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(57) ABSTRACT

An adaptive non-invasive alternating current brain stimula-
tion system and method includes supplying transcranial
alternating current stimulation (tACS) from a tACS source
to a person, and receiving electroencephalogram (EEG)
signals from EEG sensors disposed on the person, where the
BEG signals including stimulation interference. The
received EEG signals are processed using an adaptive model
to estimate the stimulation interference in the EEG signals.
The estimated stimulation interference is subtracted from the
BEG signals to estimate neural oscillations of the person.
The estimated neural oscillations are processed through an

Int. Cl. autoregressive model to generate predictions of future neural
A6IN 1/36 (2006.01) activity of the person and, based on the generated predic-
A61B 5/0476 (2006.01) tions, one or more electrical characteristics of the tACS
A61B 5/04 (2006.01) being supplied to the person are varied to thereby modulate
A61B 5/00 (2006.01) the neural oscillations of the person.
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ADAPTIVE NON-INVASIVE ALTERNATING
CURRENT BRAIN STIMULATION SYSTEM
AND METHOD

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with Government support
under Contract No. 2014-13121700007 awarded by the
Intelligence Advanced Research Project Agency (“TARPA”).
The Government has certain rights in the invention.

TECHNICAL FIELD

[0002] The present invention generally relates to brain
stimulation systems and methods, and more particularly
relates to an adaptive non-invasive alternating current brain
stimulation system and method.

BACKGROUND

[0003] Non-invasive brain stimulation (NIBS) has been
used extensively to modulate brain activity, often with the
goal of enhancing learning or performance. Depending on
the characteristics of the current used, electrical stimulation
can either enhance, or inhibit cortical excitability.

[0004] Cognitive enhancement, most notably using non-
invasive brains stimulation (NIBS), is a rapidly increasing
market. While there are different ways to modulate brain
activity using NIBS, direct manipulation of ongoing brain
oscillations remains an important objective for many
researchers. This has typically been done by means of a
strong exogenously imposed signal to which internal oscil-
lations couple in phase. An alternative approach is to attenu-
ate or amplify endogenous oscillations using external stimu-
lation that is either tailored to be in phase (to amplify
endogenous oscillations) or out of phase with endogenous
EEG signals (to attenuate endogenous oscillations). How-
ever, tailoring of stimulation to endogenous signals is chal-
lenging because the stimulation noise overwhelms these
weak signals.

[0005] Hence, there is a need for a system and method of
cognitive training that can tailor the stimulation to endog-
enous signals despite the stimulation noise in the signals.
The present invention addresses at least this need.

BRIEF SUMMARY

[0006] This summary is provided to describe select con-
cepts in a simplified form that are further described in the
Detailed Description. This summary is not intended to
identify key or essential features of the claimed subject
matter, nor is it intended to be used as an aid in determining
the scope of the claimed subject matter.

[0007] Inone embodiment, an adaptive non-invasive alter-
nating current brain stimulation method includes supplying
transcranial alternating current stimulation (tACS) from a
tACS source to a person, and receiving electroencephalo-
gram (EEG) signals from EEG sensors disposed on the
person, where the EEG signals including stimulation inter-
ference. The received EEG signals are processed using an
adaptive model to estimate the stimulation interference in
the EEG signals. The estimated stimulation interference is
subtracted from the EEG signals to estimate neural oscilla-
tions of the person. The estimated neural oscillations are
processed through an autoregressive model to generate
predictions of future neural activity of the person and, based
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on the generated predictions, one or more electrical charac-
teristics of the tACS being supplied to the person are varied
to thereby modulate the neural oscillations of the person.

[0008] In another embodiment, an adaptive non-invasive
alternating current brain stimulation system includes a tran-
scranial alternating current stimulation (tACS) source, a
plurality of electroencephalogram (EEG) sensors, and a
processing system. The tACS source is configured to supply
tACS to a person. The EEG sensors are each configured to
be disposed on the person and, in response to neural oscil-
lations of the person, to supply EEG signals representative
thereof, where the EEG signals including stimulation inter-
ference. The processing system is coupled to the tACS
source and is further coupled to receive the EEG signals
from the EEG sensors. The processing system is configured,
upon receipt of the EEG signals, to: implement an adaptive
model to estimate the stimulation interference in the EEG
signals; subtract the estimated stimulation interference from
the EEG signals to estimate the neural oscillations of the
person; process the neural oscillations of the person through
an autoregressive model to generate predictions of future
neural activity of the person:; and based on the generated
predictions, command the tACS source to vary one or more
electrical characteristics of the tACS being supplied to the
person, to thereby modulate the neural oscillations of the
person.

[0009] 1In yet another embodiment, an adaptive non-inva-
sive alternating current brain stimulation system includes a
transcranial alternating current stimulation (tACS) source, a
plurality of electroencephalogram (EEG) sensors, and a
processing system. The tACS sours is configured to supply
tACS to a person. Each EEG sensor is configured to be
disposed on the person and, in response to neural oscillations
of the person, to supply EEG signals representative thereof,
the EEG signals including stimulation interference. The
processing system is coupled to the tACS source and further
is coupled to receive the EEG signals from the EEG sensors.
The processing system is configured, upon receipt of the
EEG signals, to: amplify, digitize, and filter the received
EEG signals; implement an adaptive model to estimate the
stimulation interference in the amplified, digitized, and
filtered EEG signals; subtract the estimated stimulation
interference from the amplified, digitized, and filtered EEG
signals to estimate the neural oscillations of the person;
process the neural oscillations of the person through an
autoregressive model to generate predictions of future neural
activity of the person; and based on the generated predic-
tions, command the tACS source to vary one or more of
phase, frequency, and amplitude of the tACS being supplied
to the person, to thereby modulate the neural oscillations of
the person.

[0010] Furthermore, other desirable features and charac-
teristics of the adaptive non-invasive alternating current
brain stimulation system and method will become apparent
from the subsequent detailed description and the appended
claims, taken in conjunction with the accompanying draw-
ings and the preceding background.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The present invention will hereinafter be described
in conjunction with the following drawing figures, wherein
like numerals denote like elements, and wherein:
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[0012] FIG. 1 depicts a functional block diagram of one
embodiment of an adaptive non-invasive alternating current
brain stimulation system,

[0013] FIGS. 2 and 3 depict simplified versions of
example waveforms to illustrate how the system of FIG. 1
may modulate the neural oscillations of a person to amplify
and attenuate, respectively, neural activity; and

[0014] FIG. 4 depicts a process, in flowchart form, that
may be implemented in the system of FIG. 1 to modulate the
neural oscillations of a person.

DETAILED DESCRIPTION

[0015] The following detailed description is merely exem-
plary in nature and is not intended to limit the invention or
the application and uses of the invention. As used herein, the
word “exemplary” means “serving as an example, instance,
or illustration.” Thus, any embodiment described herein as
“exemplary” is not necessarily to be construed as preferred
or advantageous over other embodiments. All of the embodi-
ments described herein are exemplary embodiments pro-
vided to enable persons skilled in the art to make or use the
invention and not to limit the scope of the invention which
is defined by the claims. Furthermore, there is no intention
to be bound by any expressed or implied theory presented in
the preceding technical field, background, brief summary, or
the following detailed description.

[0016] Referring first to FIG. 1, a functional block dia-
gram of one embodiment of an adaptive non-invasive altet-
nating current brain stimulation system 100 is depicted. The
depicted system 100 includes a transcranial alternating cut-
rent stimulation (tACS) source 102, a plurality of electro-
encephalogram (EEG) sensors 104, and a processing system
106. The tACS source 102 is configured to supply a rela-
tively low-intensity sinusoid current (i.e., tACS signal), via
one or more electrodes 108, to a person 110. As is generally
known, the resulting electric field modulates neuronal net-
work activity in the brain of the user 110, resulting in what
are referred to as neural oscillations.

[0017] The EEG sensors 104 are each configured to be
disposed on the person 110. Indeed, in FIG. 1, the EEG
sensors 104 are depicted as being disposed on the person’s
head. Each EEG sensor 104 is configured, in response to
neural oscillations of the person 110, to supply EEG signals
112 representative of the person’s neural oscillations to the
processing system 106. As may be readily appreciated by
persons of skill in the art, the EEG signals 112 supplied from
the EEG sensors 104 include stimulation interference.
[0018] The processing system 106 is coupled to the tACS
source 102 and to the EEG sensors 104. The processing
system 106 is coupled to receive the EEG signals 112 from
the EEG sensors 104 and is configured, in response to the
received EEG signals 112, to implement various processing
functions and to command to the tACS source 102, based on
the various processing functions, to vary one or more
electrical characteristics of the tACS being supplied to the
person 110, and thereby modulate the neural oscillations of
the person 110.

[0019] Before proceeding further, it is noted that the
processing system 106, as used herein, generally represents
the hardware, software, and/or firmware components con-
figured to facilitate communications and/or interaction
between the elements of the system 100 and perform addi-
tional tasks and/or functions to support operation of the
system 100, as described in greater detail below. Depending
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on the embodiment, the processing system 106 may be
implemented or realized with a general-purpose processing
system, a content addressable memory, a digital signal
processing system, an application specific integrated circuit,
a field programmable gate array, any suitable programmable
logic device, discrete gate or transistor logic, processing
core, discrete hardware components, or any combination
thereof, designed to perform the functions described herein.
The processing system 106 may also be implemented as a
combination of computing devices, e.g., a plurality of pro-
cessing cores, a combination of a digital signal processing
system and a microprocessing system, a plurality of micro-
processing systems, one or more microprocessing systems in
conjunction with a digital signal processing system core, or
any other such configuration. In practice, the processing
system 106 includes processing logic and signal condition-
ing functions that may be needed to carry out the functions,
techniques, and processing tasks associated with the opera-
tion of the system 100, as described in greater detail below.
Furthermore, the steps of'a method or algorithm described in
connection with the embodiments disclosed herein may be
embodied directly in hardware, in firmware, in a software
module executed by the processing system 106, or in any
practical combination thereof. For example, in one or more
embodiments, the processing system 106 may include or
otherwise access a data storage element (or memory), which
may be realized as any sort of non-transitory short or long
term storage media capable of storing programming instruc-
tions for execution by the processing system 106. The code
or other computer-executable programming instructions,
when read and executed by the processing system 106, cause
the processing system 106 to support or otherwise perform
certain tasks, operations, functions, and/or processes
described herein.

[0020] Returning now to the description, the various pro-
cessing functions that the processing system 106 implements
may vary. The processing functions include at least estimat-
ing the underlying neural oscillations of the person 110 from
the EEG signals 112, and generating predictions of future
neural activity of the person 110. As FIG. 1 depicts, the
processing functions, at least in the depicted embodiment,
may also include amplification and digitization 114, and
filtering 116 of the received EEG signals 112.

[0021] The amplification and digitization function 114 and
the filtering function 116 may be implemented using any one
of numerous known amplification, analog-to-digital conver-
sion (A/D) techniques, and any one of numerous known
filtering approaches and\ configurations. Preferably, how-
ever, the filter function 116 is implemented as a bandpass
filter that will pass the frequency band of interest in the
received EEG signals (e.g., ¢ waves—4-8 Hz; o waves—
8-12 Hz; (p waves-x12 Hz). As may be appreciated the
passhband of the filter may be adjustable to vary the fre-
quency band of interest.

[0022] The EEG signals 112, even after amplification,
digitization, and filtering, include not only the underlying
signal of interest—the EEG activity that represents the
neural oscillations of the person—but also components
corresponding to stimulation interference. The primary chal-
lenge in estimating the underlying signal of interest is that
the stimulation interference may be 10,000 times larger (80
dB) in amplitude than the signal of interest. Thus, to estimate
the underlying neural oscillations of the person 110 in the
EEG signals 112, the processing system 106 is configured to
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implement an adaptive model 118. The adaptive model 118
estimates the stimulation interference in the EEG signals
112, and then subtracts the estimated stimulation interfer-
ence from the EEG signals 112. The result, as may be
appreciated, is in an estimate of the neural oscillations of the
person 110.

[0023] To implement the above-described function, the
adaptive model 118 assumes (correctly) that the tACS signal
(S, supplied to the person 110 has the following sinusoid
form:

5,74 cos(ot+0)

[0024] where: A is the stimulation intensity/amplitude,

[0025] w is the stimulation frequency, and
[0026] ¢ is the stimulation phase.
[0027] As already noted, the EEG signals 112 supplied

from the EEG sensors 102 (EEG,,, cmemendt)) 1nclude the
underlying EEG of interest (EEG,,,,,.(t)) and stimulation
interference (I(t)). Thus, the model 118 additionally assumes
the received EEG signals to be in the following form:

EEG,easuremend ) EEGreres{H1+1D)-

[0028] The model 118 further assumes that the stimulation
interference (I(t)) is in the following form:

I=4Rt, cos(w+0+01))+4RE, cos(2 wt+0+0t, 1+A4Rt;
cos(3rO+08)+ . . . .

[0029] where: the first term represents the fundamental
component of the stimulation interference, and the
remaining terms represent the harmonics,

[0030] Rt, represent scaling coeflicients analogous to

impedance, and
[0031] 0t represent phase shifts relative to the signal
source.

[0032] It is noted that the scaling coefficients (RT))
depend on the connectivity of the EEG sensors 104, gel
pathways on the scalp of the person 110, and the current
pathways through the brain. As conductivity changes via, for
example, the sweating of the person 110, electrode connec-
tion changes, or drying of the gel, the scaling coefficients
(RT,) are expected to change slowly over time. The phase
shifts (0t,,) are also expected to change slowly over time, and
may occur due to group delays in the filter, clock drifts,
nonlinearities in the skull/brain and current pathways.
[0033] The adaptive model 118 adaptively estimates the
scaling coeflicients (RT,) and phase shifts (0t,), via a
recursive least squares error technique that employs expo-
nential forgetting, to estimate the stimulation interference
(I(t)). The processing system 106 then subtracts the esti-
mated stimulation interference from the from the measured
EEG signals 112 (EEG,,.. c.pemenst)) to estimate the under-
lying EEG of interest (EEG,,,,.,..(t)). That is, the neural
oscillations of the person 110.
[0034] The processing system 106 may additionally be
configured, at least in some embodiments, to command (and
thereby control) the tACS source 102 to modulate the
intensity/amplitude of the tACS signal being supplied to the
person 110. This modulation, when implemented, resolves
any ambiguity between the estimated stimulation interfer-
ence I(t) and the measured EEG signals 112 (EEG,,.. . s.rement
(1) at the stimulation frequency (w) and the harmonic
frequencies (2m, 3m, 4w, . . . ). The modulation may be
random or non-random, and may be implemented using any
one of numerous functional waveform types. In one embodi-
ment, however, the processing system 106 is configured to
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command the tACS source 102 to modulate the intensity of
the tACS signals via a randomly varying staircase function.
For example, the tACS signals may randomly between 400
and 500 uA with a 15 s period. If the stimulation intensity
is not modulated (randomly or non-randomly), this can, in
some embodiments, cause the components of the EEG
signals 112 at the stimulation and harmonic frequencies to
be eliminated completely, causing a significant loss of
information in the underlying EEG of interest (EEG,
®).

[0035] The processing system 106 is further configured to
process the neural oscillation estimates of the person 110 to
generate predictions of the future neural activity of the
person 110. One of the main reasons for this is that the
characteristics of the underlying EEG of interest (EEG,, ...,
(t)) change over time. When the stimulation frequency and
phase are modulated, it is desirable to attenuate or amplify
the EEG activity during the corresponding stimulation sec-
tion. Hence, it is important for the stimulation parameters to
reflect the present, not the past, EEG activity.

[0036] To implement this function, the processing system
106 is configured to process the neural oscillations of the
person 110 through any one of numerous linear or non-linear
prediction algorithms, such as an autoregressive model 122.
In particular, an autoregressive model 122 is fit to the most
recent window of EEG samples to generate predictions of
the future neural activity of the person 110. Future EEG
samples are predicted by applying the corresponding autore-
gressive filter 122. The predictions are possible because of
the narrow-band nature of the EEG signals used to control
the stimulator

[0037] Thereafter, and as FIG. 1 further depicts, the pro-
cessing system 106 is further configured, based on the
generated predictions of the future neural activity, to com-
mand the tACS source 102 to vary one or more electrical
characteristics of the tACS being supplied to the person 110.
The one or more electrical characteristics may vary, and may
include one or more of phase, frequency, and amplitude.
Regardless of the specific electrical characteristics that are
varied, the electrical characteristics are varied to amplify
and/or attenuate the neural oscillations of the person 110. In
other words, the electrical characteristics are varied to
modulate the neural oscillations of the person 110. Thus, as
may be appreciated, the processing system 106 is further
configured to apply a sinusoid to the future neural activity
predictions, and the corresponding frequency, phase, and/or
amplitude parameters are updated.

[0038] To illustrate, in a simplified manner, how the
varying the electrical characteristics of the tACS may modu-
late the neural oscillations, reference should be made to
FIGS. 2 and 3. As FIG. 2 depicts, to amplify the neural
oscillations in a desired frequency band, the frequency and
phase of the tACS 202 are matched to the predictions of the
future neural activity 204 to achieve a stimulation 206 that
amplifies the imminent oscillatory activity of interest. As
FIG. 3 depicts, to attenuate the neural oscillations in a
desired frequency band, the frequency of the stimulation 302
is modulated to match to the predictions of the future neural
activity, but the phase is modulated to correspond to a
180-degree shift with the imminent oscillatory activity of
interest 304 to achieve a stimulation 306 that attenuates the
imminent oscillatory activity of interest.

[0039] The adaptive non-invasive alternating current brain
stimulation process that is implemented in the system 100

interest
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and is described above is depicted in flowchart form in FIG.
4, and for completeness will now be described. The process
400 begins by supplying tACS from the tACS source 102 to
the person 110 (402). The processing system 106 receives
the EEG signals 112 from the EEG sensors 1104 disposed on
the person 110, and processes the received EEG signals 112
using an adaptive model 118 to estimate the stimulation
interference in the EEG signals 112 (404). The estimated
stimulation interference is subtracted from the EEG signals
112 to estimate the neural oscillations of the person 110
(408). The estimated neural oscillations are processed
through the autoregressive model 122 to generate predic-
tions of future neural activity of the person (408). Then,
based on the generated predictions, one or more electrical
characteristics of the tACS being supplied to the person 110
are varied, to thereby modulate the neural oscillations of the
person (412).

[0040] The system and method described herein provides
a safe, practical, and broadly applicable technique for
enhancing human performance. The system and method
have been demonstrated to enhance fluid intelligence (mea-
sured using IQ tests) in randomized, placebo-controlled,
multi-site studies.

[0041] Those of skill in the art will appreciate that the
various illustrative logical blocks, modules, circuits, and
algorithm steps described in connection with the embodi-
ments disclosed herein may be implemented as electronic
hardware, computer software, or combinations of both.
Some of the embodiments and implementations are
described above in terms of functional and/or logical block
components (or modules) and various processing steps.
However, it should be appreciated that such block compo-
nents (or modules) may be realized by any number of
hardware, software, and/or firmware components configured
to perform the specified functions. To clearly illustrate this
interchangeability of hardware and software, various illus-
trative components, blocks, modules, circuits, and steps
have been described above generally in terms of their
functionality. Whether such functionality is implemented as
hardware or software depends upon the particular applica-
tion and design constraints imposed on the overall system.
Skilled artisans may implement the described functionality
in varying ways for each particular application, but such
implementation decisions should not be interpreted as caus-
ing a departure from the scope of the present invention. For
example, an embodiment of a system or a component may
employ various integrated circuit components, e.g., memory
elements, digital signal processing elements, logic elements,
look-up tables, or the like, which may carry out a variety of
functions under the control of one or more microprocessing
systems or other control devices. In addition, those skilled in
the art will appreciate that embodiments described herein are
merely exemplary implementations.

[0042] The various illustrative logical blocks, modules,
and circuits described in connection with the embodiments
disclosed herein may be implemented or performed with a
general purpose processing system, a digital signal process-
ing system (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof
designed to perform the functions described herein. A gen-
eral-purpose processing system may be a microprocessing
system, but in the alternative, the processing system may be
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any conventional processing system, controller, microcon-
troller, or state machine. A processing system may also be
implemented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessing systen, a
plurality of microprocessing systems, one or more micro-
processing systems in conjunction with a DSP core, or any
other such configuration.

[0043] The steps of a method or algorithm described in
connection with the embodiments disclosed herein may be
embodied directly in hardware, in a software module
executed by a processing system, or in a combination of the
two. A software module may reside in RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM
memory, registers, hard disk, a removable disk, a CD-ROM,
or any other form of storage medium known in the art. An
exemplary storage medium is coupled to the processing
system such that the processing system can read information
from, and write information to, the storage medium. In the
alternative, the storage medium may be integral to the
processing system. The processing system and the storage
medium may reside in an ASIC.

[0044] Techniques and technologies may be described
herein in terms of functional and/or logical block compo-
nents, and with reference to symbolic representations of
operations, processing tasks, and functions that may be
performed by various computing components or devices.
Such operations, tasks, and functions are sometimes referred
to as being computer-executed, computerized, software-
implemented, or computer-implemented. In practice, one or
more processing system devices can carry out the described
operations, tasks, and functions by manipulating electrical
signals representing data bits at memory locations in the
system memory, as well as other processing of signals. The
memory locations where data bits are maintained are physi-
cal locations that have particular electrical, magnetic, opti-
cal, or organic properties corresponding to the data bits. It
should be appreciated that the various block components
shown in the figures may be realized by any number of
hardware, software, and/or firmware components configured
to perform the specified functions. For example, an embodi-
ment of a system or a component may employ various
integrated circuit components, e.g., memory elements, digi-
tal signal processing elements, logic elements, look-up
tables, or the like, which may carry out a variety of functions
under the control of one or more microprocessing systems or
other control devices.

[0045] When implemented in software or firmware, vari-
ous elements of the systems described herein are essentially
the code segments or instructions that perform the various
tasks. The program or code segments can be stored in a
processing system-readable medium or transmitted by a
computer data signal embodied in a carrier wave over a
transmission medium or communication path. The “com-
puter-readable medium”, “processing system-readable
medium”, or “machine-readable medium” may include any
medium that can store or transfer information. Examples of
the processing system-readable medium include an elec-
tronic circuit, a semiconductor memory device, a ROM, a
flash memory, an erasable ROM (EROM), a floppy diskette,
a CD-ROM, an optical disk, a hard disk, a fiber optic
medium, a radio frequency (RF) link, or the like. The
computer data signal may include any signal that can
propagate over a transmission medium such as electronic
network channels, optical fibers, air, electromagnetic paths,
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or RF links. The code segments may be downloaded via
computer networks such as the Internet, an intranet, a LAN,
or the like.

[0046] Some of the functional units described in this
specification have been referred to as “modules” in order to
more particularly emphasize their implementation indepen-
dence. For example, functionality referred to herein as a
module may be implemented wholly, or partially, as a
hardware circuit comprising custom VLSI circuits or gate
arrays, off-the-shelf semiconductors such as logic chips,
transistors, or other discrete components. A module may also
be implemented in programmable hardware devices such as
field programmable gate arrays, programmable array logic,
programmable logic devices, or the like. Modules may also
be implemented in software for execution by various types
of processing systems. An identified module of executable
code may, for instance, comprise one or more physical or
logical modules of computer instructions that may, for
instance, be organized as an object, procedure, or function.
Nevertheless, the executables of an identified module need
not be physically located together, but may comprise dis-
parate instructions stored in different locations that, when
joined logically together, comprise the module and achieve
the stated purpose for the module. Indeed, a module of
executable code may be a single instruction, or many
instructions, and may even be distributed over several dif-
ferent code segments, among different programs, and across
several memory devices. Similarly, operational data may be
embodied in any suitable form and organized within any
suitable type of data structure. The operational data may be
collected as a single data set, or may be distributed over
different locations including over different storage devices,
and may exist, at least partially, merely as electronic signals
on a system or network.

[0047] In this document, relational terms such as first and
second, and the like may be used solely to distinguish one
entity or action from another entity or action without nec-
essarily requiring or implying any actual such relationship or
order between such entities or actions. Numerical ordinals
such as “first,” “second,” “third,” etc. simply denote differ-
ent singles of a plurality and do not imply any order or
sequence unless specifically defined by the claim language.
The sequence of the text in any of the claims does not imply
that process steps must be performed in a temporal or logical
order according to such sequence unless it is specifically
defined by the language of the claim. The process steps may
be interchanged in any order without departing from the
scope of the invention as long as such an interchange does
not contradict the claim language and is not logically
nonsensical.

[0048] Furthermore, depending on the context, words such
as “connect” or “coupled to” used in describing a relation-
ship between different elements do not imply that a direct
physical connection must be made between these elements.
For example, two elements may be connected to each other
physically, electronically, logically, or in any other manner,
through one or more additional elements.

[0049] While at least one exemplary embodiment has been
presented in the foregoing detailed description of the inven-
tion, it should be appreciated that a vast number of variations
exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only examples,
and are not intended to limit the scope, applicability, or
configuration of the invention in any way. Rather, the
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foregoing detailed description will provide those skilled in
the art with a convenient road map for implementing an
exemplary embodiment of the invention. It being understood
that various changes may be made in the function and
arrangement of elements described in an exemplary embodi-
ment without departing from the scope of the invention as
set forth in the appended claims.

What is claimed is:

1. An adaptive non-invasive alternating current brain
stimulation method, comprising the steps of:

supplving transcranial alternating current stimulation
(tACS) from a tACS source to a person;

receiving electroencephalogram (EEG) signals from EEG
sensors disposed on the person, the EEG signals includ-
ing stimulation interference;

processing the received EEG signals using an adaptive
model to estimate the stimulation interference in the
EEG signals;

subtracting the estimated stimulation interference from
the EEG signals to estimate neural oscillations of the
person;

processing the estimated neural oscillations through an
autoregressive model to generate predictions of future
neural activity of the person; and

based on the generated predictions, varying one or more
electrical characteristics of the tACS being supplied to
the person to thereby modulate the neural oscillations
of the person.

2. The method of claim 1, further comprising:

amplifying and digitizing the received EEG signals before
processing the received EEG signals using the adaptive
model.

3. The method of claim 1, further comprising:

filtering the received EEG signals after amplifying and
digitizing the received EEG signals.

4. The method of claim 1, wherein the adaptive model
implements a recursive least squares estimation algorithm
with exponential forgetting to adaptively estimate scaling
factors and phase shifts in the stimulation interference.

5. The method of claim 1, further comprising:

modulating an intensity of the tACS being supplied to the
person to resolve ambiguity between the estimated
stimulation interference and the EEG signals.

6. The method of claim 5, wherein the step of modulating
comprises modulating the intensity of the tACS via a
randomly varying staircase function.

7. The method of claim 1, further comprising:

applying a sinusoidal fit to the predictions of future neural
activity of the person.

8. The method of claim 1, wherein one or more electrical
characteristics of the tACS include one or more of phase,
frequency, and amplitude.

9. An adaptive non-invasive alternating current brain
stimulation system, comprising:

a transcranial alternating current stimulation (tACS)

source configured to supply tACS to a person;

a plurality of electroencephalogram (EEG) sensors, each
EEG sensor configured to be disposed on the person
and, in response to neural oscillations of the person, to
supply EEG signals representative thereof, the EEG
signals including stimulation interference; and

a processing system coupled to the tACS source and
further coupled to receive the EEG signals from the
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EEG sensors, the processing system configured, upon

receipt of the EEG signals, to:

implement an adaptive model to estimate the stimula-
tion interference in the EEG signals;

subtract the estimated stimulation interference from the
EEG signals to estimate the neural oscillations of the
person;

process the neural oscillations of the person through an
autoregressive model to generate predictions of
future neural activity of the person; and

based on the generated predictions, command the tACS
source to vary one or more electrical characteristics
of the tACS being supplied to the person, to thereby
modulate the neural oscillations of the person.

10. The system of claim 9, wherein the processing system
is further configured to:

amplify and digitize the received EEG signals before

processing the received EEG signals using the adaptive
model.

11. The system of claim 9, wherein the processing system
is further configured to:

filter the received EEG signals after amplifying and

digitizing the received EEG signals.

12. The system of claim 9, wherein the adaptive model
implements a recursive least squares estimation algorithm
with exponential forgetting to adaptively estimate scaling
factors and phase shifts in the stimulation interference.

13. The system of claim 9, wherein the processing system
is further configured to command the tACS source to
modulate an intensity of the tACS being supplied to the
person to thereby resolve ambiguity between the estimated
stimulation interference and the EEG signals.

14. The system of claim 13, wherein the processing
system is configured to command the tACS source to
modulate the intensity of the tACS via a randomly varying
staircase function.

15. The system of claim 9, wherein the processing system
is further configured to apply a sinusoidal fit to the predic-
tions of future neural activity of the person.

16. The system of claim 9, wherein the one or more
electrical characteristics of the tACS include one or more of
phase, frequency, and amplitude.
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17. An adaptive non-invasive alternating current brain
stimulation system, comprising:

a transcranial alternating current stimulation (tACS)

source configured to supply tACS to a person;
a plurality of electroencephalogram (EEG) sensors, each
EEG sensor configured to be disposed on the person
and, in response to neural oscillations of the person, to
supply EEG signals representative thereof, the EEG
signals including stimulation interference; and
a processing system coupled to the tACS source and
further coupled to receive the EEG signals from the
EEG sensors, the processing system configured, upon
receipt of the EEG signals, to:
amplify, digitize, and filter the received EEG signals;
implement an adaptive model to estimate the stimula-
tion interference in the amplified, digitized, and
filtered EEG signals;

subtract the estimated stimulation interference from the
amplified, digitized, and filtered EEG signals to
estimate the neural oscillations of the person;

process the neural oscillations of the person through an
autoregressive model to generate predictions of
future neural activity of the person; and

based on the generated predictions, command the tACS
source to vary one or more of phase, frequency, and
amplitude of the tACS being supplied to the person,
to thereby modulate the neural oscillations of the
person.

18. The system of claim 17, wherein the adaptive model
implements a recursive least squares estimation algorithm
with exponential forgetting to adaptively estimate scaling
factors and phase shifts in the stimulation interference.

19. The system of claim 17, wherein the processing
system is further configured to command the tACS source to
randomly modulate an intensity of the tACS being supplied
to the person, via a randomly varying staircase function, to
resolve ambiguity between the estimated stimulation inter-
ference and the EEG signals.

20. The system of claim 17, wherein the processing
system is further configured to apply a sinusoidal fit to the
predictions of future neural activity of the person.
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