression.

[948]  Ernvisioned systems and methods may use a perceptible carrier signal 1o
provide stherwise imperceptible signals, consistent with disclosed embodiments. In
some embodiments, the perceptible carrier signal may be an andible carrier signal. In
certain aspects, this audible carrier signal may mclude audible camer frequency

wavelorms. For example, the anditory freguency range wiay be considered 1o extend

15
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approximately from 20 He to 20 kHz. Therapeutic auditory stimulation corresponding fo
alpha, theta, delta, or similar brain waves may be provided using a earrier wave at an
audible carrier frequency modulated by a modulating signal corresponding to the
targeted HEG band, While therapentic anditory stimulation is disclosed in this
applicaiion, one of skill in the art would recognire that the same disclosed stroulation
signals could be used to provide other forms of therapeutic stimulation suitable for other
sensory organs, For example, the disclosed stimalation signals could be provided to the
eves of the patient using Hght as visual therapentic stimoulation, or to the skin using
pressure, heat, or electrical stimulation as tactile therapentic stimulation. While
amplitude modulation of the perceptible carrier sigual is disclosed in this ersbodiroent,
the form of modulation depends only on the targeted sensory organ and may include any
one or more of amplitude, frequency, phase, or other signal characteristics known to one
ot akifl 10 the art.

(0491  Envisioned systems and methods may use stimulation signals with multiple
non-linear aspecis, consistent with diselosed embodiments. These non-linear aspects
may include non-linear changes in modulating signal frequency, amplitude, phase, or
other signal characteristics known to one of skill inn the art. These changes may ocour at
rates and over fime durations that also vary in a non-Hnear manuer. o some
embodiments, these non-linear aspecis of the stimulation signals may enhance the effect
of the therapeutic signal. For example, these non-lincar aspects of the signal may
prevent accommeodation by the nervous system of the patient to the therapeutic
stirnulation.

10861 Fig. 3 depicts a block diagram of an exemplary system for providing
therapeutic andiiory stimulation consistent with disclosed embodiments. According to

some embodiments, the exemplary system may comprise a diagnostic untt 310 and a
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therapy unit 330, In some embodiments, a single device may comprise diagnostic unit
310 and therapy unit 330, In certain embodiments, therapy unit 330 may comprise one
or more devices distinet from diagnostic device 310, For example, diagnostic unit 310
may comprise a potable EEG device and therapy unit 330 may comprise a computing
device controlling an audio outpul. For example therapy unit 330 may comprise a music
plaver, mobile device, iablet computer, lapiop computer, special purpose PO card {e.g.
PO, POMCIA, ExpressCard, or similar madnles), desktop computer, or server. The
audio oulput may compwise one or more speakers and/or headphones, ln some
embodiments, the computing device way be configured with special purpose
instructions, I cerlain aspects, these special purpoese instructions may configure the
computing device to perform one or more of the functions of generating therapeutic
auditory stimulation, analyzing EE(G and/or heart rate variability signals, and managing
stored therapeutic auditory stimulation waveforma. In some aspecis, the stored
waveforms may be stored in European {3ata Format {edf) files. In some embodiments,
elements of the disclosed exemplary system may comprise electronie devices a3
described with reference to Fig, L

[951]  Diagnostic unit 310 may receive indications of the condition of a patient,
consisient with disclosed embodiments. In certain embodiments, diagnostic unit 318
may process these indications, transforming then to enable diagnosis of a condition. In
certain embodimenis, a user may determine appropriate therapeutic anditory shmulation
based on the processed mdications. In various embodiments, the diagnostic umit may
automatically determine, using a processor, appropriate therapeutic auditory stimulation
based on the processed indications. For example, diagnostic unit 310 may use g
processor 1o access a lookup table stored in a meroory (o determine appropriate

therapeutic auditory stimulation. As an additional example, diagnostic unit 210 may use
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a processor to implement a decision tree of a learning algorithm, such as & machine
learning algorithin, to determing appropriate therapeutic auditory stimulation. Other
maethods of avtomatically determining therapeutic stiroulation based on processed
patient data may also be used, as would be known by one of skill in the art.

[652]  Diagnostic unit 310 may comprise a signal conditioning unit and a signal
processing unif, consistent with disclosed embodiments, as described below with
reference to Pig. 4. These units may comprise one or more electronics deviees. Foy
example, consistent with disclosed embodiments, a special-purpose computer, such as
an FEG machine, may comprise one or more of the signal conditioning and signal
processing units. In soroe embodiments, the EEG machine may portable. For example,
the BEEG machine may be less than or comparable to a laptop computer in dimension
and weight. in certain embodiments a general-purpose computer such as a workstation,
deskiop, laptop, smariphone, tablet computer or similar computing device comprise one
or mare of the signal conditioning and signal processing uniis, in corobivation with ope
or more additional data-acquisition components.

{353} Therapy unit 330 may be configured based on indications received by
diagnostic unit 310, In some embodiments, diagnostic unit 310 may automatically
provide therapy unit 330 an indication of the appropriate therapeutic audifory
stimulation. As an additional example, diagnostic unit 310 may provide values that
therapy unit 330 uses to generate therapeutic auditory stimulation. In other
embodiments, a user may configure therapy unit 330 based on indications provided by
diagnostic unit 318, As described below with reference to Fig. 5, therapy unit 230 may
comprise means for generating the stimulation signal, Addutionally or alteroatively,
therapy unit 330 may comprise means for providing therapeutic auditory stimulation to

one Or mare patients.
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1384  Therapy unit 330 may comprise onc of more devices conmunicatively
connected to diagnostic unit 310, consistent with disclosed embodiments. For example,
diagneoatic unit 3180 may transmit and/or receive information over a computer network
connection or a telephonic connection with therapy unit 330, A computer network
connection may inchide one or more wireless links. A telephonic connection may

nchude one or more cellular links, Additionally or aliernatively, a user may configure

therapy unit 330 using data or indications provided by diagnostic upit 314,

{3881 Fig. 4 depicts a block diagram Hustrating an exemplary diagnostic unit for
receiving indications of the condition of a patiend, consistent with disclosed
grobodiments. In some embodiments, diagnostic urdt 310 may corpprise one or more
electronics devicea, For example, diagnostic unit 31 may comprise a signal
conditiening and registration device 400, electrodes {such as clectrodes 412 and 4143},
and heart rate monitor 418, In some embodiments, signal conditioning and registration
device 400 may be a single device, such as an EEG machine. In certain embodimenis
signal conditioning and registration device 404 may comprise muitiple devices, such as
a data acquisition unit and a general-purpose computer configured 1o process data
recerved from the data acquisition unit.

[386F  Signal conditioning unit 410 may corpprise elecironic componenis consistent
with disciosed embodiments. In some embodiments, signal conditioning unit 410 may
COMPrise ong of more connectors for electrodes. Signal conditioning unii mayv comprise
o1t OF Mnre connectors for signal processing unit 420, In centain erobodiments, signal
conditioning wut 410 may comprise active components, passive components, and
slectromechanical components. For example, signal conditioning wnit 420 may
comprise amplifiers, filters, connectors, analog-to-digital connectors, digiial-ic-analog

connectors, microconirollers, processars, and/or memorics.
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8571 Signal conditioning unit 410 may receive one or more BEEG signals from one or
more electrodes consistent with disclosed embodiments, In some embodiments, signal
conditioning urdt 410 may condition the one or more electrical signals in preparation
for, or as part of data acquisition, conaistent with disclosed embodiments. In some
embodiments, the BEEG elecirical signals may correspond to measurersents of electrode
potential, For example, EEGs signals may correspond to differential measurements of
electrode potential between multiple clectrodes. In some embodiments, the one or maore
electrodes may include a refevence electrode. A differential measurement may depend
on the difference between the electrical potential of the refercnce electrode and the
electrode potential of another elecirode. In some embodiments, the reference electrode
may be connected to ground, In certain embodiments, the EEG signals may correspond
io single-ended or psendo-differential measurements of electrode potentials.

58] Sigoal conditioning unit 410 may receive a heart rate signal from a heart rate
moenitor 418 consistent with disclosed embodiments. In some embodiments, heart rate
moenitor 418 may comprise one or more electrodes and may provide an ECG signal. In
certain embodiments, heart rate monitor 418 may comprise a pulse oximetry urnit and
may provide a biood oxygenation signal,

{3591 Signal conditioning unit 410 may medify the received signals (the BGG signals
and the heart rate signal) consistent with disclosed embodiments. In some embodiments,
signal conditioning unit 410 may provide the reccived signals in a suitable format for
signal processing unit 420, For example, signal conditioning unit 410 may amplify the
received signals. As an additional example, signal conditioning unit 410 may digitize
the received signals. Signal conditioning unit 410 may determiine a heart vate series from
the heart rate sigoal. In some embodiments, signal conditioning unit 410 may provide

the received signals to signal processing unit 420 wirelessly, such as over 3 Wi-Ii
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network, using Bluetooth, or other methods of wireless data transmuission known 10 one
of skill in the art. Signal conditioning unit 410 may provide the signals over a network,
such as a computer network.

[966]  Signal conditioning unit 4180 may filter one or more of the received signals
consistent with disclosed embodimenta. For example, filter parameters may be chosen
1o reject igh frequency noise while preserving relevant EEG signals. As ap additional
example, filter parameters may be chosen o reject low frequency norse while
preserving relevant EEG signals. In some embodiments, the bandwidth of the filtered
EEG signals provided by the signal conditioning unit 410 may be 0.1 Hz to 180 Ha.
Similarly, filier parameters may be chosen to reject high frequency noise wiule
preserving relevant heart rate signals. As an additional example, flter parameters way
be chosen to reject low frequency noise while preserving velevant heart rate signals.
Filtering may be accornplished in hardware or software.

36311  Sipnal conditioning unit 410 may electrically isolate the patient from the signal
processing unit 420 consistent with disclosed embodiments. For example, signal
conditioning unit 410 may magnetically, optically, or capacitively isolate the patient
from the signal processing unit 420. In some embodiments, such isolation may be for
the protection of the patient. In certain embodiments, such isolationumay be {or the
protection of the Signal Processing Unit 420,

[362]  This description of signal conditioning unit 410 s intended 1o illustrate a
potential erobodiment of the disclosed systems and methods and is not intended to be
Hmiting. One of skill in the art would recognize that other configurations and
arrangements are possible.

10631 Signal processing onit 420 may comprise electronic components consistent

with disclosed embodiments. Signal processing untt 420 may comprise a memaory, &
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processor, and a bus, Signal processing unit 420 may corprise an input/output unit and
z display. Signal processing unit 420 may be connected to a compuler network. Asa
non-limiting example, signal processing unit 420 may be a computer connecied o
signal conditioning unit 410 by a universal serial bus cable.

[064]  Signal processing unit may receive conditioned signals from signal
condifioning unit 410 consistent with disclosed embodiments. In some embodiments,
signal processing unii 410 may receive analog signals. Signal processing unit 420 may
digitize analog signals received from signal conditioning unit 410, In some
embodiments, signal processing unit 420 may receive digiial sigoals from signal
conditioning unit 410, Signal processing unil 428 may transmit and/or receive data from
stgnal conditioning unit 410 through a wired connection or a wireless connection.
Signal processing unit 420 may transmit and/or receive data from signal conditioning
unit 410 over a network. In some embodirnents, the input/output unit may comprise one
or more connectors for connecting to sigoal conditioning unit 414,

651 Signal processing onit 420 may filter signals received from signal conditioning
consistent with disclosed embodiments. For example, signal processing urut 420 may
filter received EEG signals using analog ov digiial filters. Filter parameters wmay be
chosen to reject noise while preserving EE( signals according to well-known filter
design methods readily known to one of skill in the art. In some embodiments, the
bandwidih of the filiered EEG signals may be 0.1 Hz to 100 Hz. As an additional
exampie, signal processing unit 420 may filler a heart vate signal received from the
signal conditioning unit. Filtering may be accomplished in hardware or software,

[B66]  Signal processing unit 420 may amplify signals received from signal
conditioning unit 410 consistent with disclosed embodiments. Signal processing vt

420 may acguire analog signals consistent with disclosed embodiments, Signal
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processing unit 420 may amphify received signals for purposes of convenient analysis,
for example by norsalizing sigoals,

671 Sigoal processing unit 420 may transform signals received from signal
conditioning unit 410 consistent with disclosed embodiments. For example, signal
processing unit 420 may compute a power spectral density of one or more of the
received EEG signals. Bignal processing unit 420 may determine g total signal power
from the power spectral density. Signal processing unit 420 may determine signal
powers for EEG bands from the power spectral density. Signal processing vnit 420 may
determine the contribution of one or more FEG signal bands to the total power for the
signal. For example, signal processing unit 420 may determine the fraction of the total
signal power contribuled by the components of the EEG signal in the delia wave BEG
band. The relative contributions of the EEG signals may indicate a mental state of the
patient, For example, excessive contributions from lower-frequency EEG bands may
indicate a depressive disorder. Conversely, excessive contributions from higher-
frequency FEG bands may indicate an anxiety disorder.

{668]  Signal processing unit 420 may also determine a heart rate series from the heart
rate signal consistent with disclosed embodiments. Signal processing urut 420 may
receive a heatt rate series from the signal conditioning unit 410, Signal processing unit
420 may transform the heart rate series info a power spectral density. In some
erybodiments, this transformation may use parametric methods such a fast Fourier
transform, non-parametric methods such as auloregressive models, or other methods
known to those of skill in the art, In seme embodiments, the power spectral density may
comprise components at varying frequencies, For example, the power spectral density
may comprise a fow frequency component associated with fluctuations sympathetic

nerve activity. In some embodiments this low frequency component may be cendered on
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a freguency in the range of 8.04 - 0,15 Hz. As another example, in some embodiments
the power spectral density may comprise a high frequency component associated with
fluctuations of vagal-cardiac nerve activity. in some embodiments this high freguency
component may be centered on a frequency in the range of 0,15 - 40 Hz. Signal
processing unit 420 may determine a ratio of the low frequency components to the high
frequency components of the power spectrurn. This vatio may indicate the balance
between the contributions of the sympathetic and parasympathetic components of the
autonomic nervous systein to the heart rate. For example, a reduced ratio or decreased
contribution from high-frequency components yoay indicate a depressive or an auxiety
disorder, Oher measures known to one of skill in the art, such as the standard deviation
the heart rate pertod, may also provide indications of the mental state of the patient.
Thus the disclosed embodiments are not intended to be Hnuting,

196%]  Signal processing unit 420 may display information consisient with disclosed
embodiments. For example, signal processing unit 420 may display information
corresponding o one or more received signals. In some embodiments, signal processing
unit 420 may display trequency domain information for a received EEG signal, For
example, signal processing unit 420 may display the normalized coutribution to the total
EEG signal power from one or more EEG bands. In certain embodiments, signal
processing unit 424 may display heart rate information. For example, signal processing
unit 420 may display statistics related to heart rate variability, In some embodiments,
signal processing unit 420 may display the ratio of the low frequency components of the
heart rate power spectrun (o the high frequency components of the heart rate power
SPeCiyun.

78] This description of signal processing unit 4290 s intended o iHustrate

patential embodiment of the disclosed systems and roethods and 15 not intended o be
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Emiting, One of skill in the art would vecogmze that other configurations and
arrangements are possible,

13781 The signal conditioning unit 410 1uay be connected to electrodes for recording
clectrical activily on the scalp. This elecirical activity may result from the activity of the
wrain of a patient. Many configurations of electrodes, differing in number and
placement, are suitable for use with the disclosed systems and methods, Standardized
electrode placements include the 10-28 systern, which includes 21 electrodes, and the
extended 10-20 system, or 10% system, which includes 74 elecirodes. Consistent with
the disclosed systems and embodiments, electrodes may be placed at some or all of the
focations described in these standards. For example, consistent with disciosed
embodiments, frontal electrodes 412 may be placed bilaterally over the frontal lobes of
the patient and occipital electrodes 414 may be placed bilaterally over the occipital
fobes of the patient. In some embodiments, a reference clectrode may be placed on,
behind, or near an car of the patient. In certain embodiments, this reference electrode
may be connected to ground. As would be recognived by one of shall in the art,
alternative electrode placement locations may be used. The described electrode position
is not infended to be limiting,

1972} Electrodes, such as occipital clectrodes 414, may be disc electrodes, cup
clectrode, needie elecirodes, or other suttable electrode types known to one of skill in
the art. In some embodiments electrodes may be attached to the patient. For example,
slectrodes may be attached using collodion or other adhesives. In certain embodiments,
headbands, straps, or caps may hold one or more electrodes in place, In cortain
embodiments, conductive jelly or conduciive paste may be placed between the

clectrodes and the patient to reduee the impedance of the electrode-patient interface. In
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certain embodiments, dry elecirodes or capacitive electrodes may be used. Active
electrodes or passive electrodes may be used, consistent with diselosed ersbodivoents,
{6731 This description of diagnostic untt 400 is intended to illostrate polential
embodiments of the disclosed sysiems and methods. This deseription is not intended to
Himit the disclosed systerns and methods to any particular device or arrangement of
devices, Ume of skill in the art would recognize other possible configurations and
arrangements consistent with disclosed embodiments. For example, electrodes, signal
conditioning unit 410 and signal processing unit 420 may each comprise multiple
devices that together perform the disclosed functions, Conversely, a single device may
perform the functions of the glectrodes, signal conditioning unit 410, and sigual
processing unit 420

1374]  The envisioned systems and wethods may use gnantiiative EEG for diagnosts
and patient monitoring. For example, guantitative EE(3 may be used to generate
neuroimages showing regions of sbnormal neural activity in the brain of a patient, Thas
quantitative EEG may be obtained using devices and methods known to one of sindl in
the art. In certain aspects, diagnostic unit 310 may comprise a quantitative EEG system.
[375]  In some embodiments, the envisioned systens and methods may use low-
resolution brain electromagnetic torography (LORETA)Y for diagnosis and patient
monitoring. As would be recognized by one of skill in the art, LORETA may be used to
diagnose abnormal mental states, such as depression, anxiety disorders, and ADHD. In
certain aspects, diagnostic unit 310 may comprise a LORETA systern,

1W76]  Consistent with disclosed embodiments, a guantitative EEG system or
LORETA system may be configured 1o record multichannel BEG data. ln certain
aspects, the system may use electrodes, such as electrode 430, for recording the EEG

data. In some aspects, as shown in Fig. 48, such electrodes may contact the head of the
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patient in a particular patiern. For example, nineteen channels of EEG data may be
collected from ninetean electrodes arranged on the head of the patient, each measured
with respect 10 a reference electrode. As shown in Fig. 40, quantitative EEG systems,
LORETA systerns, and similar systems known to one of skill in the art may use such
multichanne! BEEG recordings to determine noural sctivity levels. For exaraple, such
systems may be configured io identify regions, such as region 448, in which newral
activity levels are abnormally bigh or abnormally low. n some aspects, this
identification may rely on the determined newral activity levels. In certain aspects, this
identification may rely on a comparison between the determined newral activity levels
and historical data. This historical data may be specific to a patient, or may reflect
historical data for a population of patients. In some embodiments, the historical data and
the deterrniped neural activity fevels may be used to calculate a statistic, suchasa 2
statistic or stmilar statistical measure, for ideniifying regions of abnormal neural
activity. As would be recognized by one of skill in the art, the preceding deseription is
not infended to be himiting.

{3771 As described above with reference to Fig. 3, in some embodiments the
disclosed methods and systems may be implemented using therapy unit 330, Fig. 5
depits a block diagram tlustrating exemplary {unctional components of therapy unit
330, consistent with disclosed embodiments. In some embodiments, therapy umit 330
may corprise means for generating and means for providing therapeutic anditory
stivmulation. Means for generating the signal 510 may include one or more electronies
devices. For example, generating means 510 may include a computer, such as a
smartphone, tabley, laptop, deskiop, or mainframe. As previously described with
reference to figure |, such g computer may COmMprise a processor and a non-iansitory

memory, sach as a hard disk drive, solid state memory, on-board cache, or other
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mernery. In some embodiments, the computer may recelve instructions for generating
the stimulation signal through an input/output interface or a network interface. For
example, the computer may receive a computer program that configures the computer to
generate the signal. Additionally or aliernatively, the computer mgy receive pararneiers
used by a computer program to configure the computer 10 generate the signal. The
received parameters may comprise values or indications of values. For example, the
computer may receive an indication that a user has interacted with a graphical user
mterface fo select or configure certain therapeutic auditory stimulation. In some
embodiments, generating means 510 may be incorporated into a medical product, such
as a special-purpose diagnostic and therapeutic product intended to treat patients using
the disclosed systoms and methods.

1781 Consistent with disclosed embodiments, the means for providing the signal 510
may oblain the stimulation signal from the generating means 510 and fransduce the
stimulation signal into therapeutic auditory stimulation. In some embodiments, the
generation means and the providing means may iogether comprise a single device. In
certain embodiments, a first device comprising the means for generating the stirpuiation
signal may be distinct from a second device comprising the means for providing the
therapeutic auditory stimulation. For example, the first device may be communicatively
connected to the second device.

(3797 Providing means 320 may comprise local means for providing therapentic
auditory stimulation. Additionally or alternatively, the providing means may include
remnote means for providing the therapeutic auditory stimmlation. lo some emnbodiments
remote providing means may include means for storing the stimulation signal. In certain

embodiments, reroote providing means may inciude means for transmitting the
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stimulation signal. Froviding means 520 may include means for audiiory therapy that
converts the stimulation signal into therspeutic auditory stimulation.

{0807  Local providing means may include the contemporaneous and co-located
generation and provision of the stimulation signal consistent with disclosed
embodiments. Contemporancous gencration of the stoulation signal may include
providing the signal as it is generated or provided the stimulation signal once generation
of the signal is complete. Co-located stimulus signal generation may include generating
the signal and providing the signal using the same device. For example, an electronics
device, such as a music player, a computer, or a smartphone may both gencrate the
stimulation signal and provide the stimulation signal for therapeutic anditory
stimulation. As an additional example, a medical product, such as a special purpose
therapeutic device, may generate and provide the stinnulation signal.

13¥1}  Bemote provide means may use means for storing the stimulation signal and
means for transmitting the stimulation signal to enable a temporal or apatial separation
between the generation of the stinulation signal and the provision of the therapeutic
auditory stunulation. As a non-limiting example, the stimulation signal may be stored
on a non-transitory computer-readable mediom, such as the non-transitory memory
described sbove. For example the signal may be stored on a compact disc, DVE,
magnetic tape, disk drive, or flash memory, or similar storage medium. An analog
signal or a digital signal may be stored. A digital signal may be siored as an audio (e in
any of a number of compressed or uncompressed file formats kuown to one of skill in
the art.

{6821  In some embodimenis, the signal may be stored as a sequence of values. These
values may represent the amplitude of the signal. These values may be mmplicitly or

explicitly associated with times. The values may correspond to or be derived from the
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amplitnde of the signal as sampled at various points of fime. In certain emboduments,
the memory may store instructions for generating the signal. For example, the
instructions may indicate a chotce between pre-existing signals. Such pre-existing
signals may be preprogranuned, As another example, the stored msiractions may be
parameiers for use in generating the signal. For example, the parameters may be
frequencics, durations, delays, amplitudes, rise or fall times, or other characteristics of
signals consistent with disclosed embodiments.

{0831 Transmission means may permut the spatial separation of generation of the
signal and the therapeutic use of the signal. In certain erubodiments, the signal may be
generaied and then transiniited for therapeutic use. In some embodiments, the signal
may be trapsmitied as the signal is being generated. Consistent with disclosed
embodiments, the signal may be transmitted over a network, such as a cellular phoune
network, the public switched telephone notwork, or a computer network. The signal
may alse be transrottted stored in a computer-readable medium, such as a compact dise,
DYVD, flash memory, or andistape. For example, an audio file containing the stimulation
signal may be downleaded or streamed over a computer network from a server o a
music player. As another example, the stimulation signal may be received at a telephone
during a telephone call, As ap additional example, the stimulation signal may be
recetved as an attachment fo message or email sent to a computer or a phone, such as a
smartphone.

1684]  Audio therapy means may convert the stimulation signal into therapeutic
auditory stimulation using any transduction method known to one of skill in the art. For
exarnple, audio therapy means may comprise audic speakers that convert a stimulation
signal into therapeutic auditory stimulation. Consistent with disclosed embodimends,

such audio speakers may be incorporated into electronies devices. For example,
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electronics devices may include consumer electronics capable of playing music, such as
music players, computers, or telephones. Electronics devices may include medical
devices, such as special-purpose diagnoatic and therapeutic devices intended to treat
patients using the disclosed systems and methods. The audio therapy means may be
configured 1o produce audible therapeutic auditory stimulation with amplitude Jeas than
50 decibels. Preferably, the amplitnde of therapeutic auditory stimulation may range
between 2040 decibels,

{685}  Consistent with disclosed embodiments, therapeutic auditory stimulation may
be provided repeatedly according to a stimulation regime. The stimulation regime may
prescribe an inttial freatment phase and a booster phase. Each phase may comprise
stitmulation sessions provided over a time period of multiple weeks. Stimulation
sesaions may be provided more frequently in the initial treatment phase than i the
booster phase. Preferably, stimulation sessions may be provided every other day. More
preferably, stimulation sessions may be provided 5 thues during a two week block,
During the boosier phase, sessions of therapeutic anditory stimulation may be separated
by multiple weeks.

{0861  In some embodiments, the inttial freatment phase may be divided into blocks,
separated by assessment intervals, During each block, stimulation sessions may be

provided. During assessment intervals the effects of stimnlation may be assessed. A

€2

described above, assesament may comprise the administration of diagnostic
questionnaires of interviews,

{871 In some cmbodiments, parameters of therapeutic auditory stimulation may be
held constant between sessions. In certain embodiments, therapeutic auditory
stivoulation parameters may vary between sessions based on the effectiveness of the

current stimulation parameters.
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10881 Fig 6A depicts an exeroplary method for providing therapeutic auditory
stiroulation, consistent with disclosed embodiments. One of skall in the art would
recognize that the particular order and sequence of events may be altered and is not
intended to be Hmiting, Furthermore, steps may be removed or added without departing
from the epvisioned embodiments, For example, the sequence of steps depicied in Fig. 6
may be preferable for initially determining effective therapeutic auditory stimulation.
Consistent with disclosed embeodiments, subsequent stimulation sessions inclade only a
subset of the steps shown in Fig. 84, such as one or more instances of providing
anditory stimulation.

(0897 Consistent with disclosed embodiments diagnostic unit 210 may be used 1o
register the electroencephalogram of s patient (step 610}, The process of registering the
clectroencephalogram of a patient is well known in the art and is included for
completeness of deseription. In some embodiments, registering the EEG may involve
muliiple trials. In aspects, one or more trials may be conducted to establish a baseline
EEG. For example, a first trial may be conducted with the patient’s eyes open. A second
irial may be conducted with the patient’s eyes closed. In certain aspects, these trials may
fast one minute.

098] While these trials are conducted, the diagnostic unit may record EEG data and
vatues extracted from the EEG data. For example, with reference to Fig. 4 discussed
above, the diagnostic unit may store the data received by the signal processing unit 420
As an additional non-limiting example, signal processing unit 420 may store the resuits
of transforming the received data, such as the signal powers for EEG bands, or the
coptribution of one or more EEG signal bands to the total power for the signal. Asa
further example, the diagnostic unit may store heart rate data received by the signal

processing unit 420, As a non-limiting example, diagnostic unit 310 may store
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transformed heart vate data, such as the ratio of the low freguency components to the
high frequency componenis of the power spectrum.

9917 In some embodiments, diagnostics unit 310 may display, or provide for
display, some or all of the stored data. A healthcare practitionsr may use diagnostic unil
310 to assess the electroencephalogram of the patient. The healthcare practitioner may
be, without Hmitation, s doctor, nurse, physician’s assistant, therapist, psychologist, or
other individual that provides patient care. In other embodiments, diagnostic unit 310
may be configured fo automatically determine appropriate therapeutic auditory
stimulation. In further embodiments, the patient may interact with dagnostic umit 318 o
determine appropriate auditory stimulation.

[892] Fig. 6B depicits an exemplary illustration of a user interface 650 for providing
therapentic auditory stimulation. User interface 650 may inchude BEG graphs 660
corresponding to cach of frontal electrodes 412 and occipital electrodes 414, EEG
Graphs 660 may display the contribution of one or more EEG bands to the overall
signal power measured at each of the electrodes. Heart rate graph 670 may display the
average heart rate of the patient during the trial. Heart rate variability graph 680 may
show the relative contributions of the low and high frequency components of the heart
rate to the overall signal power of the heat rate. Previously stored trials may be accessed
through stored trial menu 690, Individual stirmulation waveforms ray be selected
through stimulation waveform memu 695, As would be recognized by one of skill in the
art, user interface 650 may be configured such thal simulation waveforms may be
provided by inleracting with stimulation waveform menn 693, or another component of
user mterface 650,

931 Consistent with disclosed embodiments, appropriate thevapeutic auditory

stimulation may be detenmined in step 620, In certain aspects, this determination may be
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based on the resulis provided by diagnostic unit 314, 1n some embodiments, the
determination may be based on the identification of abnormal EEG results, such as EREG
resuits deviating from the typical or expected results for the patient, based on one or
more of the age, present condition, and medical history of the patent. In some instances,
the patient may cxhibit an clevated contribution o total EEG signal power from one or
meore EEG bands, For example, the patient may exbibit minimal or abnormally low
contributions of a first EEG band. This low contribuiion may imply an excessive
contribution from asother EEG band.

{394  The determination of appropriaie therapentic audilory stimulation o step 620
may additionally or alternatively depend on other diagnostic oriteria. In some
embodiroents, siep 610 may coroprise receiving the results of a diagnostic test. Io
certain aspects, this diagnostic test may involve an anatomical or physislogical
parameter of the patient. As a non-limiting example, the diagnostic test may comprise
clinical laboratory test, such as a test performed in an anatomic pathology laboratory or
a clinical pathology laboratory. o soroe embodiments, a healtheare practitioner may
evaluale the patient using a questionnaire or assessment. In certain aspects, this
guestionnaire or assessment may be global, such as Clinical Global Impressicn-Severity
and Improvement, Comprehensive Pavehopathological Rating Secale, Global
Assessment of Functioning, Children's Global Assessment Scale, or similar rating scale
and/or asseasment,

{195]  Additionally or alternatively, a healtheare practitioner roay evaluate the patient
using a guestionnaire or assessment specific 1o a mental or psychological disorder. As a
non-lmiting example, & healthcare practitioner may evahate the ADHD status of the
paticnt using the Adult ADHD Self-Report Scale, Brown Attention Beficit Disorder

Ncales, Swanson, Wolan and Pelham Teacher and Parent Rating Scale, Vanderbilt
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ADHD Diagnostic Rating Scale, ADHD Rating Scale, or sumilar rating scales and/or
assessments, As a {urther non-limiting example, a healtheare praciitioner may cvaluate
the Autism spectrum status of the patient using the Adult Asperger Assessruent,
Australian scale for Asperger's syndrome, Autism Spectram Quotient, Childhood
Autistn Rating Scale, Childhood Autism Spectrum Test, 2-CHAT, Antism Diagnostic
Observation Schedule, or similar rating scales and/or assessments, As an additional nop-
Hmiting example, a healthcare practitioner may ovaluate the patient for anxiety
disorders using the Pediatric Anxiety Rating Seale, Chuld Anxiety Iropact Scale, the
Sereen for Child Anxiety Related Frootional Bisorders, the Brief Family Assessment
Measure-111, and the Sleep Disturbance Scale, Beck Anxiety Inventory, Clinician
Administered PTSD Scale, Daily Assessment of Sympioms — Anxiety, Generalized
Anxiety Disorder 7, Hamilton Anxiety Scale, Hospital Anxiety and Depression Scale,
Panic and Agoraphobia Scale, Panic Disorder Severity Scale, PTSD Symptom Scale
Nelf-Report Version, Social Phobia inventory, Trauma Screening Questionnaire, Yale—
Brown Obsessive Compulsive Scale, Zung Self-Rating Auxicty Scale, or similar rating
scales and/or assessments, As an additional non-hmiting example, a healtheare
practitionsr may evaloate the patient for dementia using the Abbreviated mental test
scove, Clinical Dementia Rating, General Practitioner Assessment Of Cognition,
Informant Questionnaire on Cognitive Decline in the Elderly, Mint-mental state
examination, or similar rating scales and/or assessments. As an additional non-limiting
examiple, a healtheare practitioner may evaluate the patient for depression using the
Beck Depression Inventory, Beck Hopelessness Scale, Centre for Epidemiclogical
Studies - Depression Scale, Hdinburgh Postnatal Depression Scale, Gerigtric Depression
Scale, Hamilton Rating Scale for Depression, Hospital Aniety and Depression Seale,

Kutcher Adolescent Depression Scale, Major Depression lnventory, Monigomery-
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Asberg Depression Rating Scale, Zung Seif-Rating Depression Scale, or similar rating
scales and/or assessments. As an additional non-limiting example, a healthcare
practitioner may evaluate the patient for other psychological disorders using the Altman
Self-Rating Mania Scale, Young Mania Rating Scale, Busa-Perry Aggression
{uestionnaire, Hare Psychopathy Checklist, Minnesota Multiphasic Personality
Inveniory or similar rating seales and/or assessiments,

1961 As would be recognized by one of slall in the art, a healtheare practutioner roay
evaluate the patient additinnally or alternatively nsing guided or serpi-structured
interviews, such as the Anxiety Disorders Inferview Schedule for DEM-1V, Research
and Lifetime Version for Children and Parents. Self-reporting may also be used to
gauge the incidence and severity of adverse behaviors, such as self-hamm, or the
ocowrrence of general health problems.

(8977 Asan additional example, 8 healthcars practitioner may evaluate the patient
using a questionnaire or assessment specific to an anatomical or physiological disorder.
For example, 4 healtheare practiionsr may evaluate the patient for Parkinson’s using one
or more of the International Parkinson and Movement Disorder Society diagnostic
questionnaires, as would be understond by one of skill in the art. Additionally, consistent
with disclosed embodiments, such questionnaires may be used in the diagnosis of headache
and migraine, constipation, diabetes, cerebral palsy, stuttering, psychosomatic disorders,
and pain disorders, as would be understood by one of skill in the art.

[998]  In some embodiments, the determination of appropriate therapeutic auditory
stimulation in step 620 may depend on diagnostic tests conducted as part of a
therapeutic guditory stimulation session. For example, the diagnostic test may be
conduct during a therapeutic suditory stimulation sesston prior to provision of the

therapeotic anditory stimulation. In certain embodiments, appropriste therapeutic

36



WO 2016/130843 PCT/US2016/017607

auditory stimulation may be determined based on resulis of one or more previously
conducted diagnostic test, In certain aspects, diagnostic unit 310 may be configured to
determine appropriaie therapeutic auditory stimulation based on the resuits of the
diagnostic test, In some aspects, a healtheare practitioner roay defermine appropriale
therapeutic auditory stimulation based on the vesults of the diagnostic test. In some
aspects, the healtheare practitioner may interact with diagnostic unit 310 1o determine
appropriaie therapeutic auditory stimulation based on the results of the diagnostic test.
10991 As described in greater derail with reference to Fig, TA-7D below, therapeutic
auditory stimulation may comprise one or more stirnulation wavefors. In certain
aspects, the one or more stimulation wavetforms may correspond to the excessively
contributing BEG band. In certain instances, each of the EEG bands may contribute
equally 1o the BEG power signal. In certain aspects, the appropriate therapeutic auditory
stimulation mayv inchude one or more stimulation waveforms corvesponding to a
midrange EBEG band. Consistent with diselosed embodiment, an EEG band defined with
reference to a first EGG frequency and a second EEG frequency may comrespond io a
stimulation waveform having a first frequency associated with the fivst EEG freguency
and a second frequency associated with the second EEG frequency. For example, the
first EEG frequency may equal the frst stimnlation waveform frequency. As another
example, the second EEG frequency may cqual the second stimulation waveform
frequency.

{G188]  In some embodiments, the therapeutic avdiiory stimulation may comprise a
train of stimulation waveforms. In ceriain aspects, the first stimulation waveforns in the
train may correspond to the excessively contributing EEG band. In various aspects, the
first stimulation waveform may correspond to a chosen midrange EEG band. In some

embodiments, subsequent stimulation waveforms in the train may correspond to
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progressively higher frequency BHG bands. In other embodiments, subseqguent
waveforms may correspond to progressively lower frequency EEG bands. For exarnple,
one or more stimulation wavetorms may correspond to the theta EEG band. These
stimulation waveforms may comprise a modulating waveform cotresponding to the
Theta TEG band. In one aspect, the modulating waveform may have a frequency that
changes between 4 He and 7 Hz, in accordance with frequency boundaries of the theta
EEG band,

{1811 In varions embodiments, determivation of the stimulation waveform may
additionally or alternatively consider the heart rate and the heart rate variability of the
patient. For example, the appropriate therapeutic stimulation may depend on the velative
vatues of the low frequency component of the heart rate variability and the high
frequency component of the heart rate variability, In some aspeets, the appropriate
therapeutic stimulation may inclode an initial stimulation waveform corresponding fo a
iow EEG band when the low frequency componend of the heart rate is Jess thao the high
frequency component of the heart rate. In various aspects the appropriate therapeutic
stimulation may include an initial stimulation waveform corresponding to a high EEG
hand when the low frequency component of the heart rate is greater than the high
frequency component of the heart rate.

[6162]  As described with refercnce to step 610, in various embodiments the healtheare
practitioner, diagnostic unit 310, or patient may determine the appropriate therapeutic
auditory stimulation. o some embodiments, this determination may be made with

reference 1o the displayed resuits of diagnostic unit 310,
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{183]  Table 1. Stirnudation Signals for Different Combinations of EEG Frequenoy
Band Contributions and Heart Rate Variability {Eves Closed). Table | depicts g non-
fimiting example of the stimulation waveforms comprising the appropuiate therapeutic
auditory stimulation for different combinations of results provided by diagnostic unit
3190, The first four columns indicate the percentage of the total spectral density
respeciively contributed by the theta, alpha, beta 1, and beta 2 EEG freguency bands.
The fifth column indicates the relative contribution of the high and low frequency
cornponents of the heart rate variability, The sizth column indicates an appropriate
corresponding stimulation signal for therapeutic auditory stimulation comprising a
sequesnice of stimulation waveforms. The values in this table are for measurements
conducted with the patient’s eves closed. The correspondence defined by this table may
Be acceptable for many of the conditions described above. For example, this
correspondence may be used when freating depression, anxiety, pain, dementia, and
autism spectrum disorders. As would be understood by one of skill in the art, this table
non-limiting and provided for Hlustrative purposes,

18104]  Consistent with disclosed emboediments, therapeutic unit 330 may be
configured to provide the appropriate therapeutic stimulation in step 630, In some
embodiments, therapeutic unit 330 may be configured automatically by diagnostic unit
310, In various embodiments, therapeutic unit 330 may be configured by the healtheare
practitioner. In certain embodiroents, therapeutic unit 330 way be configured by the

patient,
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IB105]  In some aspects, configuring therapeutic unit 330 may comprise selecting one
or more stirmudation waveforms. In some instances stimulation wavelorms may be
selected by interacting with a graphical user interface. In some embodients,
therapeutic unit 330 may be used repeatedly following selection of a stunulation regime.
In other ermbodirnents, therapeutic upit 330 may require selection of each stimulation
wavelorm comprising the therapentic auditory stimulation. For example. the patient or
healtheare practitioner may need to select the next stimulation waveform once the
current stinmulation waveform has completed. In cortain aspects, configuring therapeutic
unit 330 may compwise providing parameters defining the stimulation waveform. Such
pararnelers may define, as a non-limiting example, the amplitude of auditory
stimulation, the number of stimulation waveforms provided, the EEG band
corresponding to each stimulation waveform, freguencies of the stimulation waveform,
durations of the sthmulation waveform, and the nature of any components of the
stimulation wave {as a non-limiting example, the numbering, ordering, and duration of
compoenents of the stimulation wavetorm).

101861 As described in greater detail below, with respect to Figs. 7A-71, the duration
of therapentic auditory stimulation may vary. In some embodiments, this duration may
depend on the number of stimulation waveforms comprising the therapeutic anduory
stimulation. In other embodiments, the duration of the therapentic auditory stimulation
may depend on the duration of the stimulation waveforros. Preferably, the duration of
the stimulation waveforms may be between 180 and 300 seconds. Preferably, the
daration of the therapeutic auditory stimulation may be between 15 and 25 minutes.
However, one of ordinary skill in the ant would recognize that shorter or longer
durations are possible for both the stimulation wavefors and the therapeutic auditory

stimulation.
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{1871 As described with respect to Fig. 5, therapy unit 330 may comprise means for
generating stimulation signals and means for providing stimulation signals. The means
for providing stimulation signal may inclade local means for providing stimulation
signals, The means for providing stiraulation signals mway include remote rmeans for
providing stimuolation signals. Remote means for providing stimulation signals may
include transmission means or storage means for spatially and/or temporally separating
the generation of the stimulation signals from the provision of the therapeutic suditory
stimulation. According to the envisioned methods and systerns, the structures and
functions of dingnostic unit 318 and therapeatic unit 330 may be distributed among one
or more devices.
101081 Consistent with disclosed embodiments, diagnostic unit 310 may be used to re-
assess the electroencephalogram of the patient following provision of therapeutic
auditory stimudation. In some embodiments, this reassessment may comprise re-
registering the EEG. The EEG may be registered with the patient’s eves open.
Addionally, the EEG may be re-registered with the patiends eyes closed. The
diagnostic device 310 may store the EEG waveforms recorded during re-regisiration.
The diagnostic device may display, or provide for display, the signals received by signal
processing 420, The diagnostic device may display, or provide for display, the signals
generated by signal processing 420, Based on the results of the re-registration, the
therapeutic stimulation regivoe may be selected. In some embodiments, the healtheare
praciiiioner may seiect the stimulation regime. 1n certain embodiments, the diagnostic
unit 310 may select the stimulation regime. In various embodiments, the patient may
select the stimulation regime.
[18%  In some embodiments, once the stimalation regime 1s selected, the patient may

be enabled to provide themselves therapeutic auditory stimnlation. In certain aspeets,
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the patiznt may be provided a computer-readable medium storing the therapeutic
auditory stimulation. In various aspects, the patent may be provided a device that
generates and provides the therapeutic anditory stinulation. In some aspects, the patient
may be granted access to a device that generates the therapeutic auditory stimulation,
For example, the patient may be enabled to contact a device over a network, such as a
telephone or compuier network and recetve the therapeutic auditory stimulation from
the device over the network. As an additional example, the patient may listen to the
therapeutic anditory stumulation over a telephone connection. In some embodiments, the
patient may visit a healthcare practitioner to receive the therspeutic audiiory
stimutiation,

I10]  Figs. 7A-TD illustrate characteristics of exemplary waveforms for therapeutic
auditory stimulation, consistent with disclosed embodimentis, As discussed above with
respect to Fig. 3 and Fig. 5, therapy unit 330 may comprise means for generating the
stirnulation signal. Therapy onit 338 may also comprise means for providing the signal
and converting the stimulation signal into therapeutic auditory stimulation.

111} Asshown in Fig. 7A, stimulation signal 700 may comprise 0n¢ of more
stimulation waveiorms consistent with disclosed embodiments. In some embodiments,
first waveform 702, eecond wavelorm 704, and third waveform 700 may comprisc a
train of wavelorms. in certain embodiments, an interval of time may separaie one of
more adjacent stimulation waveforms, such as first stimulation waveform 702 and
second wavetorm 704, For example, first stimulation waveform 702 may first be
selected and provided and then second stumnlation waveform 704 may next be selected
and provided. In other embodiments, no inderval of time may separate adjacent
siirmalation waveforms. in some embodiments, the waveforms may ditfer in at least one

or more of amplitude, duration, or frequency. The disclosed embodiments are not
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fimited to stimulation signals comprising three wavetorms: one of skill in the art would
recognize that g lesser or a greater number of stimulation waveforns way be included in
stinntlation signal 700,

[#112) Consistent with disclosed embodiments, stirnulation waveforms may
correspond (o BEEG bands. As described above, thie correspondence may be based on
the therapentc effect of the stimulation waveform. For example, providing a stimmlation
wavelorm as therapeutic agditory stimulation may cause a decrease in the power
spectral density contribution of the corresponding EEG band of an EE( signal received
from the signal conditioning unit 418, This change in the corresponding EEG band may
he correlated with & subjeciive or ohiective change ju the menial state of the patient. For
example, a stimudation waveform comprising a modulating waveforn with a frequency
between 4 Hz and 7 Hz may correspond to the theta EEG band. Providing such a
stirnlation waveform as therapentic auditory stimulation may reduce the proportional
contribution of the theta EEG band to the power spectral density of an EEG signal
recaived from the signal condifioning unit 410,

181131  As described above with respect 1o Fig. 2A, a collection of two or more EEG
frequency bands may inclode a high-frequency hand and a low-frequency band. In some
embodiments, stbmulation signal 700 may sclude a stimulation wavetorm
corresponding 1o a low-frequency band before a stimulation waveforn corresponding to
a high-freguency band. For exampile, in some embeodiments, stimulation signal 700 may
mciude stimulation waveforms corresponding to progressively higher EEG frequency
bands. For example, first sumulaton wavelorm 702 may correspond to the Delta BEG
band, second stimudation waveforms 704 may correspond 1o the Theta EEG band, and
third stimulation waveform may correspond to a Beta HEG band, Providing stimulation

wavetorms of progressively higher amphitude may increase the proportional
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contribution of higher frequency EEG bands to the power spectral density of the EEG
signal received from signal conditioning onit 410, In certain embodiments, stimulation
signal 700 may include a stimulation signal corresponding to a high-frequency band
before a stimulation signal corresponding 9 a low freguency band. For exarople,
stimulation signal 700 may include stimulation waveforms corresponding to
wrogressively lower EEG frequency bands. As would be recognized by one of skili in
the art, the exact progression of stimulation waveforms would depend on the patient’s
diagnosis.

13114]  Stimulation waveforms, such as stimulation waveform 702, may comprise one
or more carvier waveforms consistent with disclosed ervbodiments. In some
ernbodiments, this carrier wavetorm may be audible. In certain embodiments, the carmier
wavelnrm may be periodic. As a non-limiting example, the carrier waveform may
approximate a sinusoidal waveform. {n various embodiments, the cartier wavelorm may
have a fundamental freguency within the andible range. For example, the carrier
wavelonm may have 3 frequency between 100 Hz and 20 kHz. Preferably, the
fundamental frequency of the carrier wavetorm may be between 500 Hz and 5 klz,
More preferably, the frequency of the carrier waveforn yway be approximately 1 kHz
[118] A modulating waveform may modulate the carrier wavetorm consistent with
disclosed embodiments. In some embodiments, the modulating wavelorm may have a
non-zero frequency. In certain embodiments, this freguency may vary non-hinearly with
time. For example, the modulating signal may have an instantaneous {requency that
varies exponentially with time, As an additional example, the instantaneous frequency
of a sthmulation waveform (such as stivmgdation waveform 702} may increase and
decrease exponentially over the duration of the stimulation waveform. For example, the

instantanecus frequency may increase i a maximum frequency and decrease to a
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misamum frequency. in some embodiments maximum and minimurn {reguency for the
EEG band corresponding o the stimulation waveform may be the maximum and
minimum instantaneous frequency of the modulating waveform. For example, the
maximum instantaneous frequency for a stimulation waveform corresponding to a thet
EEG band may be 13 Hz, when 13 Hz is taken to define the maximur frequency of the
theta EEG band.

{B116]  Asshown in Fig. 78, strsilation waveforms, such as stimulation waveform
702, may comprise pairs of frequency intervals, such as 712, 714 or 716, consistent with
disclosed embodiments, In some embodiments, these frequency interval pairs may dilter
in duration. In certain embodiments, an mterval of Hime may separate one or more
adjacent frequency interval pairs, such as frequency interval pair 712 and frequency
interval pair 714, In other embodiments, no interval of time may separate adjacent
trequency interval pairs. During cach frequency irderval patr, the mstantaneous
freguency of the modulating signal may vary non-linearly between the maximum and
minimum instanianecus frequency for that stimulation waveform. For example, during a
frequency irrterval pair, the instantancous frequency may increass exponentially from
the minimum freguency fo the maximuom frequency and then decease exponentially
back to the minimum frequency. The number of frequency interval pairs in a stimulation
waveform may range from 4 {o 12 pairs. Preferably, the number of stimulation interval
sairs may range from 7 to 10 pairs.

H3E17)  In cortain embodiments, stimulation wavetorms may include only one interval.
Over that interval, the instantancous frequency of the modulating signal may vary non-
tnearly, The instantancous frequency of the modulating signal may increase from the

minimn 1o the maximum instantaneous frequency for that stinntlation waveform. The
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instantaneous frequency of the modulating signal may decrease from the maximun to
the minimum instandancous frequency for that stimulation wavetorm.

{6118} Asshown in Fig. 7C, freguency interval pairs, such as frequency interval pair
712, may comprise frequency intervals, In certain aspects, frequency wnterval pairs yoay
cornprise increasing freguency intervals (such as 722) and decreasing frequency
intervals (such as 7243 In some embodiments, the increasing frequency interval may
precede the decreasing frequency interval in a frequency interval pair. In certain
embodiments, an interval of fime may separate the increasing and decreasing frequency
mtervals in one or more frequency interval paivs. fo other embodiments, no interval of
time separates increasing and decreasing frequency jntervals,

[3119]  The instantancous frequency of the modulating wavelorm may increase non-
Hinearly during the increasing frequency inforval consistent with disclosed embodiments.
For example, the instantancous frequency of the modulating waveform may increase
exponentially from the mindmurn frequency to the maximum frequency of the
stimulation waveform during the increasing stimulation interval. In certain
embodiments, the instantaneous frequency of the modulating wavelormn may decrease
non-linearly during the decreasing {requency interval. For exanple, the instantaneous
frequency of the wodnlating waveform may decrease exponentially from the maximum
frequency to the minimum frequency of the sitmulation waveform during the decreasing
stimulation interval,

[0128]  The duration of the increasing and decreasing frequency infervals comprising a
frequency interval pair in a stimulation waveform may depend on the EEG bands,
consistent with disciosed emboduments. In some embodiments, these durations may be
selected based on the minimum and maximum froquencies defining certain of the EEG

bands. For example, the selected durations may equal 2 momber of seconds
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corresponiding to one of the rminimum or maximum frequencies, expressed in hertz, In
some instances, the certain EEG bands may be near in frequency to the BEG band
corresponding to the stimulation waveform. For example, the durations of the increasing
and decreasing frequency itervals comprising the frequency inderval pairs in a
stimulation waveform corresponding to the alpha EEG band may be chosen from the
minimum and maximam frequencies defining the alpha, delta, theta, and beta 1 EEG
bands. Sumilarly, the durations of the increasing and decreasing frequency intervals
comprising the frequency interval pairs in a stimulation wavetorm corresponding fo the
gamma EEG band may be chosen from the mintmum and maximum frequencies
defining the gamma, beta 2 and beta 1 EEG bands.

31217 Consistent with disclosed embodiments, the durations of increasing and
decreasing frequency intervals in a stiwoulation waveform may vary according to a
pattern. In certain embodiments, the durations of the increasing and decreasing
frequency intervals may progressively increase. For example, frequency interval pair
712 may comprise increasing frequency interval 722 with duration 8 seconds and
decreasing frequency interval 724 with duration 13 seconds. In this example, frequency
interval pair 714 may then comprise an increasing frequency interval with duration 13
seconds and a decreasing frequency interval with duration 21 seconds. In certain
embodiments, the durations of the increasing and decreasing frequency intervals may
progressively decrease. For example, frequency interval pair 712 may comyprise
increasing frequency interval 722 with duration 13 seconds and decreasing frequency
interval 724 with duration 21 seconds. In this example, frequency interval pailr 714 may
then comprise an increasing frequency interval with duration & seconds and a decreasing
frequency interval with duration 13 seconds. As shown in Table 2, in some

enthodimernts, the duration of the increasing and decreasing frequency intervals may
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first increase and then decrease, or fivst decrease and then increase. in some
embodiments, the duration of the decreasing frequency interval iv a frequency interval

pair exceeds the duration of the increasing frequency interval in the frequency interval

pair,
Corresponding  Maximum  Minimum Duration of Infervals (8 Total
EHG Band Frequency Freguency {increasing-decreasing} Duration
{Hz} {Hz} {s}
VA}pha 13 b1 ' §3-21, 8-13, 5-8, 3-5, 5.8, 813, 13-21, 8-13, 8-8,3-5 {86
Theta 8 & 13-21, 8-13, 5-8, 3-8, 5.8, 8-13, 13-24,8-13, 58, 33 18
Delia 5 3 13-21, 8-13, 5-8, 3-8, 5-8, 8-13, 13-31, 8-13, 5-8, 3-8 186
| Beta ] 33 i3 33-2%, 8-33, 5-8, 3-8, 5-8, 8-13, 13-21,8-13,5-8,3-5 184
Beta ?Z 34 3 23-34, 13-23, 813, 1321, 2834, 13-23, 8-13 254
 Gamma 55 24 34.55, 20-34, 1321, 21-34, 34-55, 21-34, 1321 254

131221 Table 2: Exemplary Stimulation Waveforms. Each stimulation waveforn is
identified by a corresponding FEG band {alpha = pamma). The second and third
colurnns show the maximum and minimum instantaneous frequencies of the modulatiog
waveform for the stimulation waveform. The forth cobumn shows the duration in
seconds of the increasing and decreasing frequency intervals for each frequency interval
pair in the stimulation waveform. The fifth cohumn shows the total duration of the
stimoulus waveform in seconds. As one of skill in the art would appreciate, the
exernplary stimulation waveforms depicied in Table 2 are not intended to be limiting.
131231 In some embodiments, the duration of an interval may approximate be a
constant multiple of the duration of & previous interval. In some embaodiments, this
multiple may approximate $. fn certain aspects, the duration of a decreasing inferval m
an interval pair may be an approximately constant muitiple of the duration of the
increasing titerval in the interval pair. Table 2 provides non-Hmiting examples of

stimulation wavelorms with intervals meeting this duration criteria. For example, the
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stimulation wavelorm garmma includes a first increasing interval with duration 34
seconds, a first decreasing interval with duration 35 seconds {a ratio of 1.617), a second
increasing interval with duration 21 seconds, and a second decreasing interval with
duration 34 seconds {a ratio of 1.619}, ete. In some aspects the ratio between an interval
in a first pair and the corresponding inferval in & second pair may approximate ¢. As an
additional exarople, the stimulation waveform gamma includes a first increasing mterval
of duration 34 second and a second increasing inierval of duration 21 seconds {a ratio of
1.619)

13124} Fig. 7D shows a schematic of the amplitude-modulated carrier wavelorm
consistent with disclosed embodiments. The schematic depicts the amplitude-modulated
carrier waveform during a decreasing frequency interval, such as decreasing freguency
tterval 724, The modulating waveform defines the envelope of the amplitude-
modulated carvier wavelorm, while the frequency carrier waveform is iHustrated
schematically at time 732 and 734, As shown at time 732 and 734, the frequency of the
modulating waveform progressively decreases, while the frequency of the carner
wavelform remains constant.

{1281 Insome embodiments, the instantaneous frequency of the modulating
wavelorm during an inereasing frequency interval may be given as:

-t

{0126]  # = Fmins (F

o max— & miny* (1 —cxp{ -5/ Trise}}

{0127 Whers P is the instantancous frequency, Fu 15 the minimum freguency of
the stimulation waveform, Fmax is the maximum frequency of the stimulation
waveform, and Ty, is the rise time of the frequency. In some ermnbodiments, T, may be
the duration of the increasing frequency interval, In some embodiments, as shown

above, the multiptier of 7 in the argument 1o the exponential may be -5. In certam

aspects, the multiplier of t in the argument to the exponential yoay be selected from the
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7, ~31 In this maoner the rapidity of the freguency change may be modulated

range of {-7, -3
to further reduce the likelthood of patient adapiation to the therapeutic auditory
stimufation.

11281 In some embodiments, the instantancous frequency of the modulating
wavelform during a decreasing frequency interval may be given as:

(01297 F = o OF mas- 8 oo Q- expl(-58/ Trise})

[8138]  Where Fooe is the instantaneous frequency, Fun 1S the minimun frequency of
the stimmulation waveform, P i8S the maximum freguency of the stimulation waveform,
and Ty 18 the rise time of the frequency. In some embodiments, Ty, may be the
duration of the decreasing frequency inferval. In sorne embodiments, as shown above,
the muitiplier of ¢ in the argument to the exponential may be -5, In certain aspecis, the
multiplier of t in the in the argument 1o the exponential may be selected from the range
of {-7, -3, In certain aspects, the multipher of £ 1n the argoment 1o the exponerntial may
be selected from the range of 127, <31 In this manner the rapidity of the frequency
change may be modulated to further reduce the likelthood of patient adaptation to the
therapeutic auditory stimulation,

11311 One of skill in the art would recogmize that aliernative sumulation signals may
also be used, For example; in some embodiments, the stimulation signal may comprise
mutltiple stimulation wavelorms, each either increasing or decreasing in frequency. For
cach of these stimulation waveforms, the instantanecus frequency of the modulating
signal may vary non-linearty from a first instantanecus frequency for that stimulation
wavelorm o a second mstantancous frequency for that stimulation waveform., For
exarnple, a stimulation signal may comprise a fivst stimulation waveform corresponding
o the alpha EEG band, a second stimulation waveform corresponding to the beta | EEG

band, and a third stimulation waveform corresponding to the beta 2 EEG band, each of
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the stimulation waveforms having an increasing modulation wavetorm frequency. in
such an exampie, the stimulation frequency will repeatedly increase na nonhinear
stepwise fashion, This stivoulation signal could further the reverse sequence of
stimulation waveforms, cach having a decreasing modulation waveform freguency.
Alternatively, the stimulation signal could repeat the sequence of stimulation
waveforms, restarting with stimulation having the lowest instantaneous frequency of the
first stimulation waveform. In some embodiments, the instantaneous frequency of the
modulating waveform may vary linearly:

{{HEZE chd = stzr:: + (P}"inish o Fsmrt} * (t!‘/Tdur’atimt)

{133} Where Fheg is the instantaneous frequency, Fea 18 the frequency at the
beginning of the increasing or decreasing frequency interval, Faue 13 the maximum
frequency at the end of the increasing or decreasing frequency interval, and Toyaion 18
the duration over which the frequency changes linearly. In some embodiments, Tauation
may be the duration of the increasing or decreasing frequency imierval, In various
embodiments, the instantancous frequency of the modulating waveform may cease
changing once 1 is greater than Tgoraticn-

1341 In some embodiments, two or more wavelorms may be combined to create
stuffed stimulation waveform 702, For exarple, stutfed stimulation waveform 702 woay
comprise a first waveform corresponding to & fivst BEG band roixed with a second
wavelform corresponding to a second BB band. In some aspeets, stutfed stimulation
wavetorm 702 may comprise one more waveforms generated and provided for
therapeutic stimulation in a temporally overlapping manner. For example, a
predetermined gap may separaie the beginning of the first waveform and the beginning
of the second waveform. As an additional example, a predetermined gap may separate

the end of the first waveform and the end of the second waveform. In some aspects one
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or more waveforms may be generated simultancously. For example, the first waveform
and the second waveform may begin at the same time. As another example the fivst
wavelorm and the second waveform may end at the same time. In some embodiments,
to align the beginning and end of the one or more waveforms comprising a sinifed
stimulation waveform 702, the duration of at least one of the one or more waveforms
may be scaled. For example the duration of at least one of the mereasing and decreasing
frequency intervals in the at least one of the one or more waveforms may be multiplied
by a scaling factor. In certain aspects multiple waveforms may be genemfed, mixed by
an anaiog or digital mixer, and then provided for therapeutic stimulation. In various
aspects, stutfed wavelorm 702 may be stored, retrieved, and then provided for
therapeutic stimudation, In some aspects, stuffed wavetorm 7802 may be generated by
simuitaneously providing one or more waveforms through moultiple speakers, without
mixing at least one of the one or more waveforms, Likewise, and in the same manner, in
some embodiments one of more stumuolation signals 700 may be combined to create
stuffed stimmulation signals 700,

181351 Exemplary Therapeutic Auditory Stimulation Protocs]

1883s]  Conaistent with disclosed embodiments, therapeutic auditory stimnilation may
be waed fo treat patients with aoiism spectrum disorders. In ceriain aspects, patients may
receive a predetermined number of sessions of therapeutic auditory stimulation. For
example, patients may receive between 2 and 20 sessions of  therapeutic auditory
stimulation. As an additional example, patients may receive between § and 14 sessions
of therapeutic auditory stimulation. Sessions may be approximately daly, weekly,
bimonthly, or monthily, or a combination of such intervals. For example, a first session
may be fellowed by another session approximately a week later, which may be foliowsd

by another session approximately a day, week, two weeks, or month iater. In some
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embodiments, patients may receive therapoutic auditory stimulation so long as they
continue to exhibit symptoms. In certain embodiments, patients may receive therapeatic
auditory stimulation a3 a maiotenance therapy ndefinitely.

191371 In certain embodiments, patients may receive a predetermined stimulation
signal. In certain aspects, this stimulation signal may include theee stimulation
wavefprms. In some aspecis this stimulation signal may include four stimulation
waveforms. In some aspects this stimulation signal may include more than four
stimulation wavelorms, such as six stimulation waveforms. The duration of each
stinnilation waveform may vary. For example, the duration of the stimulation
waveforms may vary between | and 10 minutes. The total duration of stimulation may
vary between 10 and 30 minutes. In some aspects, within each stimulation signal, the
stimulation waveforms may correspond o progressively increasing EEG frequency

bands. Exemplary stinutiation signals are provided in Table 3 below.

Stimulation Stimulation Ntimuiation Stinutiation Stimulation
Signal Waveform | Waveform 2 Waveform 3 Wavetorm 4
1 Alpha Beta Beta 2 None

2 Alpha Beta i Beta 2 zamma

3 Heta 1 HBeta 2 zamma Mong

4 Alpha Beta i Beta 2 None

3 Theta Alpha Beta § Beta 2

& Theta Alpha Beia } Mons

7 Beita Theta Alpha Beta §

& Brelia Theia Alpha Mane

9 Theta Alpha Beta 1 Mone

10 Theta Alpha Beta i Beia 2

11 Alpha Beta § Beta 2 amma
i2 Beia l Beta 2 Gamma Mone
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{#138]  Table 3: Exemplary Stimmiation Signais, Each row indicates an exemplary
stimulation signal comprising either three or four stimulation wavetorms. These
stirnulation wavetorms may correspond (o BEEG frequency bands, for example the
second stimulation waveform in the third signal may correspond to the Beta 2 EEG
frequency band. The individual stimulation waveforms may comprise pairs of
mereasing and decreasing frequency intervals as deseribed above with regard 1o Figs,
TA-TD. The individual stimulation wavetorns mway inchide a modulation wavetorm that
varies nontinearly between a madmum and minimum frequency value, fn certain
aspects, the maximum and minimum frequency values may be the values listed in Table
2. In some embodiments, the stimulation signals tn Table 3 may coraprise a sequential
course of therapeutic auditory stimulation. For example, patients may receive
stimulation signals 1 — 12 in sequential seasions,

H139]  Therapentic Auditory Stimulation — Case Studiss

{4148} Beneficial results of simplified forms of therapeutic anditory stirnudation bave
been observed in animals, Por example, as reported i “Investigation of antidepressants
activity of sound teats created with different algorithms of modulation in comparison
with antidepressants in forced swim test (FST) on rats,” cited above and hereby
incorporated by reference in its entivety, therapeutic audilory stimulation has been
shown to provide benefits in an animal wmodel of depression. fu this study, therapeutic
auditory stimulation using an ampiitade and frequency modulated 1 kHz carrier wave
reduced fnmaebitity and increased swimming in rates during a forced swim test. These
tests were conducied on 89 heaithy rats divided mmto eight groups. Three groups served
as comrols: one received no treatment {Group 1), one recerved an unmodalated 1 kHz
carriey wave (Group 2), and one received saline solution injections {Group 53, Two

grovps received auditory stimulation therapy consisting of amplitude and frequency
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modnlated sounds at either 2-13 Hz (Group 3 or 13-55 Hz {(Group 4). Three groups
recetved known chemical antidepressants (Group 6 — Amitriptvline; Group 7 -
Mianserin, and Group & - Sertaline), As shown i Fig. 20, the rats treated with the
auditory stumalation therapy exhibited increased swiroming and decreased immobility
as compared (o the intact control rais.

{3141] Therapeutic audiiory stimulation consistent with the disclosed embodiments
has also been shown to henefit human patients with anxiety, depression, and chronic
pain. In one study, tweniv-two patients suffering from severe depression and chronic
pain, and four patients suffering from high amety received therapeutic auditory
stinulation in two sessions approximately every other day. The patients provided a
subjective assessment of the therapy after every session and after two weeks of
treatment. OF the twenty-six patients, twenty-three experienced some redugtion in
symptoma, The four patients with high anxiety experienced a warked reduction in
anxiety. (O the twenty-two patients with severe depression and chronic pain, nineteen
expericneed some reduction in symptoms.

{3142]  Therapeutic auditory stimulation consistent with the disclosed embodunents
has also been shown to benefit a patient diagnosed with Asperger’s Syndrome. This
patient received three sessions of therapeutic anditory stimulation a day for three days.
The patient described a reduction in stress and anxiety from the therapeutic auditory
stirpulation. This self-report was corroborated by reports from the parcuts, feachers, and
counselor of the patient,

{8143] Five autistic patients received therapentic auditory stimulation consistent with
disclosed embodiments. Pre-training baseline 19 channel EEG recordings were obtained
prior to therapeutic auditory stinnlation, Recorded EEG data was analyzed using

gquantitative topographic and LORETA tomographic analysis. Stimulation wavetoros
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were chosen based on most abnormal BEEG frequency band and most deviant 2 score

LORETA voxel, Stimulation was provided for approximately 10 minutes through andio

speakers, Post-training baseiine 19 channel EEG recordings were obtained foliowing

therapeutic auditory stimulation. Pre and post training comparizons were performed

using peired i-tests and Cohen’s d for effect sizes.

The results are given in Table 4

below,

Most fiinst Baseline 7 7 5core P Value Effect Size

Daviant Deviant ELG Score Change

Brodmann  Freguency Toward

Area Band Mormal
Case 10 Right Delta +4.74 2.862 P<0.00001 Yery Large
Case 2 2 Lleft Theta +6.12 1.88 P<0.00001 Yery Large
Case 3 24 Left High Beta +4.33 1.58 P<0.00001 Yery Largs
Case d 47 Right Delia +4,05% 1.8 P<0.00001 Yery Large
{ase 5 23 Left Delta +5.77 214 PeB.00001 Yery Large
101447 Table 4: Results of Therapeutic Auditory Stimulation for Five Autistic

Patients. The most deviant Brodmann area, as determined using LORETA EEQG, is

iisted in the second colummn, while the most deviant EEG trequency band 1s lisied in the

third column, The baseline 7 score indicates the £ score of the most deviant voxel

identified by LORETA FEG, while the 7 score change towards normal indicates the

change in this 7 score following therapeutic anditory stimulation. The ¥ value indicates

the statistical significance of the change, while the effect size indicates the clinical

magnitude of the change.

16145]

Figs, 8A-8D depict the results of this intervention for Case 1. Figs, A and &8

depict four newrsimages of the patient’s brain during acquisition of the pre-therapy

haseline BEEG recording. As shown, the pationt is experiencing an abnormal areg of

activation, shown by 131, 813, 815, and 817, Figs. 8C and 8D depict the same four

neuroimages of the patient’s brain during acquisition of the post-therapy baseline EEG

recording. As shown, following the 10 minutes of therapeuntic anditory stimulation, the
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pationt is no fonger experiencing the abnormal activity depicted 1n Figs. 8A and 8B,
Similar resulis were seen with other cases in the study.

13146] This study demonsirated that therapeutic auditory stimulation consistent with
disclosed embodiments was able 1o disentrain or dehabituate abnormal and deregulated
neural network activity, Thus this therapeutic auditory stirpulation could be used o
normalize peural function, relieve symptoms and hmprove sysiem adaptivity. Byvnamic
analyses of specific frequency bands during stumulation also revealed frequency-band
specific disentrainment effects.

{3147} Additionally, thirty-five patienis with autism, Asperger’s, attention defient
disorder, and anxiety disorders are currently being treated with therapentic auditory
sttruidation as part of an ongoing clinical research project. Many of these patients have
demonstrated a reduction in symptoms and noticeable improvements in functioning
during treatment.

[8148] The foregoing descniption of the inventions, along with their associated
embodiments, has been presented for purposes of illustration only, It is not exhaustive
and does not Hmit the inventions to the precise form disclosed. Those skilled in the art
will appreciate frorm the foregoing description that modifications and variations are
possible in light of the above teachings or may be acquived {rom practicing the
faventions. For example, the steps described need not be performed in the same
sequence discusaed or with the same degree of separation. Likewise various steps may
be omitted, repeated, or combined, 85 necessary, 1o achieve the same or simular
obiectives. Simtlarly, the systems desenibed need not necessanly inchide all parts
described in the embodiments, and may also include other parts not describe in the

embodiments. Accordingly, the inventions are not limited to the above-described
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ermbodiments, but instead are defined by the appended claims in hght of their full scope

of equivalenis.
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WHAT IS CLAIMED IS:

1. A device for providing therapeutic auditory stunulation comprising:

a processor and a non-fransitory memaory containing nstructions that
when executed by the processor cause the device 1o generate one
or more stimulation wavelorms, the stimulation wavelorms:

corresponding o electroencephalographic (EEG)
frequency bands, and

comprising audible carner freguencies modulated by
signals with frequencies that vary non-linearly
with time; and

means for providing one or more of the stimulation waveforms to a
patient as therapeutic auditory stimulation.

2. The device of claim 1, wherein the EEG frequency bands comprise a low-
frequency band and a high-frequency band, and the stimulation waveform
corresponding to the low-frequency band is provided before the stmulation

frequency corresponding to the high-frequency band,

3, The device of claim 1, wherein the EEG frequency bands comprise a low-
frequency band and a high-frequency band, and the stimulation waveform
corresponding to the high-frequency band is provided before the stimulation
trequency corresponding to the low-trequency band.

4. The device of claimy 1, wherein the frequencies inerease exponentially from the
beginning 1o the end of cach stimulation waveform.

3. The device of claim |, wherein the stimulation waveforms comprise pairs of

frequency intervals, the pairs including increasing frequency intervals and

decreasing frequency intervals, the frequencies increasing exponentially during
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the increasing frequency intervals and decreasing exponentially during the
decreasing frequency intervals.
The device of claim 5, wherein the durations of the pairs vary non-linearly.
The device of clanm 3, wherein the durations of the decreasing frequency
fntervals exeeed the durations of the increasing frequency intervais,
The device of claim 3, wherein the durations of the increasing and decreasing
frequency iniervals are approximately related by a constant nmliple,
The device of claim &, wherein the constant multiple is the golden ratio.
The device of claim 1, wherein the EEG freguency bands are selected from the
group consisting of the delts, theta, alpha, beta 1, bela 2, and gamma
electroencephalographic frequency bands.
A systermn for providing therapeutic anditory stimulation comprising:
a diagnosiic unit that computes an EEG speciral density of a patient and
a heart rate spectyal density of the patient and provides values for
one or more EEG frequency bands and one or more heart rate
trequency hands;
a therapy unit that generates, based on the provided values, one or more
stunulation waveforms corresponding o one or more of the EEG
requency bands and provides the stimulation waveforms for
therapentic anditory stirnulation.
The syatemy of claim 11, wherein the diagnostic unit includes an
electroencephalograph comprising two or more oceipital electrodes,
The systermy of claum 11, wherein the diagnostic unit calculates the

sympathovagal balance of the patient.
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24,

The system of claim 11, wherein the stimulation waveforms comprise andible
carrier frequencies modulated by signals with frequencies that vary
exponentially with time,

The system of clainy 14, wherein the frequencies increase exponentially from
the beginning to the end of each stimulation waveform.

The system of claim 14, wherein the stimulation waveforms comprise pairs of
frequency intervals, the pairs including increasing frequency intervals and
decreasing frequency intervals, the frequencies increasing exponentially during
the increasing frequency intervals and decreasing exponentially during the
decreasing frequency intervals,

The system of claim 16, wherein the dorations of the pairs vary non-linearly.
The aystem of claim 16, wherein durations of the decreasing frequency intervala
exceed durations of the increasing frequency intervals,

The system of claim 16, wherein the durations of frequency intervals are
approximately related by 8 constant multiple.

The system of claim 19, wherein the constant multipie is the golden ratio.

The system of claim 11, wherein the EEG frequency bands comprise the delia,
theta, alpha, beta 1, beta 2, and gamma EEG frequency bands.

The system of clanm 11, wherein the stimuldation wavelorms are generated
remotely from the therapeutic anditory stimulation,

The systerm of claim 11, wherein at lzast one of the stimulation waveforms s
provided for therapeutic auditory stimulation telephonically.

A method for therapeutic auditory stimulation, comprising:

recetving an indication of an aboormal physiological state of a patient;
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generating a first stimulation wavelorm based on the 1ndication, the first
stirnudation waveform corresponding to a first EEG frequency
band and comprising an audible carrier freguency modulated by a
first signal with an exponentially varying frequency; and

providing the first stimulation waveform for first therapeutic anditory
stimalation,

25, The method of claim 24, wherein a maximum frequency of the first signal
corresponds fo a maximum frequency associated with the first EEG frequency
band.

26. The methed of claim 24, {urther comprising

generating a second stimntletion wavetorm based on the indication, the
second waveform corresponding to g second EEG freguency band
and comprising the andible carrier froquency modulated by a
second signal with an exponentially varying frequency; and

providing the second stimulation waveform for seoond therapeutic
auditory stinmiation,

27. The method of claim 26, wherein the first EEG frequency band 1 Jeas than the
second EEG frequency band and the first therapeutic auditory stimulation is
provided before the second therapentic auditory stimulation.

28. The method of claim 26, wherein the fivst EEG frequency band is greater than
the second EEG frequency hand and the first therapeutic audiiory stimulation 1s
provided before the second therapentic auditory stimulation,

29, The method of claim 24, wheretn the first signal comprises pairs of frequency
intervals, the pairs including increasing frequency intervals and decreasing

frequency intervals, a frequency of the first signal increasing exponentially
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during the tnereasing frequency intervals and decreasing exponentially duning
the decreasing frequency intervals,

The method of claim 29, wherein the durations of the pairs vary non-linearly.
The method of claim 29, wherein the durations of the decreasing frequency
intervals exceads the durations of the ncreasing frequency intervals.

The method of clatm 29, wherein the durations of the increasing frequency
intervals and the decreasing frequency intervals depend on the first EEG
frequency band.

The mesthod of claim 28, wherein the durations of the increasing frequency
intervals and the durations of the decreasing frequency intervals are
approximately related by a constant multiple.

The method of claim 24, wherein the first EEG frequency band is selected from
the group consisting of the delta, thels, alpha, beta 1, beta 2, and gamma EEG
frequency bands.

The method of claim 24, wherein the indication is based on
clectroencephalography and a sympathovagal balance measurement of the
patient.

The method of claim 33, wherein the indication is based on the relative
amplitndes of one or more EEG frequency bands,

The method of claim 24, wherein the indication i3 based on a questionnaire
result.

The method of claim 24, wherein the first stimulation waveform is generated
remately from the first therapeutic anditory stimulation.

The method of claim 24, wherein the frst stimulation waveform is provided for

the first therapeutic auditory stunulation telephonteally.
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44, The method of claim 24, wherein the first stimulation waveform iz provided for
the first therapeutic auditory stimulation on a compuier-readable medinm.
41, A method of therapeutic auditory stimulation, comprising:
measuring, using a poriable electroencephalograph, a sympathovagal
balance of a patient and contributions from one or more EEG
frequency bands to an EEG of the patient;
generating, using 4 processor, a train of stimulation wavetorms based on
an indication of an abnormal phvsiological state of the patient,
one of the stimulation waveforms corresponding o an FEG
frequency band and comprising an andible carrier freguency
modulated by a signal including frequency infervals comprising
increasing frequency fotervals during which the frequency
of the signal increases exponentially,
decreasing frequency intervals during which the
frecuency of the signal decreases exponentially,
and
wherein the durations of the increasing frequency
intervals and the decreasing frequency intervals
vary and depend on the EEG frequency band
corresponding to the stimulation wavelorm,; and
providing, using the processor, the stimulation waveforms to an andio
speaker for generating therapeutic auditory stimulation for the
patient.
472. The method of claim 41, wherein the darations of frequency intervals are

approximately refated by a constant muliiple.

64



WO 2016/130843 PCT/US2016/017607

43,

44,

'~
jo

44,

The method of claim 42, wherein the constant multiple is the golden ratio.
The method of claim 41, wherein the EEG frequency bands comprise the delta,
thets, alpha, beta 1, beta 2, and gawma EEG frequency bands.
The method of claim 41, wherein the train of stimulation waveforms is
generated ramotely from the audio speaker.
The method of claim 45, further comprising storing, using the processor, the
train of stirulation waveforms in a non-transtiory memory belore providing the
stimulation waveiorms to the audio speaker.
The method of claim 46, wherein a telephons comprises the audio speaker.
A nop-transitory computer-readable medium comprising instructions that, when
executed by a processor, cause g computer 1o perform the operations comprising:
generating, using the processor, a frain of stimulation waveforms based
on an indication of an abnormal physiclogical siate of a patient,
one of the stimulation waveforms corresponding to an EEG
frequency band and comprising an audible carver frequency
modulated by a signal including frequency intervals comprising:
increasing frequency intervals during which the freguency
of the signal increases exponentiaily,
decreasiog frequency intervals during which the
frequency of the signal decreases exponentially,
and
wherein the durations of the frequency intervals are

approximately related by a constant multiple; and
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providing, using the processor, the stimulation waveforms to an audio
speaker for generating therapeutic auditory stimulation for the
patient.
48, The non-transiiory computer-readable medium of claim 48, wherein the

constant muitiple is the golden ratio.

Ly
(o]

The non-transitory computer-readable medium of claim 48, wheremn the EEG
frequency bands comprise the delta, thets, alpha, beta 1, beta 2, and gamma EHG

frequency bands,
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“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
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combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

31 May 2016 (31.05.2016)

Date of mailing of the international search report

24 JUN 2016

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300

-PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US16/17607

Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the intemational application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D .Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-***-Continued Within the Next Supplemental Box-***-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims,

2. E] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. @ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Group I: Claims 1-10, 24-50

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

E] No protest accompanied the payment of additional search fees.
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-Continued from Box No. Il Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive’
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I: Claims 1-10, 24-50 are directed a method and device for therapeutic auditory stimulation comprising audible carrier frequencies
modulated by signals with frequencies that vary non-linearly with time.

Group |I: Claims 11-23 system for providing therapeutic auditory stimulation comprising: a diagnostic unit that computes an EEG spectral
density of a patient and a heart rate spectral density of the patient and provides values for one or more heart rate frequency bands.

The inventions listed as Groups I-Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Group | includes audible carrier frequencies modulated by signals with frequencies that vary non-linearly with time, which are not present
in Group Il

Group Il include a heart rate spectral density of the patient and provides values for one or more heart rate frequency bands, which are
not present in Group |.

The common technical features of Groups | and |l are a device for providing therapeutic auditory stimulation comprising a diagnostic unit
that computes an EEG spectral density of a patient and a therapy unit for providing one or more of the stimulation waveforms to a patient
as therapeutic auditory stimulation.

These common technical features are disclosed by WO 2013/059833 A1 to Neurotrek, INC (hereinafter ‘Neurotrek'). Neurotrek discloses
a device for providing therapeutic auditory stimulation {(method and system for providing acoustic signals to a target region in the brain to
produce a cognitive effect; abstract; claim 12) comprising a diagnostic unit that computes an EEG spectral density of a patient (physical
measurement of electroencephalography EEG, paragraph [0057]) and a therapy unit for providing one or more of the stimulation
waveforms to a patient as therapeutic auditory stimulation (means for directing and modulating the acoustic energy is included; the
acoustic energy delivered is an ultrasound waveform; claims 12, 23; paragraphs [0049 and 0051]).

Since the common technical features are previously disclosed by the Neurotrek reference, the common features are not special and so
Groups | and i lack unity.
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