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ULTRASOUND SYSTEMS AND ASSOCIATED DEVICES AND METHODS FOR MODULATING BRAIN
ACTIVITY

[001] This application claims the benefit of priority and is entitled to the filing date pursuant to 35 U.S.C.
§ 119(e) of U.S. Provisional Patent Application 63/030,850, filed May 27, 2020, the content of which is

hereby incorporated by reference in its entirety.

Field of the Invention

[002] The present disclosure generally relates to devices, and associated systems methods, and uses

for modulating brain activity using ultrasound stimulation.

Background

[003] Sleepis arestorative state in which the brain transiently shifts neural engagement towards internal
processes, partially disconnecting the brain from the outside world. Over a century of research has revealed
that sleep quality is critical for cognition and overall good health, and that insufficient sleep can have dire
consequences. Most apparent are significant reductions in decision making efficiency and accuracy and
sensory processing associated with sleep loss. A vast pool of evidence also shows the long-term detriment
caused by sleep loss as shown by adverse correlations with motivational state, memory stability, dementia,
and Alzheimer’s. Beyond conscious action, the detriment of sleep loss extends to physiological health and
is linked with countless ailments including Alzheimer’s, obesity, immune disorders, and cardiovascular
disease. It is estimated that productivity decline from sleep loss costs over $400 Billion annually in the
United States alone, not accounting for potential correlates with other cosily disease states. Thus,
improving the quality of, and the ease of entering sleep represent opportunities to improve both human
health and productivity.

[004] <Studies have shown that the most restorative period of sleep cocurs when the brain enlers a siale
characierized by della wave or slow wave aclivity. As such, enhancing slow wave activity represents a
major effort to improve sleep quality in diseased and healthy individuals alike. Current therapeutics and
methodologies for enhancing slow waves include pharmacological approaches and neuromodulation
devicas. Pharmacological compounds for siow wave enhancement include a2-8 calcium channel ligands,
serotonin (5HT)2a receptor antagonists, and site promiscuous compounds such as trazodone and others.
Various biologically derived compounds have also been identified for use in sleep therapies, such as human
growth hormone and prolactin. Althouah many drugs are parlially sffective, thelr banefils are offsel by an
array of tolerance, efficacy, adherence, and addiction issues which has preciuded widespread adoption.

[005] Alternatively, non-invasive closed loop devices have been crealed {0 enhance slow waves by
delivering stimuli during the “up state” of slow waves. This state is described by the enriched activity of the
corex by thalamic connections during a slow wave and can be seen as the peak positive vollage during a

siow wave. In comparison, the “down state” is the period of a slow wave of cortical guiescence. Examples
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of the stimuli delivered during the up stale include transcranial direct current stimulation dDCS) which drives
a small current across superficial layers of the cortex via slectiodes on the scalp, auditory stimulation
denvices in which low intensity audible sounds are played to enhance SWS, or even vestibular stimulation
ihrough the swaving of a hammock or cradie. While these devices circumvent tolerance and addiction
issues, #t is unclear whether thelr efficacy is comparable {0 available pharmaceiogical treatments for
ephancing SWS. One technical problem asscciated with current devices is that they operate
opportunistically, interfacing with what brain tissue is available from the transcranial surface, rather than
targeting desired tissue. Another major drawback ofthese technologies is their gross lack spatial resolution
and specificity for the cortex, or brain siles related {0 slow wave generalion, which likely accounis for the
harrowing side effects and/or lack of efficacy.

[006] Thus, what is needed is a non-invasive closed loop device that can modulate slow waves by
targeted ultrasonic stimulation of the thalamus.

SUMMARY

[007] The present specification discloses a neuromodulation system comprising a wearable
neuromodulation device and a stimulation control computing environment.  The disclosed device
comprising a wearable device housing or frame including one or more EEG electrodes, one of more
ultrasound transducer arrays. The disclosed device can further comprise one or more EEG signal amplifiers
and/or a digital analog converter. The disclosed device housing includes a main band having conductive
wiring embedded within a core channel of the main band. The disclosed conductive wiring comprising a
first conductive wiring and a second conductive wiring. The first conductive wiring connects the one or
more EEG electrodes to one or more EEG signal amplifiers, a digital analog converter, and a stimulation
control unit before exiting via a port on a back portion of the main band. The EEG electrodes may also have
preamplification on the headband, obviating the need for a downstream EEG signal amplifier. The second
conductive wiring connects the one of more ultrasound transducer arrays to a stimulation control unit before
exiting via the port. In aspects, the disclosed one or more EEG electrodes includes a first front EEG
electrode located on a front portion of the main band. Each of the disclosed one or more ultrasound
transducer arrays comprise one or more ultrasound-emitting elements. In aspects, the disclosed one or
more ultrasound transducer arrays includes a first side ultrasound transducer array located on a first side
portion of the main band and a second ultrasound transducer array located on a second side portion of the
main band.

[008] A disclosed siimulaiion conirel computing environment comprising a stimulation control unit and an
offline computing device. A stimulation control unit comprises one or more processors configured to
execute algorithms that process real-time information acquired by the one or more EEG electrodes to
categorize brain activity. An offline assessment of brain and cranial anatomy using brain imaging or EEG
derived predictions provides cranial anatomy to identify and target one or more specific regions of the brain.
Offline software calculates phase corrections to individual elements of the ultrasound array to steer the
beam to a single, or multiple targets. These phase corrections will be used in real time to target the one or



WO 2021/243099 PCT/US2021/034640

more specific regions of the brain for an ultrasound stimulation and administer the ultrasound stimulation
to the one or more specific regions of the brain for a certain period of time.

[009] The present specification also discloses a neuromodulation system comprising a wearable
neuromodulation device and a stimulation conirol computing environment for use in preventing and/or
treating a brain disorder. The present specification also discloses methods and uses for preventing and/or
treating a brain disorder. Non-limiting aspects of a brain disorder include a sleep disorder, a brain disorder
associated with a sleep disturbance, a psychiatric disorder, a metabolic disorder, an epilepsy or other
seizure disorder, an anxiety, a depression, and/or a neuropathic pain.

BRIEF DESCRIPTION OF THE DRAWINGS

[010] The accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate aspects of the disclosed subject matter in at least one of its exemplary embodiments, which are
further defined in detail in the following description. Features, elements, and aspects of the disclosure are
referenced by numerals with like numerals in different drawings representing the same, equivalent, or
similar features, elements, or aspects, in accordance with one or more embodiments. The drawings are
not necessarily to scale, emphasis instead being placed upon illustrating the principles herein described
and provided by exemplary embodiments of the invention. In such drawings:

[011] FIGS. 1A-B is a schematic of an exemplary neuromodulation system disclosed herein with FIG. 1A
showing a neuromodulation device and a siimulation control computing environment disclosed herein; and
FIG. 1B showing exemplary hardware components of a neuromodulation device disclosed herein;

[012] FIG. 2is a schematic of an exemplary algorithmic framework of a stimulation control unit disclosed
herein showing various exemplary aspects and steps of processing EEG signals from a user in real-time
and generation of ultrasound stimulus in accordance with the teachings of the instant disclosure;

[013] FIGS. 3A-B are exemplary components of a neuromodulation system disclosed herein, with FIG.
3A showing the data collection and modulation systems in accordance with various aspect of the teachings
of the present disclosure; and FIG. 3B showing a schematic of a system integrating the hardware, online
software and offline software aspects in accordance with the teachings of the instant disclosure;

[014] FIGS. 4A-E show exemplary illustrations of network synchronization between the thalamus and
cortical layers of the brain, with FIG. 4A showing the thalamic excitatory network interaction with the cortex
during slow wave “‘Up” state; FIG. 4B showing EEG traces of sleep stages collected from an individual
revealing the large slow oscillations that appear in N2 NREM and N3 NREM sleep; FIG. 4C showing a color
map of slow wave phase relative to “Up” and “Down” states; FIG. 4D showing a phase prediction by sine
fitting to EEG slow wave sleep; and FIG. 4E showing a phase prediction by stimulation delivered at phase
0/360°;
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[015] FIGS. 5A-J show an exemplary MRI-based methodology utilized for computational measurements
for determining and applying focused ultrasound to a specific targeted neural region during a pre-use
calibration step, with FIG. 5A showing an image created by MRI scanning taken from an axial plane with
anterior commissure marked as control point (crosshairs) used to compute the maximum angle relative to
most posterior and anterior portion of the thalamus; FIG. 8B showing image of FIG. 5A taken from a coronal
plane showing an image created by MRI scanning with anterior commissure marked as control point
(crosshairs) used to compute the maximum angle relative to most posterior and anterior portion of the
thalamus; FIG. 5C showing the variation in target angle relative to transducer position on the skull for
estimation of beam steering needs; FIG. 5D showing an acoustic simulation of the ultrasound beam onto
the image of FIG. 5A when steered at a 20° angle relative to the plane of the transducer; FIG. 5E showing
an image created by MRI scan taken from an axial plane illustrating image registration and segmentation
of brain regions to identify thalamic region; FIG. 5F showing image of FIG. 5E illustrating electronic element
excitation phase being varied to achieve differential focusing in three dimensions to stimulate thalamic
region using an exemplary stimulation control unit disclosed herein; FIG. 5G showing electronic element
excitation parameters being varied over time to achieve differential focusing; FIG. 5H showing an image
created by MRI scan taken from a coronal plane illustrating image registration and segmentation of brain
regions to identify thalamic region; FIG. 51 showing image of FIG. 5H illustrating electronic element
excitation phase being varied to achieve differential focusing in three dimensions to stimulate thalamic
region using an exemplary stimulation control unit disclosed herein; and FIG. 5J showing electronic element
excitation parameters being varied over time to achieve differential focusing;

[016] FIG. 6 is an illustration of exemplary components of a device and system of the instant disclosure,
showing the closed-loop optimization based on EEG waveform collection, spectral analysis, sleep state
classifier and phase lock loop in accordance with various aspect of the teachings of the present disclosure;

[017] FIGS. 7A-B show a schematic of an exemplary control system algorithm for enhancing slow waves,
with FIG. 7A showing one portion of the exemplary control system algorithm; and FIG. 7B being a
continuation of FIG. 7A and showing a second portion of the control system algorithm;

[018] FIGS. 8A-C show a schematic showing an exemplary deep learning network for multi-signal input,
with FIG. 8A showing a first portion of the exemplary deep learning network; FIG. 8B being a continuation
of FIG. 8A and showing a second portion of the exemplary deep learning network; and FIG. 8C being a
continuation of FIG. 8B and showing a third portion of the exemplary deep learning network; and

[019] FIGS. 9A-B show results from an exemplary deep learning model for sleep stage prediction, with
FIG. 9A showing a two-dimensional plot of the different sleep classes using dimensionality reduction; and
FIG. 9B showing a comparison between human annotation and the sleep stage prediction.
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DETAILED DESCRIPTION

[020] The sleep-wake cycle is a neurobiological pattern of activity (wake cycle) alternating with
restfulness (sleep cycle). The wake cycle or wakefulness is the period when brain activity is al iis highest.
EEG brain activity shows, as measured using an electroencephelogram (EEG), freqguencies of batween 15
Hz to 50 Hz, amplitudes of less than 50 mV and fainlly discernable waveform types. In addition, as
compared 10 the sleep cycle, skeletal muscles are tonic and aclive and heart and respiration rales are
regular and at their highest levels.

[021] The sleep cycle is more complex, being divided into five stages, with each having characteristic
brainwave frequencies, amplitudes, and wavaform type, along with other distinguishable biologic rhythms
including eye movements (EOG) and muscle movements (EMG). The first four stages (N1, N2, and N3 of
ihe sleep cycle are categorized as non-Rapid Eye Movemeni (NREM) sisep while the fifth stage (R} is
categorized as Rapid Eve Movement (REM) sleep. N1 of NREM sieep is the lightest slage of sleep where
brainwave activity is slightly slower than during the wake cycle. During this stage, EEG brain activity shows
frequencies of between 4 Hz to 12 Hz, relatively low ampiiiude compared to other stages of consciousness,
and a waveform type comprising alpha waves. During N1 eye movement is very slow, skeletal muscie tone
is present and breathing occurs at a regular rate.

[022] N2 of non-REM sleep usually follows N1 and represents a deeper sleep. During this stage, EEG
prain activity continue 1o slow with frequencies of between 4 Mz {o 8 Mz, relatively low amplitudes comparad
io other stages of consciousness, and a waveform type comprising theta waves which include spedific
pursis of rapid aclivily known as sleep spindles inlermixed wilth sleep structures known as K complexes.
During N2 there is no syve movemeant, skeletal muscle activity decreases and heart and respiration rates

are depressed but regular, Stage N2 of NREM sleep comprises approximalely 40-60% of tolal slesp ime.

[023] Stags N3 of NREM sleap is a progressively deeper siage of sleep called Slow Wave Sleep (SWE})
or deep sleep and is the most restorative stage of sleep. During this stage, EEG brain activity shows
increased speciral power at frequencies of between 0.5 Hz {0 4 Hz, relatively high ampliiudes compared to
other stages of consciousness, and a waveform type comprising delta waves or slow waves. During N3
there is no eye movement, skelelal muscle activity decreases and hearl and respiration rates are depressed
bt regular. Stage of N3 NREM sleep comprises approximately 5-15% of fotal sleep time,

[024] REM is the siage of sleep associgted with dreaming. During this stage, BEEG brain activity shows
increased speciral power at frequencies of between 15 Mz {o 30 Mz, relafively low amplitudes compared o
other stages of conscinusness, and eye movement is rapid. Although brainwave aclivity and eye movement
resemble the wake cycle, skeletal muscles are atonic or without movement and heart and respiration rates
are faster and more erratic and irreguiar than during NREM sleep. Following REM, the sleep cycle resumes
starting with periods of N1, NZ and N3 of NREM sleep infermived before returning 1o REM sleep again for

ionger periods of time as sieep time continues.
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[025] Although sleep is a highly heterogenecus siate, composed of local and global network oscillatory
states, iis parts disproportionately contribule {o its beneficial effects. Slow wave sleep observed in Slage
N3 of NREM sleep is largely derived from nelwork synchronization between the thalamus deep within the
brain and superficlal cortical layers of the brain. The peak of slow waves known as the cordical “Up” stale
is preceded by a burst of thalamic activity, intrinsically coupling activation of the thalamus to slow wave
amplitude. These waves may permeale all states of sleep but are more prominent during Stage N2 and
N3 NREM sleep. While the canonical function of SWE is to diive meamory consolidation, or the stabilization
of long-term memories it is also crifical for both cognitive and physiological functions and brain tissue repair.
Cisrupting slow waves within the sleep period resulis in detriment to attention and focus in human subjects
and creates a general siate of fatigue. Inferestingly, the countervailing intervention is ailso supporied; by
increasing the amplitude of slow waves during NREM sleep, cognitive processes are markedly improved.
Collectively, enhancing slow waves is an opportunity to improve both cognitive and physiological functions.

[026] The present specification discloses a neuromodulation system comprising a wearable
neuromodulation device integrated with EEG elecirodes and one or more integrated ultrasound transducer
arrays. The disclosed neuromadulation sysiem further includes a stimulation contrel unit comprising one
oF miore processors, and software that operates and controls the features and functionality ofthe ulirascund
stimulation when executed by such processors. Such software includes, without limitation, EEG real-time
analysis software that can continuously monitor brain functionality to identify one or more certain
characteristics, phases or states of brain activity, and brain mapping software that can plot one or more
specific region of the brain and accurately focus or steer ultrasound stimulation to that one or more specific
brain regions. The disclosed neuromodulation system also includes a computational device that sids in
neursmodulation device operation and dala storage of collecisd information. Thus, a neuromodulation
system disclosed hereln noninvasively administers ullrasound stimuiation in a spatially and temporally
controlied manner., As such, a device disclosed herain enables a focus application of ulirasound stimulation

¢ a specified region of the brain that largely excludes surrounding brain tissue.

[027] In particular, a neuromodulation device disclosed herein administers focused ultrasound
stimulation that drives neural activity by targeting the thalamus and other core structures regulating SWS
residing deep in the brain to maximize intervention impact on wave enhancement, such as slow wave
enhancement. Because slow waves can be enhanced by exciling cells during the “up state” of slow waves,
or by inhibiting celis during the “down state” the device will need {o collect and analyze realtime EEG signal,
aulomatically stage the sleep, and apply ulirasonic stimulation o the thalamus during slow wave peak
phasa. By leveraging advances disclosed herein, a nsuromodulation device disclosed hereiny improves

beam focusing and temporal neural interaction with thalamic regions on multiple levels.

[028] Uniike devices utilizing electrical or sensory stimulation, ulirascund stimulation can be focusad onic
deep regions of the brain without impacting overlying tissue through the same principles that allow light to
be focused through a lens. By comparison, tDCS employs electrical current across the skull in efforts to
generate sufficient current across the cortex, although, this current is comparatively weaker than that which

is required to elicit neuronal response at typical operating voltages . Accordingly, it is difficult if not
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impossible to accurately phase target in series where electrical stimulation interferes with electrical signal
readout. As such, electrical stimulation must be intermittent, or inaccurately delivered in series. On the
other hand, a device disclosed herein overcome this obstacle and provide focused ultrasound providing
pressure fields to stimulate specific neural tissue/areas. Since electrical current is not employed in a
neuromodulation device disclosed herein, there is no electrical interference, thereby making serial phase

targeted stimulation possible.

[029] Aspecis ofthe preseni specification disclose a neuromodulation device. A newromaodulation device
disclosed herain is a low profile, cranial mounted device. In some embodiments, a neuromodulation device
disclosed herein is suitable for wear during sleep without compromising device functionality, delivers
spatially targeted and safe ultrasonic pressure fields through skull, and properly classifies sleep stage and
slow wave phase for well-timed stimulus delivery.

[030] in soms embodiments, and as shown in FIGS, 1A-8, an exemplary neurosiimulalor device 118
comprises a wearable device housing 120, which supporis two airay housings 138 each containing an

ultrasound transducer 148, and two EEG electrodes 180, such as, &.4., active diy EEG slectrodes. When
worn, wearable device housing 128 is configured to encircle the cranium in a transverse plane that positions
the main band along the forehead, temples and back of the head. Wearable device housing 128 provides
rigid stereciadctic placement of ultrasound transducer arrays 148 over the femporal region of the user’s head
as well as positions EEG elecirodes 188 flat against the user’s forehead.

[031] Wearable device housing 128 can include a main band, g secondary band, and an optional
securing strap. A main band 122, a secondary band 124, and an oplional securing strap 128, Main band
122, secondary band 124 and securing strap 128 can be adjusiable o facilitate acourate posilioning and
securing of neuromodulation device 110 o a user's cranium. Secondary band 124 can be atlached o main
hand 122 via first and second secondary band atitachment points and configured {o extand over the top of
the head. First and second vascular disorders by injection of a neurotoxin through the nostrils. attachment
poinis can be static or configured {o allow movemeni between secondary band 124 and main band 122
Optional securing strap 126 is atiached 10 main band 122 via first and second securing strap attachment
points and configured {o extend under the chin. First and second securing strap attachment poinis can he
static or configured {o allow movement belween securing strap 1238 and main band 122, In aspects of these
embodiments, main hand 122 has front and back porlions composad of a semi-rigid material and side or
temple portions composed of a flexible matlerial, secondary band 124 and a first and second aflachment
hubs each being composad of a semirigid material, and a securing strap being composed of an elastic

material,

[032] Aspecis of the present specification disciose a neuromodulation device comprising an ulirasound
transducer array.  An ulirasound transducer aray disclosed herein is an array of ultrasound-emitting
elements designed {o provide optimal beam profile shape, sleering range, and power ouiput in order 1o
effectively stimulale a specified brain region in a spatial and temporal manner. An ultrasound signal
generated by an ultrasound transducer array disclosed herein can be amplified using software, such as,
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g.g., frequency specific MOSFET drivers, axaciied by one or more processors of a stimulation control unit
disgiosed hareln.  As such, the arangement of ullrasound-emitling elemaenis within an ullrasound
transducer array, the number of ulfrasound-emitling elements used in an ultrasound transducer array, the
madmum output pressure the ultrasound-emitling elements used in an ultrasound fransducer array, the
spacing hetwesn sach ultrascund-emifiing element within an ultrasound transducer array and uitrasound
signal amplification each have a bearing on the optimal functionality of a neuremodulation device disclosed
herein. For example, increasing the number of gitrasound-emitting elements or reducing each elements
diameter increases the steering capacity an usifrasound transducer amay.  In addition, increasing the
spacing between each ultrasound-emilting element enables the generation of a smaller beam width while
employing a two-dimensional arrangement enables focal steering. Generally, the more uftrasound-emitting
alements employed and the larger dimensional arrangement of those ultrasound-amitting elements, then
the smaller minimal focal point that can be achieved by the transducer array.

[033] Newomodulation device 118 comprises one or more ulirasound ransducer arrays contain in a
housing attached o main band 122 of wearable device housing 128. The one or more ulirasound
transducer arrays are located on the inner surface of main band 122 and configured o interface with a
usar's cranium. I some embodiments, a neuromoduiation device disclosed hergin contains a single
ultrasound {ransducer array localed on the main band. In soeme embodiments, neuromoduigtion device
118 contains a single ulirasound transducer array located on one side of main band 122 positionad at either
the left or right temple region of a user above the ears. in some embodiments, newromaodulation device 140
confains a single ultrasound tranaducer array located on each side of main band 122 positioned at the left
and right temple region of a user above the ears. in some ambodimeanis, neuromodulation device 110
contains mulliple ylirasound transducer arrays focated on sach side of main band 122 posilioned at the left
and right temple region of a user above the ears. in aspecis of these embodiments, and as shown in FIG,
1A-B, nsuromodulation device 118 comprises two ultrasound transducer arrays 148 one located on the left
side of main band 122 and one located on the right side of main band 122, In aspecis of these
embadimentis, neuromadulation device 118 comprises two ultrasound transducer arrays located on the jeft

side of main band 122 and iwo ulirasound transducer arays located on the right side of main band 122,

[034] in some embodiments, an ultrasound iransducer array disclosed herein is abowt 50 mm diameter
and contains 54 element sparse element amrays made of a diced PZT composite material. The width and
composition of the PZT composite are designed {o operate al 700 KMz, The elements are wirad o their
signal Input source using a printed flex circuit which is all mainfained inside the housing unit. A matching
laver is coupled to the inner surface of the transducer and furlher coupled {o a silicone pad pressed against

ihe temporal window of the user with > 1 Newlon foree.

[035] An ulfrasound transducer array disclosed hersin comprises a planar, open-curved arc, or closed-
curved arc configuration of ulirasound-emilting elements. The planar, open-curved are, of closed-curved
arc configuration of ulirasound-emitting elements used in an ulirasound transducer array disciosed herein
is a configuration designed to provide optimal beam shape, steering range, and power oulput in order o
effectively stimuiate a specified brain region in a spatial and temporal manner. In some embodiments, an
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altrasound transducer array disclosed herein is a one-dimensional planar, curved or closed curved are
configuration of ullrasound-emitling elements. In soms embodiments, each ulirasound-emitling element
can be controlled in isolation, or in clusters to reduce cabling.

[036] A neuromoduiation device can comprise a single comprises a ulirasound transducer array or a
pluralily of ultrasound transducer arvay. The number of ultrasound fransducer arrays disclosed herein is a
number designed 1o provide oplimal delivery of ultrasound o a specified brain region in a spatial and
tfermporal manner. In aspects of this embodiment, a neuromoduiation device disclosed herein comprises,
eg. 1, 2,3, 4, 5 8, 7,8 8 or 10 ultrasound transducer arrays. In aspects of this embodiment, a
neuromodulation device disclosed herein comprises, e.g, atleast 2, alleast 3, atleast 4, alleast §, at least
&, at least 7, al least 3, at least § or af least 10 ulirasound fransducer arrays. In yel aspects of this
embodiment, a neuromodulation device disclosed herein comprises, e.g., al most 2, at most 3, al most 4,
at most &, at most &, at most 7, al most 8, at mosi 2 or at moest 10 ultrasound transducer arrays. in still
aspeocts of this embodiment, a newromgodulation device disclosad herein comprises, e.g., at 2-3 ullrasound
fransducer arrays, 2-4 ulirasound transducer amrays, 2-5 ulfrasound transducer amrays, 2-6 ulrasound
transducer arrays, 2-7 ultrasound transducer arrays, 2-8 ultrasound fransducer arrays, 2-8 uitrasound
fransducer arrays, 2-10 ulirasound fransducer arrays, 3-4 glrasound {ransducer arrays, 3-5 ulirasound
transducer arrays, 3-6 ultrasound fransducer arrays, 3-7 ultrasound fransducer arrays, 3-8 ultrasound
transducer arrays, 3-8 ulirascund transducer amays, 3-10 glirasound transducer arrays, 4-5 ulirasound
transducer arrays, 4-6 ultrasound transducer arrays, 4-7 ultrasound fransducer arrays, 4-8 ultrasound
transducer arrays, 4-9 ulirasound fransducer arays, 4-10 ultrascund transducer arrays, 5-6 ulirasound
transducer arrays, 5-7 ultrasound transducer arrays, 5-8 ullrasound transducer arrays, 5-8 ultrasound
transducer arrays, 5-10 ultrascund transducer arrays, 6-7 ultrasound transducer arrays, 8-8 uitrasound
ransducer arrays, 8-9 ullrasound transducer arays, 8-10 ullrasound ransducer arrays, 7-8 ullrasound
transducer amays, 7-8 ultrasound transducer amrays, 7-10 ultrasound transducer arrays, 8-8 uitrasound

fransducer arrays, 8-10 ulirasound transducer arrays, or 8-10 ultrasound transducer amrays.

[037] in some embodiments, an ulfrasound ransducer array disclosed herein comprises a iwo-
dimensional planar, open-curved arc, or closed-curved are configuration of ulirasound-emitling elements.
in aspecis of these embodiments, a iwo-dimensional planar, open-curved arc, or closed-curved are
configuration of an ultrasound transducer array can comprise, 8.g., 2, 3, 4, 5,8, 7, or 8 rows of ultrasound-
emitting elemanis. In other aspects of these embodiments, a two-dimensional planar, curved or closed
curved are configuration of an ulirasound transducer array can comprise, e.g., atleast 2, al least 3, at least
4, atleast 5 rows, at leasi § rows, at least 7 rows, or al least 8 rows of ulirasound-emitling elemenis. Inyet
other aspects of these embodiments, a iwo-dimensional planar, curved or closed curved are configuration
of ultrasound transducer array can comprise, .¢., at most 2, at most 3, at most 4, at most 5 rows, at maost
8 rows, at most 7 rows, or at most 8 rows of ulirasound-emilting elements. In still other aspecis of these
embadiments, a iwo-dimeansional planar, curved or closed curved arc configuration of ultrasound transducer
array can comprise, o.¢., 2-3 rows of ultrasound-emilting elements, 2-4 rows of ulirasound-emitling
elements, 2-5 rows of ultrasound-emitting elements, 2-8 rows of ultrasound-emiiting elements, 2-7 rows of
glirasound-emitting elements, 2-8 rows of ultrasound-emilling elements, 3-4 rows of ulirasound-emitting
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elementis, 3-5 rows of ultrascund-emitling elements, 3-8 rows of ulirasound-emitling slements, 2-7 rows of
ultrasound-emitting elements, 3-8 rows of ultrasound-emilling slements, 4-5 rows of ultrascund-emitting
elements, 4-6 rows of uttrascund-aemiting elemants, 4-7 rows of ulrasound-emitling elementis, 4-8 rows of
ultrasound-emitting elements, 5-8 rows of ultrasound-emilling slements, 57 rows of ultrascund-emitting
elements, 5-8 rows of ultrasound-emitting elements, 8-7 rows of ultrasound-emitting elements, 6-8 rows of

ultrasound-emitting slements, or 7-8 rows of ultrasound-emitting elements.

[038] An uitrasound fransducer array comprises a pluraiily of ulirasound-emitting elements. The number
of ulirasound-emitling elements comprising an ultrasound transducer array disclosed herein is a number
designed {o provide optimal beam shape, steering range, and power oulput in order fo effectively stimulate
a specified brain region in a spatial and temporal manner, In aspecls of this embodiment, an uifrasound
transducer array comprises, eg., 1, 2,3, 4,5, 8,7, 8, 8 or 10 ylrasound-emitling elements. in aspects of
this embodiment, an ullrasound transducer array comprises, ¢.g., at least 2, at least 3, at least 4, al feast
5, at least 8§, atleast 7, at least 8, at lsast B or al least 10 ulirascund-emilling elements. In yet aspects of
this embodiment, an ultrasound fransducer amay comprises, e.g., at most 2, at most 3, at most 4, at most
§, st most 6, at most 7, at most 8, at most 8 or at most 10 ulirascund-emitling elements. in still aspects of
this embodimant, an ultrasound transducer aray comprises, ¢.¢., at 2-3 ulirasound-amitting elemeants, 2-4
ultrasound-emiiting elements, 2-5 ultrasound-emilting elements, 2-8 ulfrasound-emitting elements, 2-7
glirasound-emitting elemaents, 2-8 ulirasound-emitiing elemenis, 2-9 ulirascund-emitling elemenis, 2-10
ultrasound-emiiting elements, 3-4 ultrasound-emilting elements, 3-8 ulfrasound-emitting elements, 3-8
gltrasound-emitting elements, 3-7 ulftrascund-emitling elements, 3-8 ulirasound-emilling olements, 3-8
ultrasound-emitting elements, 3-10 ultrasound-emitling elements, 4-5 ultrasound-emitting elements, 4-8
glitrasound-emilting elemants, 4-7 ultrasound-emilling elemsnts, 4-8 ulfrasound-emilting olements, 4.8
ultrasound-emitling elemsnts, 4-10 ullrasound-emitting elemants, 5-8 ultrasound-emitting elemsnts, 5-7
glitrasound-emilting slements, 5-8 ullrasound-emilting slements, 5-8 ultrasound-emitting elements, 510
yltrasound-emitting elementis, 8-7 ulfrasound-emitling slements, 6-8 ulirascund-emitling elemants, §-8
yltrasound-emiiting slements, 6-10 ultrascund-emitling elemenis, 7-8 ulirasound-emiiting slements, 7-8
glirasound-emitting elements, 7-10 ultrasound-emitting elements, 3-8 ulfrasound-emitting elements, &-14

ultrasound-emilting elements, or 8-10 gltrasound-emitting elements.

[039] in aspecis of this embodiment, each row of an ulirasound fransducer amay comprises, e.g.. 4, §,
12,16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 60 or 84 ulrasound-emilting elemenis. In other aspeacts of
this embodiment, each row of an ullrasound fransducer array comprises, e.g., at least 4, at least 8§, at least
12, at least 18, al least 20, at least 24, at lsast 28, al least 32, al least 38, at leasi 40, al least 44, al lsast
48, al least 52, at least 58, al least 80 or al least 64 ultrascund-emilting elements. In yet other aspects of
this embodiment, each row of an ultrasound fransducer array comprises, &.¢., at most 4, at most 8, at most
12, at most 16, at most 20, al most 24, at most 28, at most 32, at most 36, at most 48, al most 44, at most
43, at most 52, at most 58, at most 88 or at most 84 ulirascund-emilling elemeants. {n yvel other aspects of
this embodiment, each row of an ulirasound fransducer array comprises, e.g., 4-8 ulirasound-emifting
elements, 4-12 ulirasound-emitiing elements, 4-18 glirascund-emitling elements, 4-20 ultrasound-emiting

aslemenis, 4-24 ulfrasound-emitling elements, 4-28 ultrasound-emilting elements, 4-32 ultrasound-emitting
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elements, 4-38 ulirasound-emitiing elements, 4-40 yltrasound-emitting slements, 4-44 ultrasound-emitling
aslemenis, 4-48 ultrasound-emitiing elements, 4-52 ultrasound-amilling elements, 4-56 ultrasound-emitting
elemants, 4-60 ulirascund-emitiing slaments, 4-64 uyllrasound-emitling slements, 8-12 ultrasound-emitting
aslemenis, 8-18 ultrasound-emitiing elements, 3-20 ultrasound-amilling elements, 8-24 ultrasound-emitting
elemeants, 8-28 ulirascund-emitiing elements, 8-32 ulfrasound-emitling slements, 8-36 ultrasound-emitting
elemenis, 8-40 ultrasound-emitting elements, 8-44 yltrasound-amilting elements, 8-48 ultrasound-emitting
elemeants, 8-52 ulirascund-emitiing elements, 8-58 uylfrasound-emitling slements, 8-80 ultrasound-emitting
slemenis, 5-64 ultrasound-emitling elements, 12-18 uftrasound-emilting elements, 12-20 ultrasound-
emitting elements, 12-24 ulrasound-emiling elements, 12-28 uifirasound-emitling elements, 12-32
gltrasound-emitting slements, 12-36 ulirasound-emitting elements, 12-40 ultrascund-emitting elements, 12-
44 gitrasound-emilting elements, 12-48 ulirasound-emitling elements, 12-52 ulirasound-emiiting elements,
12-56 ultrasound-emiiting elements, 12-80 ulrasound-emilting elements, 12-84 ultrasound-emitting
slemenis, 16-20 ultrasound-emitting elemenis, 16-24 ultrasound-emiting elements, 18-28 ultrasound-
emitling olements, 16-32 ultrascund-emilting elements, 18-38 ullrascund-emitling elaments, 16-40
yltrasound-emitting elements, 18-44 ulirasound-amilting slements, 16-48 ultrasound-emitling elements, 18-
52 ultrasound-emitling slements, 16-56 ultrascund-emitling slements, 16-60 ultrasound-emilting elemeants,
16-84 ulirasound-emitting slements, 20-24 ultrasound-emilting elemenis, 20-28 ulirasound-emifting
elements, 20-32 ulirasound-emitiing elements, 20-38 ulirasound-emiting elements, 20-40 ultrasound-
emifling elements, 20-44 ullrasound-emitting elements, 20-48 ultrasound-emiiting elements, 20-52
ultrasound-emitting elements, 20-56 ulirasound-emitting elemaenis, 20-80 ulirasound-emitiing elements, 20-
54 ulrasound-emilling elements, 24-28 yltrasound-emitling elements, 24-32 altrasound-emitting elements,
24-36 ulrasound-emitling elements, 24-40 ulirasound-emifting elements, 24-44 glirasound-emitting
elements, 24-48 ulirasound-emitling slements, 24-52 ulirasound-emitling slements, 24-58 ulfrasound-
amitting elements, 24-80 ullrasound-emitling sloments, 24-84 ullrasound-emitting olemenis, 28-32
gltrasound-emilting slements, 28-36 ultrasound-emitting elemesits, 28-40 ultrasound-emitting elements, 28-
44 ylftrasound-amilting elemaents, 28-48 ultrasound-emitting elements, 28-52 ylirasound-emitling elements,
28-56 ulrasound-emiting elements, 28-80 ulirasound-emitiing elements, 28-84 ultrasound-emitting
elemenis, 32-38 ultrasound-emilting elemenis, 32-40 ultrasound-emiting elemenis, 32-44 ultrasound-
emitting elements, 32-48 ulrasound-emiling elements, 32-52 ufirasound-emitling elements, 32-58
glirasound-emitting elements, 32-80 ulirasound-emifting elements, 32-684 ultrasound-emitting elements, 36-
40 ulftrasound-emilting elements, 36-44 ulfrasound-emitling elements, 36-48 ultrasound-emiiting elements,
38-52 altrasound-emifting elements, 36-536 ulirasound-emilling elements, 38-80 ultrasound-emitting
slements, 38-64 ullrasound-emitting elements, 40-44 ullrasound-emiting elements, 40-48 ultrasound-
emitling olements, 40-52 ultrascund-emilting elements, 40-58 ullrascund-emitling elaments, 40-80
ultrasound-emitting elements, 40-84 ultrasound-amilting slements, 44-48 ultrasound-emitling elements, 44-
52 ultrasound-emitling slements, 44-56 ultrascund-emitling slements, 44-60 ultrasound-emilting elemeants,
44-84 ullrasound-emitting slements, 48-52 ultrasound-emilting elemenis, 48-86 ulirasound-emifting
elements, 48-60 ulirasound-emitiing elements, 48-84 ulirasound-emitiing elements, 52-58 ultrasound-
emifling elements, 52-60 ultrasound-emitting elements, 52-84 ullrasound-emiiting elements, 56-60
ultrasound-emifting elements, 56-84 ultrasound-emitting elements, or 60-64 ulirasound-emilting elements.
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[040] in aspects of this embodiment, an ullrasound transducer array comprises, 8.g., 4, 8, 12, 16, 24, 32,
48, 64, 80, 98, 108, 128, 144, or 256 uitrasound-emitting elements. In other aspecis of this embodiment,
an wirascund transducer array comprises, €.¢g., at leasi 4, al least 8, at least 12, at least 18, al least 24, at
leasi 32, al least 48, al Isast 84, al least 30, atl least 98, at least 108, al least 128, al least 144, or al least
254 gltrasound-emitting elements. in yet other aspecis of this embodiment, an ultrasound fransducer array
comprises, e.¢., at most 4, at most 8, at most 12, at most 18, at most 24, at most 32, at most 48, at most
64, at most 80, al most 88, at most 108, at most 128, al most 144, or at most 254 ultrasound-emitting
elements. In still other aspecis of this embodiment, an ulirasound transducer array comprises, e.g., 4-8
ultrasound-emiiting elements, 4-12 ultrasound-emitling elements, 4-18 ulirasound-emitiing elements, 4-24
gltrasound-emitting elements, 4-32 ulirasound-emilting elements, 4-36 ullrasound-emitling elements, 4-48
ultrasound-emitting elements, 8-12 ultrasound-emitting elements, 3-16 ulirasound-emitling elements, 8-24
gltrasound-emitting elements, 8-32 ulirasound-emilting elements, 8-36 ullrasound-emitling elements, 8-48
ultrasound-emitting elements, 8-60 ulfrasound-emitting elementis, 18-24 ultrascund-emilting elaments, 16-
32 ultrasound-emitling elements, 16-36 ultrascund-emitling slements, 16-48 ultrascund-emilting elementis,
16-80 ulirasound-emitting slements, 16-72 ultrasound-emilting elemenis, 24-32 ulirasound-emifting
elements, 24-38 ulirasound-emitiing elements, 24-48 ulirasound-emitiing elements, 24-80 ultrasound-
emilting elements, 24-72 ultrasound-emitting slements, 24-80 ultrasound-emitting elemenis, 24-88
ultrasound-emitting elements, 38-48 ultrasound-emitting elemaenis, 38-80 ulirasound-amiting elements, 36-
72 ultrasound-emilling elements, 36-80 ultrasound-emitting elements, 38-86 ulirasound-emitiing elements,
36-1058 ultrasound-emifling elements, 36-125 ulirasound-emiting elemenis, 48-80 ultrasound-emitting
glemenis, 48-72 ultrasound-emitting elements, 48-80 ultrasound-emilling elements, 48-86 ultrasound-
amitting elements, 43-108 uflrasound-emitling elements, 48-128 ultrasound-emilling elements, 72-86
glitrasound-emilting elements, 72-108 ultrasound-emitting elemenis, 72-128 ultrascund-emitling elaments,

72-144 glitrasound-emilling elements, or 72-256 ultrascund-emiiting elemants,

[041] An ultrasound iransducer array disclosed herein provides properly timed oulput pressure from the
ultrasound-emiiting elements designed o provide optimal beam shape, spatial focus, and power oulput in
order {o effectively stimulate a specified brain region in a spatial and tempoeral manner. in aspects of this
embodiment, an ultrasound transducer array disclosed herein provides an operating frequency from the
glirasound-emitting elements of e.g., about 200 kHz, about 250 kHz, about 300 kHz, about 350 kHz, about
400 kHz, about 450 kHz, about 500 kHz, about 600 kHz, about 650 kHz, about 700 kHz, about 750 kHz,
about 800 kHz, about 850 kHz, about 900 kHz, about 950 kHz, or about 1 MHz. in other aspecis of this
ambodiment, an ulffrasound transducer array disclosed herein provides an operaling fregquency of the
ultrasound-emilting elements of, e.g., at least 50 kHz, at least 100 kHz, at least 150 kHz, at least 200 kHz,
at least 250 kHz, at least 300 kHz, at least 350 kHz, at least 400 kHz, at least 450 kHz, at least 500 KHz or
at least 1 MHz. in vet other aspecis of this embadiment, an ulirasound fransducer array disclosad herain
provides an operating frequency of the ulirasound-emitiing elemeants of, e.¢., at most 50 kHz, at most 100
kHz, at most 150 kHz, at most 200 kHz, at most 250 kHz, at most 300 kHz, at most 350 kHz, at most 400
kHz, at most 450 kHz, at most 500 kHz, or at most 1 MHz. in stil other aspecis of this embodiment, an
ultrasound fransducer array disclosed herein provides an operaling frequency of the ultrasound-emitting
aslemenis of, 2.¢., about 50 kHz to about 100 kHz, about 50 kHz to about 200 kHz, about 50 kHz to about
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300 kHz, about 50 kHz to about 400 kHz, about 50 kHz to about 500 kHz, about 100 kHz to about 200 kHz,
about 100 kHz to about 300 kHz, about 100 kHz to about 400 kHz, about 100 kHz to about 500 kHz, about
150 kHz to about 200 kHz, about 150 kHz to about 300 kHz, about 150 kHz to about 400 kHz, about 150
kHz to about 500 kHz, about 200 kHz to about 300 kHz, about 200 kHz to about 400 kHz, about 200 kHz
to about 500 kHz, about 250 kHz to about 300 kHz, about 250 kHz to about 400 kHz, about 250 kHz to
about 500 kHz, about 300 kHz to about 400 kHz, about 300 kHz to about 500 kHz, about 350 kHz to about
400 kHz, about 400 kHz to about 500 kHz, about 450 kHz to about 500 kHz.

[042] in aspects of this embodiment, an ulirasound fransducer array disclosed hersin provides an
operating frequency from the ullrasound-emitling elements of, e.¢., about 500 kHz, about 600 kHz, about
700 kHz, about 800 kHz, about 900 kHz, about 1000 kHz, about 1,100 kHz, about 1,200 kHz, about 1,300
kHz, about 1,400 kHz, or about 1,500 kHz. in other aspecis of this embodiment, an ultrasound fransducer
array disclosed herain provides an output power from the ullrasound-emitling elemenis of, e.g., at least 500
kHz, at least 600 kHz, at least 700 kHz, at least 800 kHz, at least 900 kHz, at least 1000 kHz, at least 1,100
kHz, at least 1,200 kHz, at least 1,300 kHz, at least 1,400 kHz, or at least 1,500 kHz. in yei other aspects
of this embodiment, an ultrasound transducer array disclosed herein provides an operating frequenoy from
the ultrasound-emitiing elements ¢f, .g., at most 500 kHz, at most 600 kHz, at most 700 kHz, at most 800
kHz, at most 900 kHz, at most 1000 kHz, at most 1,100 kHz, at most 1,200 kHz, at most 1,300 kHz, at most
1,400 kHz, or at most 1,500 kHz. in stilt other aspecis of this embodiment, an ullrasound transducer array
disclosed herein provides an operating frequency from the uftrasound-emiting elemeants of, 2.¢., about 500
kHz to about 600 kHz, about 500 kHz to about 700 kHz, about 500 kHz to about 800 kHz, about 500 kHz
to about 900 kHz, about 500 kHz to about 1,000 kHz, about 500 kHz to about 1,100 kHz, about 500 kHz to
about 1,200 kHz, about 500 kHz to about 1,300 kHz, about 500 kHz to about 1,400 kHz, about 500 kHz to
about 1,500 kHz, about 600 kHz to about 700 kHz, about 600 kHz to about 800 kHz, about 600 kHz to
about 900 kHz, about 600 kHz to about 1,000 kHz, about 600 kHz to about 1,100 kHz, about 600 kHz to
about 1,200 kHz, about 600 kHz to about 1,300 kHz, about 600 kHz to about 1,400 kHz, about 600 kHz to
about 1,500 kHz, about 700 kHz to about 800 kHz, about 700 kHz to about 900 kHz, about 700 kHz to
about 1,000 kHz, about 700 kHz to about 1,100 kHz, about 700 kHz to about 1,200 kHz, about 700 kHz to
about 1,300 kHz, about 700 kHz to about 1,400 kHz, about 700 kHz to about 1,500 kHz, about 800 kHz to
about 900 kHz, about 800 kHz to about 1,000 kHz, about 800 kHz to about 1,100 kHz, about 800 kHz to
about 1,200 kHz, about 800 kHz to about 1,300 kHz, about 800 kHz to about 1,400 kHz, about 800 kHz to
about 1,500 kHz, about 900 kHz to about 1,000 kHz, about 900 kHz to about 1,100 kHz, about 900 kHz to
about 1,200 kHz, about 900 kHz to about 1,300 kHz, about 900 kHz to about 1,400 kHz, about 900 kHz to
about 1,500 kHz, about 1,000 kHz to about 1,100 kHz, about 1,000 kHz to about 1,200 kHz, about 1,000
kHz to about 1,300 kHz, about 1,000 kHz to about 1,400 kHz, about 1,000 kHz to about 1,500 kHz, about
1,100 kHz to about 1,200 kHz, about 1,100 kHz to about 1,300 kHz, about 1,100 kHz to about 1,400 kHz,
about 1,100 kHz to about 1,500 kHz, about 1,200 kHz to about 1,300 kHz, about 1,200 kHz to about 1,400
kHz, about 1,200 kHz to about 1,500 kHz, about 1,300 kHz to about 1,400 kHz, about 1,300 kHz to about
1,500 kHz, or about 1,400 kHz to about 1,500 kHz.
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[043] An uitrasound transducer array disclosed herein provides properly fimed oulput pressure from the
ulfrasound-emitling elemenis designed fo provide oplimal beam shaps, spatial focus, and power sulput in
order o effectively stimulate a specified brain region in a spatial and lemporal manner. In aspecis of this
embodimant, an ultrasound transducer array disciosed herein provides an oulput pressure from the
ultrasound-emiiting elements enabling ultrasound stimulation at a tissue depth of, e.g., 20 mm, 25 mm, 30
mm, 35 mm, 40 mim, 48 mm, 50 mm, 35 mm, 80 mm, 65 mm, 70 mmy, 75 mny, 80 mm, 85 mm, 80 mm or
100 mm. in aspecis of this embodiment, an ulirasound transducer array disclosed herein provides a focal
outpud pressure from the ulrascund-emitiing elements enabling ultrasound stimulation at a tissue depth of,
a.q., at least 20 mm, al least 25 mm, at least 30 mm, at least 35 mm, al least 40 mm, at least 45 mm, at
least 50 mm, al least 55 mym, at least 60 mm, al least 88 mm, at least 70 mm, at least 75 mim, at least 80
mim, af least 88 mm, at least 80 mm, at least 85 mm, or at least 1080 mm. In aspects of this embodiment,
an uitrasound transducer amay disclosad herein provides an output pressure from the ultrasound-emitting
slemenis enabling uvitrasound stimulation at a lissue depth of, e.¢., at most 20 mm, at most 25 mm, al most
30 mm, al most 35 mim, at most 40 mm, al most 45 mm, at most 50 mm, al most 85 mim, at most 80 mm,
at most 85 mmy, at moest 70 mm, at most 75 mm, at most 80 mim, at most 85 mim, at most 80 mm, at most
98 mm, or al most 100 mm. In aspects of this embodiment, an ultrasound transducer array disclosed herain
provides a focal output pressure from the ulirasound-emitling elements enabling ultrasound stimulation at
a tissue depth of, e.g., 20 mm o 25 mm, 20 mm to 30 mm, 20 mm o 38 mm, 20 mm o 40 mm, 20 mmto
45 mm, 20 mm o 50 mm, 20 mmio 88 mm, 20 mm to 80 mm, 20 mimvio 70 mm, 20 mm o 8¢ mm, 20 mm
{0 80 mm, 20 mmio 100 mm, 28 mmio 30 mm, 25 mm o 35 mm, 25 mm {o 40 mm, 25 mmio 45 mm, 25
mm o 50 mm, 285 mm o 85 mm, 25 mm o 80 mm, 28 mm o 70 mim, 25 mm o 80 mm, 25 mmto 50 mm,
25 mm o 100 mm, 30 mm o 38 mm, 30 mm to 40 mm, 30 mm to 45 mm, 30 mmto 50 mim, 30 mm {o 55
mim, 30 mm o 80 mmy, 30 mm o 70 mim, 30 mm to 80 mim, 30 miny to 80 mm, 30 mim to 100 mumy, 35 mm
{o 40 mm, 35 mm 1o 45 miny, 35 mm io 50 mim, 35 mmy {o 55 mim, 35 miny to 80 mim, 35 mim o 70 mim, 35
mim e 80 i, 35 mm o 90 mim, 35 mm lo 100 mim, 40 mm o 45 mm, 40 mm o 50 mm, 40 mm o 58 mm,
40 mm o 80 mim, 40 mm to 70 mm, 40 mm o 80 mm, 40 mm o 80 mm, 40 mm to 100 mm, 45 mmto 50
mim, 45 mm o 85 mm, 485 mim to 80 mm, 45 mm {o 70 mm, 45 mm to 80 mm, 45 mm o 80 mmy, 45 mimto
100 mm, 80 mm to 55 mm, 50 i o 80 mim, 50 mm to 70 mum, 5C mm to 80 mm, 58 mm to 80 mm, 50
mm to 100 mm, 85 mim {o 80 mm, 55 mm o 70 mm, 58 mm to 88 mm, 85 mmi o B0 mm, 55 mm to 100
mm, 80 mm to 70 mm, 80 mm to 80 mm, 80 mm (o 890 mm, 88 mm to 100 mm, 70 mm {o 80 mm, 70 mm
1o 80 mm, 70 mm to 100 mm, 80 mm to 80 mm, or 80 mm to 100 mim.

[044] An ultrasound transducer array disclosed herein provides properly timed intensity from the
ultrasound-emitting elements designed to provide optimal beam shape, steering range, and power output
in order to effectively stimulate a specified brain region in a spatial and temporal manner. In aspects of this
embodiment, an ultrasound transducer array disclosed herein provides an spatial peak pulse average
intensity at the spatial focus from the ultrasound-emitting elements of, e.g., about 1 mW/cm?, about 2,5
mW/cm?, about 5 m\W/cm?, about 7.5 mW/cm?, about 10 mW/cm?, about 15 mW/cm?, about 20 m\W/cm?,
about 30 mW/cm?, about 40 mW/cm?, about 50 m\W/cm?, about 60 m\W/cm?, about 70 m\W/cm?, about 80
mW/cm?, about 90 m\W/cm?, about 100 mW/cm?, about 110 mW/cm?, about 120 mW/cm?, about 130
mW/cm?, about 140 mW/cm?, about 150 mW/cm?, about 160 mW/cm?, about 170 mW/cm?, about 180
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mW/cm?, about 190 mW/cm?, or about 200 mW/cm?. In other aspects of this embodiment, an ultrasound
transducer array disclosed herein provides an intensity from the ultrasound-emitting elements of, e.g., at
least 1 mW/cm?, at least 2,5 mW/cm?, at least 5 mW/cm?, at least 7.5 mW/cm?, at least 10 mW/cm?, at least
15 mW/cm?, at least 20 mW/cn??, at least 30 mW/cm?, at least 40 mW/cm?, at least 50 mW/cm?, at least 60
mW/cm?, at least 70 mW/cm?, at least 80 m\W/cm?, at least 90 m\W/cm?, at least 100 m\W/cm?, at least 110
mW/cm?, at least 120 mW/cm?, at least 130 mW/cm?, at least 140 mW/cm?, at least 150 mW/cm?, at least
160 mW/cm?, at least 170 mW/cm?, at least 180 mW/cm?, at least 190 mW/cm?, or at least 200 mW/cm?.
In yet other aspects of this embodiment, an ultrasound transducer array disclosed herein provides an
intensity from the ultrasound-emitting elements of, e.g., at most 1 mW/cm?, at most 2,5 mW/cm?, at most 5
mW/cm?, at most 7.5 mW/cm?, at most 10 mW/cm?, at most 15 mW/cm?, at most 20 m\W/cm?, at most 30
mW/cm?, at most 40 mW/cm?, at most 50 mW/cm?, at most 60 m\W/cm?, at most 70 mW/cm?, at most 80
mW/cm?, at most 90 mW/cm?, at most 100 mW/cm?, at most 110 mW/cm?, at most 120 mW/cm?, at most
130 mW/cm?, at most 140 mW/cm?, at most 150 mW/cm?, at most 160 mW/cm?, at most 170 mW/cm?, at

most 180 mW/cm?, at most 190 m\W/cm?, or at most 200 mW/cm?.

[045] In still other aspects of this embodiment, an ultrasound transducer array disclosed herein provides
an intensity from the ultrasound-emitting elements of, e.g., about 1 m\W/cm? to about 5 m\W/cm?, about 1
mW/cm? to about 10 m\W/cm?, about 1 mW/cm? to about 20 m\W/cm?, about 1 mW/cm? to about 30 m\W/cm?,
about 1 m\W/cm? to about 40 m\W/cm?, about 1 mW/cm? to about 50 m\W/cm?, about 1 mW/cm? to about 60
mW/cm?, about 1 mW/cm? to about 70 mW/cm?, about 1 mW/cm? to about 80 mW/cm?, about 1 mW/cm?
to about 90 mW/cm?, about 1 mwW/cm? to about 100 mW/cm?, about 1 mW/cm? to about 110 mW/cm?, about
1 mW/cm? to about 120 mW/cm?, about 1 mW/cm? to about 130 mW/cm?, about 1 m\W/cm? to about 140
mW/cm?, about 1 mW/cm? to about 150 m\W/cm?, about 1 mW/cm? to about 160 m\W/cm?, about 1 m\W/cm?
to about 170 mW/cm?, about 1 m\W/cm? to about 180 mW/cm?, about 1 mW/cm? to about 190 mW/cm?,
about 5 m\W/cm? to about 10 m\W/cm?, about 5 mW/cm? to about 20 m\W/cm?, about 5 mW/cm? to about 30
mW/cm?, about 5 mW/cm? to about 40 m\W/cm?, about 5 mW/cm? to about 50 m\W/cm?, about 5 m\W/cm?
to about 60 mW/cm?, about 5 mW/cm? to about 70 mW/cm?, about 5 m\W/cm? to about 80 mW/cn?, about
5 mW/cm? to about 90 m\W/cm?, about 5 mW/cm? to about 100 mW/cm?, about 5 mW/cm? to about 110
mW/cm?, about 5 mW/cm? to about 120 mW/cm?, about 5 mW/cm? to about 130 mW/cm?, about 5 mW/cm?
to about 140 mW/cm?, about 5 m\W/cm? to about 150 mW/cm?, about 5 mW/cm? to about 160 mW/cm?,
about 5 mW/cm? to about 170 m\W/cm?, about 5 m\W/cm? to about 180 m\W/cm?, about 5 m\W/cm? to about
190 mW/cm?, about 10 mW/cm? to about 20 mW/cm?, about 10 mW/cm? to about 30 mW/cm?, about 10
mW/cm? to about 40 mW/cm?, about 10 mW/cm? to about 50 mW/cm?, about 10 mW/cm? to about 60
mW/cm?, about 10 mW/cm? to about 70 mW/cm?, about 10 mW/cm? to about 80 mW/cm?, about 10 mW/cm?
to about 90 mW/cm?, about 10 mW/cm? to about 100 mW/cm?, about 10 mW/cm? to about 110 mW/cm?,
about 10 m\W/cm? to about 120 mW/cm?, about 10 m\W/cm? to about 130 m\WW/cm?, about 10 mW/cm? to
about 140 mW/cm?, about 10 mW/cm? to about 150 mW/cm?, about 10 mW/cm? to about 160 mW/cm?,
about 10 m\W/cm? to about 170 mW/cm?, about 10 mW/cm? to about 180 mW/cm?, about 10 mW/cm? to
about 190 m\W/cm?, about 20 m\W/cm? to about 30 m\W/cm?, about 20 mW/cm? to about 40 m\W/cm?, about
20 mW/cm? to about 50 mW/cm?, about 20 mW/cm? to about 60 mW/cm?, about 20 mW/cm? to about 70
mW/cm?, about 20 mW/cm? to about 80 my/cm?, about 20 mW/cm? to about 90 mW/cm?, about 20 mW/cm?
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to about 100 mW/cm?, about 20 mW/cm? to about 110 mW/cm?, about 20 mW/cm? to about 120 mWicm?,
about 20 m\W/cm? to about 130 m\W/cm?, about 20 m\W/cm? to about 140 m\WW/cm?, about 20 m\W/cm? to
about 150 mW/cm?, about 20 mW/cm? to about 160 mW/cm?, about 20 mW/cm? to about 170 mWW/cm?,
about 20 m\W/cm? to about 180 mW/cm?, about 20 mW/cm? to about 190 mW/cm?, about 30 mW/cm? to
about 40 mW/cm?, about 30 m\W/cm? to about 50 mW/cm?, about 30 m\W/cm? to about 60 m\W/cm?, about
30 mW/cm? to about 70 mW/cm?, about 30 m\W/cm? to about 80 mW/cm?, about 30 m\W/cm? to about 90
mW/cm?, about 30 mW/cm? to about 100 mW/cm?, about 30 mW/cm? to about 110 mW/cm?, about 30
mW/cm? to about 120 mW/cm?, about 30 mW/cm? to about 130 mW/cm?, about 30 mW/cm? to about 140
mW/cm?, about 30 mW/cm? to about 150 mW/cm?, about 30 mW/cm? to about 160 mW/cm?, about 30
mW/cm? to about 170 mW/cm?, about 30 mW/cm? to about 180 mW/cm?, about 30 m\WW/cm? to about 190
mW/cm?, about 40 mW/cm? to about 50 mW/cm?, about 40 mW/cm? to about 60 mW/cm?, about 40 mW/cm?
to about 70 mW/cm?, about 40 mW/cm? to about 80 mW/cm?, about 40 m\W/cm? to about 90 mW/cm?, about
40 mW/cm? to about 100 mW/cm?, about 40 mW/cm? to about 110 mW/cm?, about 40 mW/cm? to about
120 mW/cm?, about 40 mW/cm? to about 130 mW/cm?, about 40 m\W/cm? to about 140 mW/cm?, about 40
mW/cm? to about 150 mW/cm?, about 40 mW/cm? to about 160 m\W/cm?, about 40 m\W/cm? to about 170
mW/cm?, about 40 mW/cm? to about 180 mW/cm?, about 40 mW/cm? to about 190 mW/cm?, about 50
mW/cm? to about 60 mW/cm?, about 50 mW/cm? to about 70 mW/cm?, about 50 mW/cm? to about 80
mW/cm?, about 50 mW/cm? to about 90 mW/cm?, about 50 m\W/cm? to about 100 mW/cm?, about 50
mW/cm? to about 110 mW/cm?, about 50 mW/cm? to about 120 mW/cm?, about 50 mW/cm? to about 130
mW/cm?, about 50 mW/cm? to about 140 mW/cm?, about 50 mW/cm? to about 150 mW/cm?, about 50
mW/cm? to about 160 mW/cm?, about 50 mW/cm? to about 170 mW/cm?, about 50 mW/cm? to about 180
mW/cm?, about 50 mW/cm? to about 190 mW/cm?, about 60 mW/cm? to about 70 m\W/cm?, about 60
mW/cm? to about 80 mW/cm?, about 60 mW/cm? to about 90 mW/cm?, about 60 mW/cm? to about 100
mW/cm?, about 60 mW/cm? to about 110 mW/cm?, about 60 mW/cm? to about 120 mW/cm?, about 60
mW/cm? to about 130 mW/cm?, about 60 mW/cm? to about 140 mW/cm?, about 60 mW/cm? to about 150
mW/cm?, about 60 mW/cm? to about 160 mW/cm?, about 60 m\W/cm? to about 170 mW/cm?, about 60
mW/cm? to about 180 mW/cm?, about 60 mW/cm? to about 190 mW/cm?, about 70 mW/cn? to about 80
mW/cm?, about 70 mW/cm? to about 90 mW/cm?, about 70 mW/cm? to about 100 m\W/cm?, about 70
mW/cm? to about 110 mW/cm?, about 70 mW/cm? to about 120 mW/cm?, about 70 mW/cm? to about 130
mW/cm?, about 70 mW/cm? to about 140 mW/cm?, about 70 mW/cm? to about 150 mW/cm?, about 70
mW/cm? to about 160 mW/cm?, about 70 mW/cm? to about 170 mW/cm?, about 70 m\W/cm? to about 180
mW/cm?, about 70 mW/cm? to about 190 mW/cm?, about 80 mW/cm? to about 90 m\W/cm?, about 80
mW/cm? to about 100 mW/cm?, about 80 mW/cm? to about 110 mW/cm?, about 80 mW/cm? to about 120
mW/cm?, about 80 mW/cm? to about 130 mW/cm?, about 80 mW/cm? to about 140 mW/cm?, about 80
mW/cm? to about 150 mW/cm?, about 80 mW/cm? to about 160 mW/cm?, about 80 mW/cm? to about 170
mW/cm?, about 80 mW/cm? to about 180 mW/cm?, about 80 mW/cm? to about 190 mW/cm?, about 90
mW/cm? to about 100 mW/cm?, about 90 mW/cm? to about 110 mW/cm?, about 90 mW/cm? to about 120
mW/cm?, about 90 mW/cm? to about 130 mW/cm?, about 90 mW/cm? to about 140 mW/cm?, about 90
mW/cm? to about 150 mW/cm?, about 90 mW/cm? to about 160 m\W/cm?, about 90 m\WW/cm? to about 170
mW/cm?, about 90 mW/cm? to about 180 mW/cm?, about 90 mW/cm? to about 190 mW/cm?, about 100
mW/cm? to about 110 mW/cm?, about 100 mW/cm? to about 120 m\W/cm?, about 100 mW/cm? to about 130
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mW/cm?, about 100 mW/cm? to about 140 m\W/cm?, about 100 m\W/cm? to about 150 mW/cm?, about 100
mW/cm? to about 160 m\W/cm?, about 100 mW/cm? to about 170 mW/cm?, about 100 m\W/cm? to about 180
mW/cm?, about 100 mW/cm? to about 190 m\W/cm?, about 110 m\W/cm? to about 120 mW/cm?, about 110
mW/cm? to about 130 mW/cm?, about 110 mW/cm? to about 140 m\W/cm?, about 110 mW/cm? to about 150
mW/cm?, about 110 mW/cm? to about 160 m\W/cm?, about 110 mW/cm? to about 170 m\W/cm?, about 110
mW/cm? to about 180 mW/cm?, about 110 mW/cm? to about 190 m\W/cm?, about 120 mW/cm? to about 130
mW/cm?, about 120 mW/cm? to about 140 m\W/cm?, about 120 m\W/cm? to about 150 mW/cm?, about 120
mW/cm? to about 160 mW/cm?, about 120 mW/cm? to about 170 m\W/cm?, about 120 mW/cm? to about 180
mW/cm?, about 120 mW/cm? to about 190 mW/cm?, about 130 m\W/cm? to about 140 mW/cm?, about 130
mW/cm? to about 150 m\W/cm?, about 130 mW/cm? to about 160 mW/cm?, about 130 m\W/cm? to about 170
mW/cm?, about 130 mW/cm? to about 180 mW/cm?, about 130 m\W/cm? to about 190 mW/cm?, about 140
mW/cm? to about 150 mW/cm?, about 140 mW/cm? to about 160 m\W/cm?, about 140 mW/cm? to about 170
mW/cm?, about 140 mW/cm? to about 180 mW/cm?, about 140 m\W/cm? to about 190 mW/cm?, about 150
mW/cm? to about 160 mW/cm?, about 150 mW/cm? to about 170 m\W/cm?, about 150 mW/cm? to about 180
mW/cm?, about 150 mW/cm? to about 190 m\W/cm?, about 160 mW/cm? to about 170 m\W/cm?, about 160
mW/cm? to about 180 mW/cm?, about 160 mW/cm? to about 190 m\W/cm?, about 170 mW/cm? to about 180
mW/cm?, about 170 mW/cm? to about 190 m\W/cm?, or about 180 mW/cm? to about 190 mW/cm?.

[046] An ultrasound transducer array disclosed herein provides properly timed ultrasound stimulation
pulse from the ultrasound-emitting elements designed to provide optimal beam shape, steering range, and
power output in order to effectively stimulate a specified brain region in a spatial and temporal manner. In
aspects of this embodiment, an ultrasound transducer array disclosed herein provides an ultrasound
stimulation pulse from the ultrasound-emitting elements of, e.g., about 50 msec, about 100 msec, about
150 msec, about 200 msec, about 250 msec, about 300 msec, about 350 msec, about 400 msec, about
450 msec, or about 500 msec. In other aspects of this embodiment, an ultrasound transducer array
disclosed herein provides an ultrasound stimulation pulse from the ultrasound-emitting elements of, e.g., at
least 50 msec, at least 100 msec, at least 150 msec, at least 200 msec, at least 250 msec, at least 300
msec, at least 350 msec, at least 400 msec, at least 450 msec, or at least 500 msec. In yet other aspects
of this embodiment, an ultrasound transducer array disclosed herein provides an ultrasound stimulation
pulse from the ultrasound-emitting elements of, e.g., at most 50 msec, at most 100 msec, at most 150
msec, at most 200 msec, at most 250 msec, at most 300 msec, at most 350 msec, at most 400 msec, at
most 450 msec, or at most 500 msec. In still other aspects of this embodiment, an ultrasound transducer
array disclosed herein provides an ultrasound stimulation pulse from the ultrasound-emitting elements of,
e.g., about 50 msec to about 100 msec, about 50 msec to about 150 msec, about 50 msec to about 200
msec, about 50 msec to about 250 msec, about 50 msec to about 300 msec, about 50 msec to about 350
msec, about 50 msec to about 400 msec, about 50 msec to about 450 msec, about 50 msec to about 500
msec, about 100 msec to about 150 msec, about 100 msec to about 200 msec, about 100 msec to about
250 msec, about 100 msec to about 300 msec, about 100 msec to about 350 msec, about 100 msec to
about 400 msec, about 100 msec to about 450 msec, about 100 msec to about 500 msec, about 150 msec
to about 200 msec, about 150 msec to about 250 msec, about 150 msec to about 300 msec, about 150
msec to about 350 msec, about 150 msec to about 400 msec, about 150 msec to about 450 msec, about
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150 msec to about 500 msec, about 200 msec to about 250 msec, about 200 msec to about 300 msec,
about 200 msec to about 350 msec, about 200 msec to about 400 msec, about 200 msec to about 450
msec, or about 200 msec to about 500 msec.

[047] An ultrasound transducer array disclosed herein is configured 1o provide spacing belween each
ulfrasound-emitting element within the ultrasound transducer array in a manner designed o provide optimal
beam shape, spatial fovus, and power cutput in order to effectively stimulate a specified brain region in a
spatial and temporal manner. in aspecis of this embodiment, an ultrasound transducer array is 20 mm, 28
mm, 38 mm, 35 mm, 40 mm, 45 mm, 50 mm, 55 mm, 80 mim, 88 mim, T8 mm, 75 mm, or 84 mm in length
and the ulfrasound-emitling elements contained thereln are equally spaced with one another.

[048] Aspecis of the present specificglion disclose & neuwromodulation device comprising an EEG
glecirode. A neuromodulation device disclosed harein comprises a pluralily of EEG eleclrodes designed
1o provide oplimal measurement of brainwave activity, including, without limilation, wave frequency, wave
amplitude, and waveiorm in order 1o effectively identify one or more characteristics, phases or states of
brain activity. EEG electrodes can be dry slectrodes or wel slecirodes. A neuremoduiation device
disclosed herein can further include one or more programmable gain amplifiers that amplify signals
obtained from the plurality of EEG electrodes. As such, the arrangement of EEG elecirodes, the number of
EEG electrodes, the sensilivily the EEG electrodes, the spacing belween each EEG electrode, the site of
signal amplification, and the capacity of one or more gain amplifiers each have a bearing on the optimal
functionalily of a neuromodulation device disclosed herain. In some embodiments, an EES slectiode
disciosed herain is a replaceable snap on conductive matarials with preamplifiers buifl info the headband.
The EEG cabling also resides inside the housing unil. Both the ullrasound and EEG cabling exit the
wearable through a port near the back of the head and eniers a port into a control unit.

[049] As shown in FIGS. 1A-8, neuromoduiation device 110 contains EEG elecirodes located on the
inner surface of main band 122 and configured to interface with a users cranium. In some embodiments,
neuromodulation device 110 contains a single EEG electrede locatad on the front portion of main hand 122
positioned at the forehead of a user above the eyebrows. in some embodiments, negromodisation device
118 contains multiple EEG electrodes, each locataed on the front portion of main band 122 positioned at the
forehead of a user above the eyebrows. in aspecis of these embodiments, and as shown in FIGS, 1A-B,
neuromodulation device disclosad herein comprises two EEG electrodes 180 each localed on the front
portion of main band 122 with one positioned above the lefl eyebrow of 8 user and the other pousitioned
above the right evebrow of the user.

[050] A single EEG electrode, or a pluralily of EEG eleclrodes comprising a neuromodulation device
disciosed herein provides sufficient sensiivity to provide optimal measurement of brainwave activily,
including, without limitation, wave frequency, wave amplitude, and waveform type in order o effectively
identify one or more characteristics, phases or states of brain activity. in aspecis of this embodiment, a
neuromodulation device disclosed herein comprises a plurality of EEG electrodes having sufiiclent
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sensiiivily 1o detect and measure aipha waves, thela waves, della waves, sieep spindies, K complexes, or
any combination thareof.

[051] Neuwromodulalion device 118 can comprise a planar, open-curved are, or closed-curved arc
configuration of EEG slectrodes. The planar, open-curved arg, or closed-curved are configuration of EEG
elecirode is a configuration designed {o provide oplimal measurement of brainwave aclivily, including,
without limitation, wave frequency, wave amplitude, and waveform type in order to effectively identify one
or more characteristics, phases or states of brain activity. in some embodiments, a neuromodulation device
disclosed herein is a one-dimensional planar, curved or closed curved arc configuration of EEG electrodes.

in some embodiments, each EEG electrode can be controlled in isolation, or in clusters to reduce cabling.

[052] in some embodiments, a neuromodilation device disclosed herein comprises a two-dimensional
planar, open-curved are, or closed-curved arc configuration of BEEG elecirodes. I aspects of thase
embodiments, a two-dimensional planar, open-curved are, or closed-curved arc configuration of a
neuromodulation device can comprise, e.¢., 2, 3, 4, or 5 rows of EEG electrodes. in other aspecis of these
embadiments, a two-dimensional planar, curved or closed curved are configuration of a neuromodulation
device can comprise, e.g., atleasi 2, atlsast 3, atleasi 4, or at least 5 rows of EEG electrodes. inyetother
aspects of these embodiments, a two-dimensional planar, curved or closed curved are configuration of a
neuwromodulation device can comprise, 2.g., at most 2, &t most 3, at most 4, or at most 5 rows of EEG
electrodes. in still other aspecis of these embodiments, a two-dimensional planar, curved or closed curved
arc configuration of a neuromodulation device can comprise, g8.g., 2-3 rows of EEG elactrodes, 2-4 rows of
EEG electrodes, 2-5 rows of EEG electrodes, 3-4 rows of EEG elecirodes, 3-5 rows of EEG elecirodes, or
4-5 rows of EEG elecirodes.

[053] The number of EEG slectrodes comprising a neuromodulation device disciosed harein s a number
designed to provide optimal measurement of prainwave aclivity, including, without limiation, wave
frequency, wave amplitude, and waveform type in order {o effectively identify one or more characteristics,
phases or states of brain activity. in aspects of this embodiment, a neuromodulation device comprises,
eqg 1,2, 3, 4,5,6,7, 8, 80r10 EEG elaclrodes. In aspects of this embodiment, a neuromoduiation device
comprises, a.g., atieast 1, atleast 2, at least 3, alleast 4, at least §, at least §, gt least 7, gl least 8, atleast
9 or at least 10 EEG electrodes. In yel aspecis of this embodiment, a neuromoduiation device comprises,
gg.atmosti, almost 2, al most 3, at most 4, at most 5, al most §, at most 7, at most 8, at most 8 or at
most 10 EEG electrodes. In still aspects of this embodiment, a neuromoduiation device comprises, e.g., at
2-3 BEEG eleclrodes, 2-4 EEG slactrodes, 2-5 EEG elacirodes, 2-8 EEG electrodes, 2-7 EEG electrodes,
2-8 EEG slectrodes, 2-8 EEG eleclrodes, 2-10 EEG elecirodes, 3-4 EEG eleclrodes, 3-5 EEG slectiodes,
3-8 EEG electrodes, 3-7 EEG slecirodes, 3-8 EEG electrodes, 3-8 EEG electrodes, 3-10 EEG electrodss,
4-5 EEG electrodes, 4-6 EEG electrodes, 4-7 EEG eleclrodes, 4-8 EEG electrodes, 48 EEG slecirodes,
4-10 EEG elsotrodes, 5-6 EEG electrodes, 5-7 EEG slectrodes, 5-8 EEG slecirodes, 5-8 EEG electrodss,
5-10 EEG electrodes, 8-7 EEG electrodes, 8-8 EEG electrodes, 8-8 EEG electrodes, 6-10 EEG elecirodes,
7-8 EEG electrodes, 7-9 EEG elecirodes, 7-10 EEG slectrodes, 5-Q EEG electrodes, 5-10 EEG slectrodes,
or 8-10 EEG slectrodss.
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[054] insome embodiments, a neuramoduiation devics disclosed herein contains multiple EEG elecirode
iocated on the froni portion of the main band posilicned at the forehead of a user above the eyebrows and
on each side of the main band positionad at the left and right temple region of a user above the ears. in
aspects of these embodiments, a neuyromodulation device disclosad herein comprises four EEG electrodes,
with two EEG electrodes located on the front portion of the main band with one positionad above the left
eyebrow of a user and the other positioned above the right evebrow of the user, one EEG electrode located
on the left side of the main band positioned at the left temple region of a user above the ears, and one EEG
electrode located on the lefi side of the main band positioned at the right temple region of a user above the
ears. In other agpecis of these embaodiments, a nauromoduiation device disclosed herein comprises six
EEG electrodes, with two EEG electrodes located on the front portion of the main band with one positioned
above the lofl eyvebrow of a user and the other positioned above the right eyebrow of the user, two EEG
alecirodes bcaled on the lefl side of the main band positioned at the left temple region of a user above the
ears, and two EEG slectindes localed on the left side of the main band positioned at the right temple region
of a user above the ears. in yet other aspects of these embodiments, a neuromodulation device disclosed
herein comprises eight EEG electrodes, with four EEG electrodes located on the front portion of the main
hand with two arrays positioned above the left eyebrow of a user and two arrays positioned above the right
eyebrow of the user, two EEG slectrodes located on the left side of the main band positioned at the left
temple region of a user above the ears, and two EEG electrodes located on the lefl side of the main band

positioned at the right temple region of a user above the ears.

[055] in some embodiments, a neuromodulation device disclosed herein contains a single EEG electrode
iocated on the froni portion of the main band posilicned at the forehead of a user above the eyebrows and
a single ultrasound transducer array focated on each side of the main band positioned at the left and right
temple region of a user above the ears. in some embodiments, a nauromoduialion device disclosed herain
confains multiple EEG elecirodes located on the front portion of the main band positionad at the forehead
of a user above the eyebrows and muitipie uitrasound transducer array located on sach side of the main
hand positioned at the left and right temple region of a user above the ears. in aspecis of thase
embodiments, a neuromodisation device disclosed herein comprises two EEG slecirodes each located on
the front portion of the main band with one positioned above the ieft eyebrow of a user and the other
positionad above the right eyebrow of the user, and a single ulirasound transducer array located on each
side of the main band positioned at the left and right temple region of a user above the ears. in other
aspects of these embaodiments, a neuromoduiation device disclosed herein comprises two EEG electrodes
each located on the front pordion of the main band with one positioned above the lefl evebrow of 8 user and
ihe oiher posilioned above the righi eyebrow of the user, two ulirasound transducer arrays localed on the

left side of the main band, and two uftrasound transducer arrays located on the right side of the main band.

[056] in aspects of this embodiment, a8 neuromoduiation device disclosed herein comprises a plurality of
EEG electrodes having suflicient sensitivity to detect and measure brainwave frequencies of, e.g., al least
0.1 Hz, atleast 0.2 Mz, atleast D28 Hz, atleast 8.3 Mz, atleast 0.4 Hz, orat least 8.5 Hz. In other aspecis

of this embodiment, a neuromodulation device disclosed herein comprises a pluralily of EEG electrodes
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having sufficient sensitivity to detect and measure brainwave frequencies of, 8.9, 0.1 Hz 10 50 Hz, 0.1 Hz
80 Hz, i Hz{o 75 Hz, 028 Hz o S50 Hz, 025 Hzto B0 Hz, 025 Hz o 75 Hz, 0.5 Hz to B0 Hz, 0.8 Hz
{0 80 Hz, or 0.5 Hz to 75 Ha.

[057] In aspects of this embodiment, an EEG monitoring array disclosed herein provides sufficient
sensitivity from the EEG electrodes to detect and measure brainwave amplitudes of, e.g., at least 5 pV, at
least 25 pV, or at least 50 yV. In other aspects of this embodiment, an EEG monitoring array disclosed
herein provides sufficient sensitivity from the EEG electrodes to detect and measure brainwave amplitudes
of, e.g., 5 yV to 500 pV, 5 pVto 750 pV, or 5 pV to 1,000 mV, 25 pV to 500 pV, 25 pV to 750 pV, 25 pV to
1,000 mV, 50 pV to 500 pV, 50 pV to 750 pV, or 50 pV to 1,000 mV.

[058] A neuromodudation device disclosad herein is configured o provide spacing belween each EEG
alecirode in grder 1o provide optimal measuremant of brainwave activily, including, without fimitation, wave
frequency, wave amplitude, and waveform type in order 1o effectively identify one or more characteristics,
phases or states of brain activity. in aspacts of this embodiment, a neuromoduiation device comprises a
plurality of EEG electrodes are egually spaced with one another. In aspecis of this embodiment, a
neuromodulation device comprises a pluralty of EEG elecirodes where each EEG electrode spaced apart
from one another by, e.g., about 20 mm, about 25 mm, aboul 30 mm, about 35 mm, about 40 mm, about
45 mm, about 80 mm, about 58 mm or about 80 mm.  in other aspedts of this embodiment, a
neuremoadutation device comprises a plurality of EEG elecirodes where gach EEG elecirode spaced apan
from one another by, e.g., at least 20 mm, at least 25 mm, at least 30 mm, at least 35 mm, at least 40 mm,
at least 45 mm, at least 80 mim, al least 5% mm or at least 80 mm.  In yel other aspects of this embaodiment,
a neuromoduiation devices comprises a phurality of EEG elecirodes where each EEG slectrode spaced apart
from one another by, e.¢., at most 20 mim, at most 25 mim, al most 30 mm, at moest 35 mm, at most 40 mim,
at mosi 45 mm, at most 50 mm, al most 55 mm or at most 80 mm. In yet other aspects of this embodiment,
a neuromoduiation device comprises a plurality of EEG electrodes where each EEG electrode spaced apart
from one another by, e.g., about 20 mm to about 30 mm, about 20 mm to aboui 40 mm, about 20 mim to
about 5C mm, about 20 mm o abowt 80 mm, about 38 mim to about 40 mm, about 38 mm (o about 50 mm,
about 30 mm {o about 60 mm, about 40 mm o abowt 88 mm, about 40 mm {0 about 80 mm, or about 50

mim o about 80 mm.

[059] A neuromoduiation device disclosad herein further contains conductive wiring.,  Such conductive
wiring can be located exteriorly on the device housing or embedded within wearable device housing 128,
such as, e.g., within a channel, and will exil the housing through a port localed at the back. In some
embodiments, the conduclive wiring will exit cable port 1688 paralie! 1o the cranium in the anterior-posierior
direction aliowing the user io lay on his back against the flush wires. Conductive wiring disclosed hergin
powers an EREG amplification stage for each EEG electrode 188, each ulirasound transducer array 148,
stimulation control unit 280 and #s associated processing elemenis and functions, and other componenis
of neuromoduiation device 118 and can be bundied together. In some embodiment, conductive wiring runs
through a channeal within main band 122 connecling each EEG elecirode 180 {0 one or more amplifiers, a

digital analog converter, and a stimulation control unit 208 before exiling via cable port 1868 located at a
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pack portion of main band 122, In some embodiment, and with respect o each ulfrasound fransducer array
148, conductive wiring runs through a channel within main band 122 connecling sach ulirasound ransducer
array 140 o stimulation conlrot unit 208 before axiting via cable port 188 locatad at a back portion of main
band 122

[060] Aspecis of the present specification disclose a neuromodulation system comprising a stimuiation
contrel computing environment including a stimulation controf unit and an offiine computing device.
Referring to FIG. 14, neuromodulation system 188 further contains a stimuiation control unit 208 located
on main band 122 ortethered to main band 122 with conductive wiring 210 via a cable port 168, Stimulation
control unit 280 comprising a central control ASIC processor, a printed circult board (FCB) component
which contains an ulirasound phase control component, one or more signal amplifiers, an ulirasound
matching network as well as a power source and other procassors. The ASIC chip processes EEG dats,
ulfrasound state data, ullrasound-emitling element target phase data, power usage, and dala storage. This
ASIC processor sends information regarding element phase which triggers the ullrasound phase control
component and one or more signal amplifiers of the PCB component. This PCB component then sends
signals to the ulirasound matching network 1o reduce reflections from acoustic impedance mismaich and
then 1o sach ultrasound-emiting slement 142 of ultrasound transducer array 148, which allow for beam
steering on neuromodulation device 118, The batlery unit conlained in stimulation control unit 208 is
appropriately current and vollage rated for the needs of nauromodulation device 118, Stimulation control
unit 208 uses an input file reqgarding phase delays for each target structure, which can be subdivisions of a
single target as well as a stimusiation profocol for each targel This file is loaded through a bus interface,
such as, e.g., a LIGHTNING connector, a micro-USB connector, a USB-C connector, and the like, and is
derived {hrough acousiic simulations performed on a brain image set of the user wearing neuromoduiation
device 118, The simulation maps palienis {arget brain regions refative to ulfrasound-emitting elemenis 142
of each ullrasound lransducer array 140 and appropriately phase corrects each element timing such that a
heam focuses on the target. An sxemplary algorithmic framework of a stimulation controf unit disclosed
herein is shown in FIG. 2.

[061] Referringto FIG. 14, a stimulation control compuding environment disclosed herein also comprises
an offline computing device 288 comprises an algorithmic framework including one or more processors and
a plurality of software and hardware components (including a digital analog converter, function generator,
and hard drive) configured to execute program instructions or routines to perform the data processing and
performance functions that controls the operabiiily of a neuromoduiation device disclosed herein.

[062] An algorithmic framework of stimuiation controf unit 288 and software elements disclosed herein is
part of the one or more systems and methods that apply mathematical functions, models or other analytical
and data processing techniques in real-time to ensure a neuromodulation device disclosed harein applies
ultrasound stimulation in an appropriate spatial and temporal manner to one or more specific regions of the
brain separately and differentially in response to the brain activity data obtained by an EEG elecirode. The
software elements include an offline element, referred to herein as ofiling algorithmic mapping element 308,
and an online element, referred to herein as online algorithmic stimulation application element 318,
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[063] The systems and methods for modulating operation of a neuromoduiaiion device disciosed herein
may be implemented in many different computing environments. For example, a permissioned, distributed
ledger may be implemented in conjunction with a special purpose computer, a programmed microprocessor
or microcontroller and peripheral integrated circuit element(s), an ASIC or other integrated circuit, a digital
signal processor, electronic or logic circuitry such as discrete element circuit, a programmable logic device
or gate array such as a PLD, PLA, FPGA, PAL, and any comparable means. In general, any means of
implementing the methodology illustrated herein can be used to implement the various aspects of the
present invention. Exemplary hardware that can be used for the present invention includes computers,
handheld devices, telephones (e.g., cellular, Internet enabled, digital, analog, hybrids, and others), and
other such hardware. Some of these devices include processors (e.g., a single or multiple
microprocessors), memory, nonvolatile storage, input devices, and output devices. Furthermore, alternative
software implementations including, but not limited to, distributed processing, parallel processing, or virtual
machine processing can also be configured to perform the methods described herein.

[064] The systems and methods for modulating operation of a neuromodulation device disciosad herain
may also be partially implemented in software that can be stored on a storage medium, executed on
programmed general-purpose computer with the cooperation of a controller and memory, a special purpose
computer, a microprocessor, or the like. In these instances, the systems and methods of this invention can
be implemented as a program embedded on personal computer such as an applet, JAVA® or CGI script,
as a resource residing on a server or computer workstation, as a routine embedded in a dedicated
measurement system, system component, or the like. The system can also be implemented by physically
incorporating the system and/or method into a software and/or hardware system.

[065] Additionally, the data processing functions disclosed herein may be performed by one or more
program instructions stored in or executed by such memory, and further may be performed by one or more
modules configured to carry out those program instructions. Modules are intended to refer to any known or
later developed hardware, software, firmware, artificial intelligence, fuzzy logic, expert system or
combination of hardware and software that is capable of performing the data processing functionality
described herein. The device includes three key software modules: the EEG controller module that includes
a sleep stage classifier and slow wave analysis functionality, the ultrasound module that controls the
ultrasound beamforming and stimulation pattern, and a data logging module that captures all the interaction
data for optimization purposes (FIG. 3A-B).

[066] A stimulation control unit disclosed herein has the capacity for temporary and long-term data
storage to available hard-drive space. Depending on the memory capacity of a stimuiaticn controi unit, data
can be down-sampled prior to writing to each file using time-window averaging. Stored data include, without
limitation, a timestamp, real-time information received by an EEG elecirode disclosed herein, information
generated by a stimulation condrol unit disclosed herein and information received by an ultrasound
transducer array disclosed herein.
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[067] EEG slecirode information includes EEG data for each electrode which is preferably stored as a
microvolt time series sampled at 256 Hz. Ultrasound transducer array information includes ultrasound
stimulus information which is preferably stored as a 256 Hz binary time series with stimulus delivery status,
for example, where 1 reflects that the ultrasound delivery waveform is on, O reflects that the ultrasound
delivery waveform is off. Voltage waveform pattern delivered to each ultrasound transducer element during
stimulation periods is unique to each user and can be stored on a siimulation controf unit in a standard
format. This file includes contents such as, for example, ultrasound transducer element phase delay,
fundamental frequency, burst modulation frequency, and interburst-interval. In some instances, there can
be several of these files which create specific focal points in brain space. For instance, one file may produce
focusing on the centromedial thalamus, and another the reticular nucleus of the thalamus.

[068] A stimuiation control unit can further include one or more systems and methods that apply
mathematical functions, models or other analytical and data processing techniques in real-time for battery
management, data offloading/onloading, or other operations designed into a neuromodulation device
disclosed herein. Regarding user-specific data offloading/onloading, the stimuiation control unit can be
internet connected and the data storage on each neuromodulation device will be automatically scanned for

new data files and offloaded as necessary.

[069] An exemplary system and method for modulating operation of a neuromodutation device disclosed
herein is shown in FIG. 3. Brain activity data, including frequency, amplitude, waveform, is continuously
being collected by an EEG slectrode disclosed herein and the collected data is and amplified. This and
amplified brain activity data is then passed from a digital analog conversion (DAC) board and then relayed
to one or more processors of a stimuiation conirol unil. The stimulation control unit then executes brain
activity soflware {o analyze this EEG information in order to categorize the brain activity and if specified
criteria are met, initiate protocols for the administration of ultrasound stimulation. A stimuiation control unit
disciosed hersin then executes phase corrected beam steering based on offline phase instructions
generated by an offfine algorithmic mapping element 388, These instructions are generatad offline using
brain image data and brain substruciure mapping software that analyzes the cranial anatomy of a user to
identify one or more specific region of the brain and accurately identifies the target locations designated for
ultrasound stimulation. Phase correction instructions for each element are determined by performing
acoustic simulations on brain image data to predict optimal focusing parameters. Once these regions of
the brain have been mapped, a stimuiation control unll disclosed herein then instructs an ulirasound
transducer array disclosed herein to administer ultrasound signal to these mapped brain regions for a
certain period of time and with or without signal ampilification. Constant input from an EEG electrode
disclosed herein results in a continuous initiation and/or adjustment from a stirmuation control unit discliosed
herein, which regulates the application of ultrasound by an ultrasound iransducer array disclosed herein.
This results in a feedback mechanism that enables timely, effective, and accurate ultrasound stimulation to

one or more specific brain region requiring such stimulation.

[070] Aspects ofthe present specification disclose, in part, a system and method for processing real-time
information acquired an EEG slecirode disclosed herein, in an ondine algorithmic stimulation application
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glement 310, The disclosed system and method for processing this real-time EEG information comprises
brain activity analysis sofiware that evaluates the EEG information in order to categorize the brain activity,
determines whether the brain activity measured met specified criteria, and if such criteria are satisfied,
initiates protocols for the administration of ultrasound stimulation, including brain substructure mapping and
ultrasound administration.

[071] Insome embodiments, brain activity analysis software evaluates brain activity in order to categorize
the sleep stage of a sleep cycle in order to determine slow wave signals indicative of Stage N2 of NREM
or Stage N3 of NREM sleep. The device will identify the current phase of slow waves for the proper
application of ultrasound stimulus using the algorithm shown in part by FIG. 2. In this application, phase
with respect to an EEG measure refers to the point along a cycle or oscillation of a recorded brain region
between a positive and negative measured voltage. To identify the present slow wave phase while the
device is operational, spectral analysis will be performed on a segment of the most recent acquired EEG
signal; this will typically be, but is not limited to, the last 4 seconds of signal acquired. A spectral analysis
will be performed on this segment in which the contribution of all brain wave frequencies, also known as
the frequency domain, is determined. In an aspect of this embodiment, a spectral analysis is perform using
a Fast Fourier Transform (FFT) analysis to determine the frequency domain. The system will then
determine the dominant slow wave frequency by determining the maximum contributing frequency between
0.5 Hz and 2 Hz. This dominant slow wave frequency will then be used to determine the current slow wave
phase. The signal may be bandpass filtered for the dominant frequency to remove extraneous signals
greater than or less than the dominant signal. To determine the phase of the filtered or unfiltered signal
several methods can be used. In one embodiment, a sine wave function with the dominant frequency will
be fit to the filtered EEG signal. The current slow wave phase will be determined by the ending phase of
the sine wave fit to the EEG signal. If the signal acquisition is delayed, the sine wave may be extended
beyond the data to predict future phase. In another method a phase locked loop may be used. A phase
locked loop is a type of control system which detects the phase difference of a reference signal and an
input signal, effectively allowing a system to identify the occurrence of a crest and trough of a wave signal
in time. Once phase has been determined through either of these methods, or some other suitable method,
the system will then deliver the ultrasound stimulus if the phase meets one or more certain criteria as
illustrated in FIGS. 4A-E. This may be that the phase is matched to or within a given number of degrees
or radians of the “up state” in which the measured voltage is most positive. This “up state” is generated by
the thalamic bursting activity engaging the corticothalamic loop. Alternatively, the criteria may be that the
phase matches the “down state” in which the corticothalamic loop is inactive.

[072] Depending on the ultrasound response of the targeted cell type, the relative phase of administration
may vary. In aspects of this embodiment, a protocol for administering an ultrasound stimulation is initiated
when the phase of a siow wave frequency is, €.¢., about 50°, about 55°, about 60°, about 85°, about 70°,
about 75°, about 80°, aboul 85°, about 80°, about 85° from the peak slow wave frequency. In other aspects
of this embodiment, a protocol for administering an ultrasound stimulation is initiated when the phase of a
siow wave frequency is, 2.4., at least 50°, at least 55°, al least 80°, gt least 65°, at least 70°, at least 758°,

at least B0°, at least 88°, at least 80°, al least 85° from the peak slow wave frequency. In yet other aspects
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of this embodiment, a protocol for administering an ultrasound stimulation is initiated when the phase of a
slow wave frequancy is, e.g., al mosi 80°, at most 557, at most 80°, at most 857, at most 707, at most 75°,
at mosi 807, at mosi 85°, at mosi 80°, at mosi 85° from {he peak slow wave frequency. In still other aspects
of this embodiment, a protocol for administering an ultrasound stimulation is initiated the phase of a siow
wave frequency is, e.q., about 58° {o about 80°, aboul 50” to aboul 707, about 507 1o about 88°, about 50°
{o about 80°, about 50° {o about 100°, about 80° {o about 70°, about 60° 1o about 80°, about 60° 10 about
0, about 80° to aboul 100°, about 707 to about 80°, about V0° to about 80°, about 70° 1o aboui 100°,
about 80° to abowt 80°, aboutl 80° to about 1007, or abowt 80° o about 10Q° from the peak slow wave

freguency.

[073] Aspects of the present specification disclose, in part, a system and method for mapping one or
more specific regions of the brain. The disclosed system and method for mapping one or more specific
regions of the brain comprises brain substructiure mapping software thal identifies one or more specific
region of the brain and accurately plots one or more targeting locations designated for ultrasound
stimulation as illustrated in FIGS. 5A-J. Uitrasound focusing of a neuromoduiation device disclosed herein
refizs on the convergence of coordinated inferference of acoustic waves from different pressure sources
along the ultrasound transducer array, which are affected by non-linearities in skull thickness and brain
morphology of a user's cranium as well as by non-linearities in skull incidence angle.  In addition, such
hetercgeneous skull and brain morphology can differ substantislly between users. A brain substructure
mapping software disclosed herein models optimal ultrasonic focusing parameters catered 1o each user's
unique cranial morphology by identifying these non-linearities and variations and accounting for them when
plotting a solution to properly steer ultrasound stimulation of 8 particular region of the brain.

[074] A brain substructure mapping software disclosed herein identifies one or more specific regions to
be targeted for ultrasound stimulation. In some embodiments, one or more specific regions of the brain are
identified by comparing a brain image scan to a brain atlas which may be publicly available or internally
annotated in order to identify a common coordinate space. Brain image scans include scans generated by
computed tomography (CT) and magnetic resonance imaging (MRI). Non-limiting sources of such brain
image scans include scans obtained from a user of a neuromodulation device disclosed herein
(personalized model customized for a particular user), scans obtained from deidentified individuals through
healthcare facilities, or scans obtained from deidentified individuals through registries like the Human
Connectome. Brain image scans are registered with a common brain region atlas and image segmentation
performed to identify centroids in voxel space of the one or more specific regions to be targeted for
ultrasound stimulation. In some embodiments, the target brain region is the thalamus. In some
embodiments, the one or more specific regions to be targeted for ultrasound stimulation is a sub-region of
the thalamus such as, but not limited to the central nucleus of the thalamus, the reticular thalamus, or the
lateral thalamus or some combination thereof.

[075] In some embodiments, one or more specific regions of the brain are identified using biometric

parameters that coordinate with brain region. The target site may be estimated as a point in 3D space
relative to a biometric which has some predictive value for the position of the target site. This biometric may
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include, but is not limited to, the position of a person’s eyes, ears, eyebrow ridge, nose, mouth, jawline, or
other appendage relative to a cranial landmark. This biometric may also include a relative point along a
cranial feature axis, such as a fractionally defined mid-point along the forehead, between the ears and eyes,
between the corner of the mouth to the base of the ear, or some other combination of cranial features or
appendages.

[076] Once the one or more specific brain regions are identified, a brain substruciure mapping software
disclosed herein identifies the coordinate space of each transducer elements within the image data. It then
accurately calculates the temporal phase offset of ultrasound-emitting elements based by estimating
acoustic temporal path length between the element and the target of one or more identified locations or
performing full wave simulation. Initially the software will determine acoustic impedance by employing an
algorithm that converts pixels of a brain image scan from the brain modeling database into measurements
of acoustic impedance (Hounsfield units). A brain substruclure mapping software disclosed herein then
determines the beam steering required to effectively apply ultrasound stimulation onto a given region of the
brain. In some embodiments, the required beam steering is determined by modeling simulations of wave
equations by estimating the temporal wave path length to the target focus, accounting for difference in
sound speed across skull and tissue as well as wave refraction. The simulation then adjusts the excitation
phase delay of each ultrasound transducer element until the wave fronts constructively interfere at the

focus.

[077] In some embodiments, a model using acoustic simulation software provides 3-D matrices of beam
characteristics given certain phase and power inputs applied to the ultrasound transducer elements. This
can include the maximum possible power distribution ratio between on and off-target structures in the x, v,
and z domain, characteristics of beam deformation at large steering angles, and/or minimum achievable
focal sizes. In some embodiments, the target brain site can be determined by iterative stimulation of
different locations of a region which should contain the target site. With this method a general target space
can be estimated from a brain-skull model database or a focal distribution based on user data as illustrated
in FIGS. 5A-J. This space may have probabilistic features where certain layers of 3D coordinate space may
be more likely to contain the target site than others. The transducer can be programmed to scan this 3D
space in a stepwise fashion while measuring a biological readout. The scanning coordinate space may be
evenly spaced, giving equal examination weight to each point, or may be unevenly spaced to reflect the
probability that the target site is present at a given coordinate. The coordinate space may be static
throughout the examination or may be dynamic to reflect positive or negative biological readouts at each
coordinate during the examination. The biological readout may be a feature of EEG such as slow wave
amplitude, or a subjective measure described by the user such as a sensory experience or a description of
state of mind. The readout may be performed once at each coordinate, multiple times, or a weighted number

of times based on the probabilistic space.
[078] In some embodiments, a brain substructure mapping software disclosed herein determines the

required beam steering by plotting the maximum lateral steering angles to the edges of the targeted brain
region from a fixed reference point on the user's cranium. In aspects of these embodiments, a brain
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substructure mapping software disclosed herein determines the required beam steering by plotting the
maximum angle from the ultrasound transducer array to the maximum and minimum lateral steering angles
of the target brain region.

[079] In some embodiments, a brain subsiruciure mapping softwares disclosed herein maps the location
of the thalamus. For example, and as illustrated in FIGS. 5A-B, the location of thalamus 610 is mapped
using a brain modeling database and the maximum angle relative to most posterior and anterior portion of
the thalamus is computed on a converted MRI scan by marking the anterior commissure as a control point
(FIG. 5A, crosshairs) and placement of ultrasound transducer array 140 (FIG. 5B) of neuromoduiation
device 148 as a set point and the dashed lines indicate focal point steering angles. As illustrated in FIGS.
5C-D, projection of ultrasound stimulation from a neuromodulation device disclosed herein established a
pressure field that engages only a portion of the thalamus with the highest intensity part of the field. As
another example, and as illustrated in FIGS. 5E & 5§H, a brain substructure mapping sofiware disclosed
herein maps the location of the thalamus (purple) using a brain modeling database and then, as shown in
FIGS. 5F & 51, accurately plots application of ultrasound stimulation to the thalamus.

[080] Insome embodiments, a brain substructure mapping software disclosed herein creates a file format
that contains user specific information regarding a targeted brain region, and the necessary phase delay
for each ultrasound transducer element.

[081] A stimulation control unit of a neuromodulation device disclosed herein includes an implementation
of artificial intelligence, in systems and methods that apply one or more {aechniques of machine learning for
defermination of sleep stage, EEG speciral analysis, and conirolling ultrasound emitling elements
accordingly. The present invention contemplates that many different types of artificial intelligence, and
more specifically machine learning may be employed, and are within the scope thereof. The application of
artificial intelligence and machine learning may include, in addition or lieu of the neural network, one or
more of such types of artificial intelligence. These may include, but are not limited to, techniques such as
k-nearest neighbor (KNN), logistic regression, support vector machines or networks (SVM), and
instantiations of one or more other types of machine learning paradigms such as supervised learning,
unsupervised learning, deep learning and reinforcement learning. Regardless, the use of artificial
intelligence and machine learning in the algorithmic framework of the present invention enhances the utility
of data processing functions performed therein by automatically and heuristically constructing appropriate
relationships, mathematical or otherwise, relative to the complex interactions between data obtained from
the plurality of sensors and other input data used by a stimulation control unit, to arrive at the most
appropriate response to particular vehicular operating conditions.

[082] Aspects of the present specification also disclose a stimulation control unit comprising machine
learning elements such as a deep learning model for sleep stage prediction. Such an application of artificial
intelligence systems in the present invention involves automatically monitoring, classifying, quantifying EEG
information to predict the sleep stages of a user in real time. A deep learning model for sleep stage
prediction will first use representation learning o exiract useful features from the raw EEG dala using
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convolutional neural networks (CNN) to detect features on the raw data, such as, e.g., using 1D
convolutions on the raw EEG or 2D convolutions on the Spectrograms. A deep learning model for sleep
stage prediction will then employ sequence residual leaming by using recurrent and fully connected cell
layers 1o classify the features exdracted from the first part into sleep siages. The use of recurrent cells allows
the temporal dimension to be considered in the problem. A deep learning model far sleep stage prediction
will also include an error correction layer that will deal with movement artifacts and other external noises
by using an encoder-decoder approach.

[083] In some embodiments, and as shown in FIGS. 7A-B, a deep learning model for sleep stage
prediction comprises one multi-branch that uses four signal (EEG, EOG-R, EOG-L, and EMG) input
architecture. The multi-branch deep learning model for sleep stage prediction is composed by four
branches of convolutional neural networks and a LSTM. The tensors are concatenated at the end of the
branches and fed into a fully connected layer. This last fully connected layer can be fine-tuned to allow
personalization with transfer learning. A bidirectional LSTM that will be used as a baseline for evaluating
the single EEG signal architecture.

[084] In some embodiments, and as shown in FIGS. 8A-C, a deep learning model for sleep stage
prediction comprises one or two branches that use a single signal (EEG) input architecture. Each branch
of a one or two branch deep learning model for sleep stage prediction is a convolutional neural network
with different filter configurations to capture different features from the signal. Those tensors are
concatenated and then fed to another two branches one with a bidirectional long short-term memory and
one with a fully connected layer. The results are concatenated again and fed to a final fully connected layer.

[085] in some embodiments, a deep learning model for sleep stage prediction is based on bidirectional
recurrent networks with large short-term memory and trained with thousands of labelled polysomnograms.
Such a deep learning model for sleep stage prediction enables classification of polysomnogram and EEG
in real time to allow for personalization of the classification to a given user. In aspects of these
embodiments, a deep learning model for sleep stage prediction is based on bidirectional recurrent neural
network (RNN) with or without long short-term memory (LSTM).

[086] in some embodiments, a deep learning model for sleep stage prediction is developed by creating
a database of whole night polysomnograms based on publicly available information. Such
polysomnograms can be obtained from healthy individuals as well as from individuals suffering from a
relevant sleep condition, such as, e.g., drug-resistant insomnia, REM sleep behavior disorder, or

narcolepsy.

[087] in some embodiments, a deep learning model for sleep stage prediction is developed by creating
a personalized database of whole night polysomnograms from the same individual, Such polysomnograms
can be obtained by having a user sleep under controlied conditions and manually labeling them in order to
refine the last layers weights by retraining them for a few epochs. A personalized database is useful to
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retrain the last layer of the deep learning model in order to adapt to the differences of each individual,
allowing a neuromodulation device disclosed herein to be personalize to the user.

[088] Aspects of the present specification also disclose a stimulation control unit comprising a deep
learning model for reguiating ultrasound stimulation parameters. Such an application of artificial intelligence
systems involves automatically determining and adjusting in real fime the ultrasound stimulation parameters
required for modulating brain activity. A deep learning model for regulating ultrasound stimulation
parameters can read information from the deep brain at an individualized level, and in real time instruct a
neuromodulation device disclosed herein to deliver the required ultrasound stimulation to achieve its
desired outcome. In some embodiments, the deep learning model automatically determines and adjusts
in real time the ulirasound stimulation parameters required for modulating brain activity in order to improve
sleep quality of sleep. In some embodiments, a deep learning model for regufating ultrasound stimulation
parameters comprises 1) reinforcement learning 1o adapt in real time {0 changes in the device position and
other exdernal factors; 2) subsystem rouiings that control an EEG elecirode; and 3} a daia logging module
used for iraining long-term personalization and for improving the other modules.

[089] in some embodimenis, a8 neuromodulation device disclosed herein targels the thalamus with
focused ulirasound stimulation as shown in FiG. 54&-1. Despite having no direct interaction with the cortex,
focused uitrasound stimulation of the thalamus ultimately engages greater volumes of cortex through the
corticothalamic loop. The corticothalamic loop is a circular network of neurons involving connections
between the cortex, the basal ganglia, the thalamus, and back to the cortex. The two major pathways of
the loop are the striatum and the subthalamic nucleus (STN). The striatum receives excitatory inputs from
the cortex and modulatory inputs from the pars compacta of the substantia nigra (SNc), while the
subthalamic nucleus only receives excitatory inputs from the cortex. Two pathways emerge from the
striatum. One pathway is called the indirect (or NoGo) pathway that projects to and inhibits the globus
pallidus externus (GPe), resulting in the disinhibition of the globus pallidus internus (GPi), leading to
inhibition of the thalamus. This pathway also, as a result of inhibiting the GPe, disinhibits the subthalamic
nucleus, which results in excitation of the GPi, and therefore inhibition of the thalamus. The second
pathway, is called the direct (or Go) pathway that projects to and inhibits the GPi, resulting in the
disinhibition ofthe thalamus. Disinhibition of the thalamus results in neuronal stimulation of the cortex while
inhibition of the thalamus prevents such stimulation. The corticothalamic loop receives inputs from
subthalamic regions encoding bodily homeostasis, as well as peripheral sensory information, such as touch
and sound. Its projections spread vastly into cortex as well as other sleep and wake promoting regions,
where information oscillates between structures, creating a spatially broad network of information flow.

[090] A nsuromodulation device disclosed herein is positioned by placing the device housing on the
user’'s head and adjusting the main and secondary bands to locate the EEG electrodes in the appropriate
locations, such as e.g., the forehead and left and right temple regions as well as the ultrasound transducer
arrays in the appropriate locations, such as e.g., the left and right temporal window regions. Afterthe device
housing is properly adjusted, the position of a neuromaoduiation device disclosed herein is securely fixed to

ensure proper operation.
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[091] In operation, and as shown in FIG. 6, a neuwromgdulation device disclosed herain conlinually
measures and processes reaktime BEG signals from a user’s brain 1o instantanesusly identily the current
sleep stage of the user, In some embodiments, sleep stage is determined using the ratio of distinct spectral
components such as delta (0.5-4Hz), theta (4-8Hz), alpha (8-12Hz) and beta (12-30Hz) power. When the
device calegorizes a sieep stage as N2 of NREM or Slage N3 of NREM, the brain aclivily software of a
device disciosed herein will then determine the dominant frequency of the FFT within the slow wave
frequency range which will be used as an oscillator for determining the slow wave phase using a phase
iocked loop. ifthe phase locked loop finds the slow waves within a given phase range relative {o the peak
slow wave frequency, the transducer beam steering parameters targeting the thalamus will, appily focused
ultrasound stimulation {o the thalamus, increasing thalamic activily, thereby enhancing SWS.

[092] Depending on the prescribed operation of the device, the ultrasonic waveforms can specifically be
delivered during NREM stages of sleep, or alternatively, can be delivered during wake state. If the sleep
stage is assigned stimulation, the device finds the peak spectral component of the FFT. A phase locked
loop algorithm is applied to generate a phase locked signal to the real signal (reference signal) to determine
the current phase of the slow wave. If the current phase is within the stimulus range, the ultrasound stimulus
is triggered for the duration of the inter-packet interval. Once the inter-packet interval has elapsed, the

routine is initiated again continuously while the device is set to operate.

[093] Aside from the implementation described above, a neuromodulation device disclosed herein can
be used to examine optimal spatial parameters of ultrasound stimulation. The device examines a baseline
delta power and compares it to delta power changes achieved with different focal points in a space, as well
as different slow-wave phase of ultrasound delivery. The space points can be confined to space surrounding
the thalamus, or to the maximal steering capacity of the transducer.

[094] During wear the neuromodulation device is powered on via a single button on the device. EEG is
acquired and analyzed at 120 Hz. The central process control unit uses a gradient boosted decision tree
algorithm to determine sleep stage and identify slow waves in real time. If the user is in Stage N2 or N3 of
NREM and is experiencing a slow wave, the neuromodulation device sends a single continuous 100 ms
pulse of focused ultrasound energy to the thalamus in order to enhance thalamic activity and, in turn, the
amplitude of the slow wave and subsequent slow waves. Depending on the thalamus width, the device may
raster scan the beam over the structure throughout the duration of the stimulation. A time out period is then
set which must lapse until subsequent stimulations; this ensures tissue heating is limited to less than 1°C.
Throughout wear, EEG time series data and ultrasound stimulation state time series are stored on the
central processing unit and offloaded onto an external computing device using & bus inierface, such as,

e.d., a LIGHTNING connector, a micro-USB connector, a USB-C connector, and the like.

[095] The present specification also discloses methods and uses for preventing and/or treating a brain
disorder using a neuromodulation device disclosed herein. Non-limiting aspects of a brain disorder include
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a sleep disorder of a brain disorder associated with a sleep disturbance, a psychiatric disorder, a metabolic
disorder, an epilepsy or other seizure disorder, an anxiety, a depression, and/or a neuropathic pain.

[096] A neuromodulation device disclosed herein could be used to prevent or treat a sleep disorder or
disorders associated with a sleep disturbance which arise from or could be remedied by sites in the deep
brain. This could include but is not limited to modulating activity of the thalamus or thalamic subregions for
enhancement of slow wave sleep or sleep spindle generation for enhancing memory, immune function,
cognitive function, and general restorative sleep functionality.

[097] A neuromodulation device disclosed herein could be used to prevent or treat a psychiatric disorder
which arise from or could be remedied by sites in the deep brain. This could include but is not limited to
modulating activity of the thalamus or thalamic subregions for enhancement of slow wave sleep or sleep
spindle generation for enhancing memory, immune function, cognitive function, and general restorative
sleep functionality.

[098] A neuromodulation device disclosed herein could be used to prevent or treat a metabolic disorder
which arise from or could be remedied by sites in the deep brain. This could also include modulating activity
of the locus coeruleus for increasing or decreasing wakefulness. This could also include modulating activity
of the hypocretin/ orexin neurons of the lateral hypothalamus for modulating wakefulness, emotional state,
or appetite. This could include modulating activity of the hypothalamus or hypothalamic sub regions for
treating metabolic disorders, increasing or decreasing metabolism, modifying appetite, or thermoregulation.

[099] A neuromodulation device disclosed herein could be used to prevent or treat an epilepsy or seizure
disorder which arise from or could be remedied by sites in the deep brain. This could also include
modulating activity of the thalamus or thalamic subregions for treating focal and non-focal seizures or
temporal lobe epilepsy.

[0100] A neuromodulation device disclosed herein could be used to prevent or treat a depression or
anxiety which arise from or could be remedied by sites in the deep brain. This could also include modulating
activity of the amygdala for treating and/or altering emotional states such as depression or anxiety.

[0101] The present specification also discloses methods and uses for promoting healthy brain aging and
prevent age related brain diseases using a neuromodulation device disclosed herein. Such age-related
brain diseases could be due to accumulation of toxic debris and impaired metabolism, stroke and
neurodegenerative diseases.

[0102] The present specification also discloses methods and uses for preventing and treating jetlag, for
inducing hibernation for preventing body damage (e.g. after surgery or after trauma), space travels and for
improving cognitive performance for specific requirements such as those mental requirements made of
pilots, soldiers, executives and students taking exams, for example.

32



WO 2021/243099 PCT/US2021/034640

EXAMPLES

[0103] The following non-limiting examples are provided for illustrative purposes only in order to facilitate
a more complete understanding of representative embodiments now contemplated. These examples
should not be construed to limit any of the embodiments described in the present specification, including
those pertaining to the devices, or methods and systems disclosed herein.

Example 1
Deep Learning Model for Sleep Stage Prediction

[0104] A database comprising whole night polysomnograms was created from three publicly available data
Sets representing over 6,700 individual polysomnograms. From this compiled database, 153
polysomnograms were exiracted from healthy individuals the Pz-0Z channel of the EEG data was
preprocassed with 4th-order Bulterworih band-pass filters centered at della, thela, alpha and beta speclrum
(1-4Hz, 4-8Hz, 8-13Hz, 13-30Hz respectively}. From the resuling four signals, for every epach, four
temporal fealures weare exdracied: median amplitude, variance, skewness and kurtosis; and four speciral
features were extracied: spectral edge frequency differance, spectral decrease, spectral siope and spaciral
spread. The resuiting 32 features were concatenaled from the previous epoch 1o include causalily in the
system and making a 84-fealure vector representing each epoch. Spectral domain was obtained by means
of fast Fourier transform and epochs with movement were removed from the datasel. Finally, the features
were normalized. Table 1 shows the different sleep stages in this data setf, that was split with 70% for

training and 30% for testing.

Table 1. Epochs for Processed Sample Data Set
Subset Wake N1 N2 N3 REM
Training 198,812 15,097 47,920 9,075 17,982
Testing 85,023 6,372 20,713 3,916 7,785

[0105] Classification accuracy was tesied using several deep leaming architectures including CNN, RNN
as well as non-linear machine learning algorithms such as random forest or gradient boosting decision treas
{(GBOT). Using a weighted GBDT model (100 {rees) an acouracy of 83% was achieved for all classes,
suffering a decrease in accuracy for the fess common evenis (N1 and 1o a lesser extent in N3, see Table
&), Using a UMAP non-linear dimensionalily reduction in two virtual dimensions we can visualize the

different classes in FIG. 84 and the quality of the prediction in FIG. 88,

Table 2. Prediction Results for a GBDT Model
Sleep stage Precision Recall F1-score
Wake 0.95 0.98 0.97
N1 0.47 0.12 0.19
N2 0.74 0.85 0.79
N3 0.70 0.50 0.58
REM 0.67 0.63 0.65
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Example 2
Sleep Study

[0106] In this study, participants will wear a neuromodulation device disclosed herein for two consecutive
nights’ sleep at the clinic. The neuromodulation device will be powered on and set with a file steering data
for the individual. On night one optimal spatial peak pulse average intensity ultrasound power will be
assessed. The neuromodulation device will emit 200 ms continuous ultrasound waves during the Stage N2
and/or Stage N3 of NREM of sleep, phase locked to the participants slow waves. The minimum inter
stimulus delay will be set to 5 seconds in order to allow assessment of slow wave power subsequent to the
stimulation. The following intensities will be randomly delivered for each event: 5 W/cm?, 10 W/cm?, 20
W/cm?, and 40 W/cm? at the 300-360° phase. The ratio of delta power in the 4.7 seconds post stimulation
will be assessed relative to the average delta power across all events. During a 7-day period prior to the
2nd study night the optimal power will be examined. The second night of the study will be used to examine
optimal stimulation slow wave phase with the given power. The phases of stimulation to be tested are 300-
60°, 0-60°, 60-120°, 120-180°, 180-240°, and 240-300° relative to the down state or minimal voltage. The
slow wave enhancement will be determined by relative slow wave amplitude following each stimulation
parameter set and will be averaged across events. The lowest power dose which achieves statistically
indistinguishable slow wave enhancement from higher power levels, and the phase with greatest
enhancement will be used.

Example 3
Sleep Study in Individuals having PTSD associated with a Sleep Disturbance

[0107] In this study, participants diagnosed with PTSD will be designed as a 7-day randomized, double
blind, sham controlled study with an adaptive design. Participants will be randomized to either therapy or
sham stimulation with a ratio 2:1. Participants will be asked to keep sleep medications unaltered the week
before and during the study. The sham intervention will be wearing an operational neuromodulation device
set to deliver 0 mW/cm? ultrasound intensity. The baseline visit will include two-nights of sleep in the sleep
lab for adaptation and recording the PSG for defining the sleep architecture of the participants. All
participants will be asked to wear the device for 7 nights. The neuromodulation device will be operationally
set by a technician to blind the physician to the treatment groups. Treatment will go from 9 pm to 7 am with
either the optimal spatial peak pulse average intensity power and phase ultrasound stimulation defined in
Example 2 or sham intervention. During each day, between 9 am and 5 pm, participants will be evaluated
for performance tests including the effects of the neuromodulation device use on sleep quality and well-
being in PTSD. In addition, vital signs, physical examination and sleep habits will be recorded.

Example 4
Sleep Study in Individuals with a Sleep Disturbance

[0108] In this study, participants will be randomized to receive either pre-sleep disorder, post-sleep
disorder, or sham stimulation. Participants will be instructed to maintain their chronic sleep schedule
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reported at screening over 7 nights of an “at-home” sleep monitoring phase for 7 nights. They will be
encouraged to obtain the optimal 8 hours per night of sleep, with the 8-hour period falling between the
hours of 9 pm and 8 am. for 7 days prior to the laboratory phase of the study. The participants’ sleep-wake
activity will be assessed using actigraphy to ensure adherence to this requirement. Participants will be
required to refrain from taking daytime naps or study-prohibited substances during this period. Participants
will arrive at the laboratory at approximately 7 pm on the day following the last night of the at-home sleep
monitoring phase. Participants will have 10 hours in bed with lights out and will leave the lab after 7 am.
Participants will be instructed not to nap during the day and will be monitored throughout this phase with
actigraphy. During each night, participants will undergo polysomnographic monitoring. Participants will
remain in the lab the day after their last sleep satiation phase night, prior to their night of sleep restriction
with treatment. Baseline daytime performance assessment will take place every 4 hrs during each day. This
assessment will include a PVT, a math test, and a sleep propensity test. Prior to bedtime on the sleep
restriction night, the neuromodulation device will be worn by both stim and sham groups. By 11 pm (+/- 10
minutes), participants will be in bed with lights out. The stim group will receive power identified in Example
2, with the neuromodulation device operating as described in the Example 3. The participants in Sham
group will sleep for approximately 4 hours without stimulation. Participants who experience less than a total
of approximately 90 minutes of sleep during that 4-hour period, will be excluded from further involvement
in the study. Additionally, those participants who have not fallen asleep within approximately 75 minutes of
lights off (bedtime) will be excluded from further involvement in the study. Stimulation will be immediately
terminated if it is causing a subject discomfort and study participation will be terminated at that time; those
individuals will be allowed to sleep the rest of the night and be discharged from the study the following
morning. The four-hour period of sleep restriction will be followed by a 44-hour period of sleep deprivation,
during which performance, mood and sleep propensity will be periodically assessed.

[0109] During the first sleep recovery night participants will be asked to wear the neuromodulation device
throughout the night. The neuromodulation device will deliver ultrasound for the post-sleep disturbance
group. All participants will have two nights of recovery sleep consisting of 8 hours in bed 11 pm to 7 am.
Performance assessments will occur periodically on each day following the recovery nights. During the
recovery nights, sleep will be objectively monitored using actigraphy and polysomnography. Participants
will be dismissed by a study medical investigator by 7 pm or earlier if all planned study procedures and
medical clearances are complete on the day after the second recovery night.

[0110] In closing, foregoing descriptions of embodiments of the present invention have been presented
for the purposes of illustration and description. It is to be understood that, although aspects of the present
invention are highlighted by referring to specific embodiments, one skilled in the art will readily appreciate
that these described embodiments are only illustrative of the principles comprising the present invention.
As such, the specific embodiments are not intended to be exhaustive or to limit the invention to the precise
forms disclosed. Therefore, it should be understood that embodiments of the disclosed subject matter are
in no way limited to a particular element, compound, composition, component, article, apparatus,
methodology, use, protocol, step, and/or limitation described herein, unless expressly stated as such.
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[0111] In addition, groupings of alternative embodiments, elements, steps and/or limitations of the present
invention are not to be construed as limitations. Each such grouping may be referred to and claimed
individually or in any combination with other groupings disclosed herein. It is anticipated that one or more
alternative embodiments, elements, steps and/or limitations of a grouping may be included in, or deleted
from, the grouping for reasons of convenience and/or patentability. When any such inclusion or deletion
occurs, the specification is deemed to contain the grouping as modified, thus fulfilling the written description

of all Markush groups used in the appended claims.

[0112] Furthermore, those of ordinary skill in the art will recognize that certain changes, modifications,
permutations, alterations, additions, subtractions and sub-combinations thereof can be made in accordance
with the teachings herein without departing from the spirit of the present invention. Furthermore, it is
intended that the following appended claims and claims hereafter introduced are interpreted to include all
such changes, modifications, permutations, alterations, additions, subtractions and sub-combinations as
are within their true spirit and scope. Accordingly, the scope of the present invention is not to be limited to
that precisely as shown and described by this specification.

[0113] Certain embodiments ofthe present invention are described herein, including the best mode known
to the inventors for carrying out the invention. Of course, variations on these described embodiments will
become apparent to those of ordinary skill in the art upon reading the foregoing description. The inventor
expects skilled artisans to employ such variations as appropriate, and the inventors intend for the present
invention to be practiced otherwise than specifically described herein. Accordingly, this invention includes
all modifications and equivalents of the subject matter recited in the claims appended hereto as permitted
by applicable law. Moreover, any combination of the above-described embodiments in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or otherwise clearly

contradicted by context.

[0114] The words, language, and terminology used in this specification is for the purpose of describing
particular embodiments, elements, steps and/or limitations only and is not intended to limit the scope of the
present invention, which is defined solely by the claims. In addition, such words, language, and terminology
are to be understood not only in the sense of their commonly defined meanings, but to include by special
definition in this specification structure, material or acts beyond the scope of the commonly defined
meanings. Thus, if an element, step or limitation can be understood in the context of this specification as
including more than one meaning, then its use in a claim must be understood as being generic to all possible
meanings supported by the specification and by the word itself.

[0115] The definitions and meanings of the elements, steps or limitations recited in a claim set forth below
are, therefore, defined in this specification to include not only the combination of elements, steps or
limitations which are literally set forth, but all equivalent structure, material or acts for performing
substantially the same function in substantially the same way to obtain substantially the same result. In this
sense it is therefore contemplated that an equivalent substitution of two or more elements, steps or
limitations may be made for any one of the elements, steps or limitations in a claim set forth below or that
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a single element, step or limitation may be substituted for two or more elements, steps or limitations in such
a claim. Although elements, steps or limitations may be described above as acting in certain combinations
and even initially claimed as such, it is to be expressly understood that one or more elements, steps or
limitations from a claimed combination can in some cases be excised from the combination and that the
claimed combination may be directed to a sub-combination or variation of a sub-combination. As such,
notwithstanding the fact that the elements, steps and/or limitations of a claim are set forth below in a certain
combination, it must be expressly understood that the invention includes other combinations of fewer, more
or different elements, steps and/or limitations, which are disclosed in above even when not initially claimed
in such combinations. Furthermore, insubstantial changes from the claimed subject matter as viewed by a
person with ordinary skill in the art, now known or later devised, are expressly contemplated as being
equivalently within the scope of the claims. Therefore, obvious substitutions now or later known to one with
ordinary skill in the art are defined to be within the scope of the defined elements. Accordingly, the claims
are thus to be understood to include what is specifically illustrated and described above, what is
conceptually equivalent, what can be obviously substituted and also what essentially incorporates the
essential idea of the invention.

[0116] Unless otherwise indicated, all numbers expressing a characteristic, item, quantity, parameter,
property, term, and so forth used in the present specification and claims are to be understood as being
modified in all instances by the term “about.” As used herein, the term “about” means that the characteristic,
item, quantity, parameter, property, or term so qualified encompasses a range of plus or minus ten percent
above and below the value of the stated characteristic, item, quantity, parameter, property, or term.
Accordingly, unless indicated to the contrary, the numerical parameters set forth in the specification and
attached claims are approximations that may vary. For instance, as mass spectrometry instruments can
vary slightly in determining the mass of a given analyte, the term "about" in the context of the mass of an
ion or the mass/charge ratio of an ion refers to +/-0.50 atomic mass unit. At the very least, and not as an
attempt to limit the application of the doctrine of equivalents to the scope of the claims, each numerical
indication should at least be construed in light of the number of reported significant digits and by applying
ordinary rounding techniques.

[0117] Notwithstanding that the numerical ranges and values setting forth the broad scope of the invention
are approximations, the numerical ranges and values set forth in the specific examples are reported as
precisely as possible. Any numerical range or value, however, inherently contains certain errors
necessarily resulting from the standard deviation found in their respective testing measurements. Recitation
of numerical ranges of values herein is merely intended to serve as a shorthand method of referring
individually to each separate numerical value falling within the range. Unless otherwise indicated herein,
each individual value of a numerical range is incorporated into the present specification as if it were
individually recited herein.

[0118] Use of the terms “may” or “can” in reference to an embodiment or aspect of an embodiment also

carries with it the alternative meaning of “may not" or “cannot.” As such, if the present specification
discloses that an embodiment or an aspect of an embodiment may be or can be included as part of the
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inventive subject matter, then the negative limitation or exclusionary proviso is also explicitly meant,
meaning that an embodiment or an aspect of an embodiment may not be or cannot be included as part of
the inventive subject matter. In a similar manner, use of the term “optionally” in reference to an embodiment
or aspect of an embodiment means that such embodiment or aspect of the embodiment may be included
as part of the inventive subject matter or may not be included as part of the inventive subject matter.
Whether such a negative limitation or exclusionary proviso applies will be based on whether the negative

limitation or exclusionary proviso is recited in the claimed subject matter.

[0119] The terms “a,” “an,” “the” and similar references used in the context of describing the present
invention (especially in the context of the following claims) are to be construed to cover both the singular
and the plural, unless otherwise indicated herein or clearly contradicted by context. Further, ordinal
indicators — such as, e.g., “first,” “second,” “third,” etc. — for identified elements are used to distinguish
between the elements, and do not indicate or imply a required or limited number of such elements, and do
not indicate a particular position or order of such elements unless otherwise specifically stated. All methods
described herein can be performed in any suitable order unless otherwise indicated herein or otherwise
clearly contradicted by context. The use of any and all examples or exemplary language (e.g., “such as”)
provided herein is intended merely to better illuminate the present invention and does not pose a limitation
on the scope of the invention otherwise claimed. No language in the present specification should be

construed as indicating any non-claimed element essential to the practice of the invention.

[0120] When used in the claims, whether as filed or added per amendment, the open-ended transitional
term “comprising”, variations thereof such as, e.g., “comprise” and “comprises”, and equivalent open-ended

" ou

transitional phrases thereof like “including,” “containing” and “having”, encompass all the expressly recited
elements, limitations, steps, integers, and/or features alone or in combination with unrecited subject matter;
the named elements, limitations, steps, integers, and/or features are essential, but other unnamed
elements, limitations, steps, integers, and/or features may be added and still form a construct within the
scope of the claim. Specific embodiments disclosed herein may be further limited in the claims using the
closed-ended transitional phrases “consisting of" or “consisting essentially of" (or variations thereof such
as, e.g., “consist of", “consists of", “consist essentially of’, and “consists essentially of’) in lieu of or as an
amendment for “comprising.” When used in the claims, whether as filed or added per amendment, the
closed-ended transitional phrase “consisting of’ excludes any element, limitation, step, integer, or feature
not expressly recited in the claims. The closed-ended transitional phrase “consisting essentially of’ limits
the scope of a claim to the expressly recited elements, limitations, steps, integers, and/or features and any
other elements, limitations, steps, integers, and/or features that do not materially affect the basic and novel
characteristic(s) of the claimed subject matter. Thus, the meaning of the open-ended transitional phrase
“‘comprising” is being defined as encompassing all the specifically recited elements, limitations, steps and/or
features as well as any optional, additional unspecified ones. The meaning of the closed-ended transitional
phrase “consisting of” is being defined as only including those elements, limitations, steps, integers, and/or
features specifically recited in the claim, whereas the meaning of the closed-ended transitional phrase
“consisting essentially of” is being defined as only including those elements, limitations, steps, integers,
and/or features specifically recited in the claim and those elements, limitations, steps, integers, and/or
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features that do not materially affect the basic and novel characteristic(s) of the claimed subject matter.
Therefore, the open-ended ftransitional phrase “comprising” (and equivalent open-ended transitional
phrases thereof) includes within its meaning, as a limiting case, claimed subject matter specified by the
closed-ended fransitional phrases “consisting of” or “consisting essentially of.” As such, the embodiments
described herein or so claimed with the phrase “comprising” expressly and unambiguously provide
description, enablement, and support for the phrases “consisting essentially of" and “consisting of.”

[0121] Lastly, all patents, patent publications, and other references cited and identified in the present
specification are individually and expressly incorporated herein by reference in their entirety for the purpose
of describing and disclosing, for example, the compositions and methodologies described in such
publications that might be used in connection with the present invention. These publications are provided
solely for their disclosure prior to the filing date of the present application. Nothing in this regard is or should
be construed as an admission that the inventors are not entitled to antedate such disclosure by virtue of
prior invention or for any other reason. All statements as to the date or representation as to the contents of
these documents are based on the information available to the applicant and do not constitute any
admission as to the correctness of the dates or contents of these documents.

39



WO 2021/243099 PCT/US2021/034640

CLAIMS

1. A neuromodulation system comprising;

a neuromodulation device including a wearable device housing, one or more EEG alecirodes for
analyzing brain function in real time, one or more EEG signal amplifiers coupled to the one or more
EEG electrodes; and one or more ultrasound transducer arrays, each of the one or more ultrasound
transducer arrays comprising one or more ultrasound-emitiing elements; and

a stimulation control compuiing emvironment comprising a stimufation control unit and an offline
computing device, the stimulation control unit comprising atl least one processor coupled {o the one or
more ullrasound fransducer arrays, and configured with one or more data processing functions {o
deliver ultrasound emission 1o one of more brain regions including at least a portion of a thalamus, the

ane of more data processing functions including:

an offling algorithmic mapping elemeant configured to

use brain image dala {o identify one or more parameters representing the one or more brain

fegions,
identify one or more target region of the one or more brain regions,
position one or more uitrasound-emitting elements relative the one or more farget region, and
perform one or more acoustic simulations of ultrasound emissions for at least a subset of the
ane or more uitrasound-emitting elements {o determine phase offsets for the subseat of the one
or more ulirasound-emitiing elementis, thereby focusing ultrasound emissions 1o the one or
maore target regions, and

an online aigorithmic stimulation application element configured 1o
dynamically adminisier the ulirasound emissions {0 the one or more targetl regions for a
specified period of time using phase offsel information generaled by the offine algorithmic

mapping element, and

process real-time data acquired by the one or more EEG electrodes to detect the phase of slow

waves spectral components, and

deliver ultrasound emissions {o the one or more target regions during a certain slow wave

phase range.
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10.

11.

12.

The neuromodulation system according to claim 1, whersin one or more EEG electrodes detects and
measure aipha waves, theta waves, della waves, sleep spindles, K complaxes, or any combination

thereof,

The neuromodulation system according to any one of claims 1-2, whareint one or more EEG alecirodes
have a sensitivity to detect and measure at lgast 0.1 Hz.

The neuromodulation system according to any one of claims 1-3, wherain the one or more uffrasound-
emitting elements of each of the one or more ultrasound transducer arrays include at least 64
dirasound-emitting elements.

The neuromodulation system according to any one of claims 1-4, wherein the one or more ultrasound
transducer arrays produce an ulirasound frequency from the ulfrasound-emitting elemenis of belween
apout 500 kMz 1o about 1 MMz,

The neuromodulation system according to any one of claims 1-5, whergin the real-time information
processed by the stimulation control unit includes brainwave power spectral distribution and brainwave
spectral amplitude to identify sleep stage.

The neuromodulation system according to any one of claims 1-6, wherain the stimulation control unit
adjusts ultrasound-emitting element power based on estimated acoustic attenuation processed from
cranial anatomy and/or bone density.

The neuromodulation system according to any one of claims 1-7, wharein the ultrasound stimulation
targeting by the stimulation control unit includes determining accustic impedance and delermining a
beam steering parameater using ulfrasound generated dala.

The neuromodulation system according to claim 8, wherein the beam steering parameter determination
optimizes power distribution ratio between the point relative o the one or more target regions and off-
target regions across different steering angles of the ultrasound-emitting elements.

The neuromodulation system according to claim 8, wherein the beam steering parameter
determination using a modeling simulation of maximum lateral steering angles by estimating a
maximum angle from each of the one or more ultrasound transducer arrays to a maximum lateral
steering angle and minimum lateral steering angle of the one or more specific regions of the brain.

The neuromodulation system according to any one of claims 1-10, wherein the stimulation control unit
delivers ultrasound emissions during one or more specific sleep stages.

The neuromodulation system according to claim 11, wherein the one or more specific sleep stages
includes Stage N2 of NREM, Stage 3 of NREM, or both Stage N2 of NREM and Stage 3 of NREM.
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13.

14.

15.

The neuromodulation system according to claim 11 or 12, wherein the stimulation control unit classifies
the one or more specific sleep stages using a gradient boosted decision tree machine learning
algorithm.

The neuromodulation system according to any one of claims 1-13, wherain the stimulation control unit
further comprises a deep learning model for sleep stage prediction and a deep learning model for
regitlating ultrasound emissions.

The neuromodulation system according to any one of claims 1-14, wherein the stimulation control unit
optimizes spatial, temporal, and/or intensity of ultrasound emissions based on a current slow wave
amplitude reading relative to a baseline slow wave amplitude reading.

A maethoed for improving sleep of an individuad, the method comprising,

siacing neuromodulation device upon a head of an sdividual, the neuromoduiation devicse comprising

a wearable device housing,

one or more EEG electrodes for analyzing brain function in real time,

one or more EEG signal amplifiers coupled to the one or more EEG electrodes;

one or more ultrasound transducer arrays, each of the one or more ultrasound transducer arrays
comprising one or more ultrasound-amiiting slemenis, wherein the one or more ultrasound
transducer arrays includes a first side ultrasound transducer array lncated on a first side portion of
the device housing and a second ulirasound fransducer array localed on a second side portion of
the device housing; and

wherein the neuromodulation device is operationally connedcted o a stimulation control computing
environment, the stimulation contro! computing environment comprising a stimulation control unit
and an offine computing device, wherein the stimulation control unit comprising &l least one
procassor coupled {o the one or more uifrasound transducer arrays, and configurad with one oy
more dala processing funclions o deliver ulirasound erission 1o one or more brain ragions

including al least a postion of a thalamus,

mapping the one or maove brain regions using an offine algorithmic mapping elemeant of the stimulation
controd unii, the offline algorithmic mapping element configured to

use brain image data to ideniify one or more parameters representing the one or more brain
regions,
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18.

. The method of any one of claims 16-18, wherein the delivery of the ultrasound smissions com

identify one or more {arget region of the one or mors brain ragions,

position ong or more ultrasound-emilting elemeants relative the one or more targed region, and

parform ong or more acoustic simulations of ultrasound emissions for at least a subset of the one
or more ulirasound-emitiing elements 1o determine phase offseis for the subset of the one or more
ultrasound-emilting elements, thereby focusing ulirasound emissions o the one or more fargst

regions, and

generating ultrasound stimulation for the individual using an online algorithmic stimulation application

element, the online algorithmic stimulation application element configured fo

dynamically administer the ultrascund emissions {o the one or more target regions for a specified
period of time using phase offset information generaled by the offline algorthmic mapping elament,

process real-time data acquired by the one or more EEG elecirodes to detect the phase of slow
waves spectral components, and

deliver ultrasound emissions to the one or more target regions during a certain slow wave phase
range.

. The method of claim 18, wherein the defivery of the ullrasound emissions occurs only during cerlain

sieap stagas where slow waves are predominant,

The method of claim 18 or 17, wharein the dafivery of the ulfrasound emissions includes delermining a

dominant frequency within the slow wave frequency band to define the phase of a slow wave,

prises a

signal outpd frequency of between about 200 kKHz 1o about 1.5 MMz,
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FIG. 8A

input: | (None, 3000, 1)
output: | (None, 3000, 1)

# ¢

InputLayer

Conv ID input: | (None, 3000, 1) Conv ID input: |(None, 3000, 1)
onv output: | (None, 500, 64) onv output: | (None, 60, 64)
satchN izati input: [(None, 500, 64) satchN izati input: | (None, 60, 64)
aichiormatization output: [ (None, 500, 64) aichiormaization output: [ (None, 60, 64)
Activati input: | (None, 500, 64) Activati input: | (None, 60, 64)
ctivation output: | (None, 500, 64) ctivation output: | (None, 60, 64)
, input: |(None, 500, 64) , input: | (None, 60, 64)
MaxPoolingID output: [ (None, 62, 64) MaxPoolingID output: | (None, 15, 64)
input: | (None, 62, 64) input: | (None, 15, 64)
D D
ropout output: | (None, 62, 64) ropout output: | (None, 15, 64)

Conv ID input: | (None, 62, 64) Conv ID input: | (None, 15, 64)
onv output: | (None, 62, 128) onv output: | (None, 15, 128)
BatchN izati input: | (None, 62, 128) Batchi izati input: | (None, 15, 128)
atchiormatization output: [ (None, 62, 128) atchiormatization output: [ (None, 15, 128)
Activati input: [(None, 62, 128) Activati input: [(None, 15, 128)
ctivation output: | (None, 62, 128) ctivation output: | (None, 15, 128)

Conv ID input: (None, 62, 128) Conv ID input: |(None, 15, 128)
onv output: (None, 62, 128) onv output: | (None, 15, 128)
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satchN izati input: | (None, 62, 128) Batchi izati input: | (None, 15, 128)
atchiiormaiization output: | (None, 62, 128) atchiiormaiization output: | (None, 15, 128)
Activat! input: [(None, 62, 128) Activat! input: [(None, 15, 128)
ctivation output: [ (None, 62, 128) ctivation output: [ (None, 15, 128)
Conv ID input: (None, 62, 128) Conv ID input: |(None, 15, 128)
onv output: (None, 62, 128) onv output: | (None, 15, 128)
satchN izati input: | (None, 62, 128) Batchi izati input: | (None, 15, 128)
gtchiiormaiization output: | (None, 62, 128) gtchiiormaiization output: | (None, 15, 128)
satchN igati input: [(None, 62, 128) BatchN igati input: [(None, 15, 128)
gichiVormalization output: [ (None, 62, 128) gichiormaization output: [ (None, 15, 128)
Activati input: |(None, 62, 128) Activati input: |(None, 15, 128)
ctivation output: | (None, 62, 128) ctivation output: | (None, 15, 128)

+

MaxPoolingID

input:

(None, 62, 128)

output:

(None, 15, 128)

+

+

MaxPoolingID

input:

(None, 15, 128)

output:

(None, 7, 128)

+

Flatt input: | (None, 15, 128) Flatt input: | (None, 7, 128)
atten output: [ (None, 1920) atten output: [ (None, 896)
Concatenat input: [[(None, 1920), (None, 896)]

oncatenate output: (None, 2816)

FIG. 8B




WO 2021/243099

15/16

PCT/US2021/034640

input:
Dropout P

(None, 2816)

output:

(None, 2816)

!

Reshape

input:

(None, 2816)

output:

(None, 2816, 1)

+

Bidirectional(LSTM)

in

put: | (None, 2816, 1)

ou

tput: |(None, 2816, 1024)|

!

input:

(None, 2816)

Dense

output:

(None, 1024)

Dropout

input: [(None, 2816, 1024)

output: [(None, 2816, 1024)

'

Bidirectional(LSTM)

input: | (None, 2816, 1024)

output: (None, 1024)

!

Dropout input: | (None,

1024)

output:| (None,

1024)

FIG. 8C

!

!

Add

input: [(None, 1024), (None, 1024)]

output:

(None, 1024)

!

input:

(None, 1024)

Dropout

output:

(None, 1024)

input:

(None, 1024)

Dense

output: [  (None, 5)
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