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(57) Abstract: Systems and methods are disclosed for selectively reinforcing or weakening memory associations. At least one cur
rent generator provides an electrical current including a plurality of oscillating pulses with at least one predetermined frequency. A

o user interface includes at least one output device for delivering a sensory stimulus to a user and at least one user input device for re -
gistering a response to the stimulus. At least one processor determines from the response, based on at least one predetermined stand -

o ard, whether an underlying memory association is desired or undesired and respectively sets the at least one predetermined frequency
to be a beta or theta frequency. Consequently, the electrical current is generated and admimstered, via at least one electrode pair,
thereby stimulating at least one specific portion of the user's brain so as to reinforce or weaken the underlying memory association.



SYSTEMS AND METHODS FOR SELECTIVE MEMORY

ENHANCEMENT AND/OR DISRUPTION

GOVERNMENT SUPPORT STATEMENT

[0001] This invention was made with Government support under Grant No. MH065252

awarded by the National Institutes of Health. The Government has certain rights in the

invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to and the benefit of U.S. Provisional Patent

Application No. 62/1 18,190, entitled, "Systems and Methods for Selective Memory

Enhancement or Disruption," filed February 19, 2016, the disclosure of which is hereby

incorporated by reference in its entirety.

TECHNICAL FIELD

[0003] The present disclosure relates generally to systems and methods for selectively

reinforcing some memory associations and/or selectively weakening different memory

associations. More specifically, the present disclosure relates to systems and methods for

electrically stimulating the brain to enhance and/or disrupt memory formation, storage, and

reconsolidation.

BACKGROUND

[0004] Much of our knowledge of the world and our ability to function within it depends on

our ability to receive, store, and recall arbitrary associations. For example, we form

memories to associate faces with names, words with meanings, and consequences with

behaviors. Memory failures, such as forgetting or making incorrect associations, may be

caused by a lack of attention during the receipt or storage of the correct association, a natural

degradation of the association over time, a learning disability, or a memory loss disorder

(e.g., amnesia or Alzheimer's disease). However, even a "correct" memory association (of,

e.g., an intrusive a traumatic experience or fear conditioning) may be detrimental to normal

functioning as a result of stress (e.g., post-traumatic stress disorder) or a memory disorder

(e.g., hyperthymesia).



[0005] Existing treatments for enhancing or disrupting memory are ineffective, expensive,

and/or dangerous. Furthermore, existing treatments are not selective as to which memory

associations may be affected. For example, shock treatment not only has severe side effects

but also disrupts all recent memories, not just undesired memory associations. Meanwhile,

drugs, supplements, nutraceuticals, and functional foods offer neither proven effectiveness

nor selectivity. In fact, many nootropics like amphetamines or other stimulants are associated

with adverse effects and a relatively narrow therapeutic window (i.e., a high overdose risk).

Likewise, antidepressants and anti-anxiety medications may help mitigate some symptoms of

memory -related stress but at the cost of adverse side effects and potential for abuse.

SUMMARY

[0006] At least two parts of the brain are important for memory storage, namely the

prefrontal cortex (PFC) and the hippocampus (FIPC). Through research and analysis, the

inventors have determined that the PFC and the FIPC synchronize their oscillations at specific

frequencies when memory associations are formed. For example, when a subject forms a

correct memory association, oscillations in the PFC and the UPC synchronize at beta

frequencies. However, when a subject makes a mistake or attempts to form an incorrect

memory association, oscillations in the PFC and the HPC synchronize at theta frequencies.

Thus, beta synchrony indicates to the brain that the subject should "store" the correct memory

association, while theta synchrony indicates to the brain that the subject should "forget" the

incorrect memory association.

[0007] The inventors have further recognized and appreciated that the external application of

synchronized oscillations may be used to train the brain to reinforce and/or weaken

associations during memory formation and/or reconsolidation. For example, oscillations with

beta frequencies may be applied to artificially create beta synchrony between the PFC and the

HPC, and oscillations with theta frequencies may be applied to artificially create theta

synchrony between the PFC and the HPC.

[0008] According to some embodiments, electrical stimulation is applied to the brain (e.g.,

through electrodes in substantial contact with the scalp). For example, the electrical

stimulation may be safely applied to the PFC and the HPC using low-voltage transcranial

electrical stimulation (TES). TES involves passing a very low current between electrodes

and has been used to pass a constant current (DC). Brain activity naturally waxes and wanes

in phase with endogenous rhythms. By adapting TES to use an oscillating current (AC) to



enhance these rhythms, the inventors have recognized and appreciated that TES may be used

to enhance specific brain activities in a more precise, physiological manner (i.e., by

selectively administering electrical currents oscillating at beta frequencies and/or theta

frequencies).

[0009] In one embodiment, a system for selectively reinforcing or weakening memory

associations includes at least one current generator for providing an electrical current. The

electrical current may include a plurality of oscillating pulses with at least one predetermined

frequency. The system may include a user interface, including at least one output device for

delivering at least one sensory stimulus to a user, at least one user input device for registering

at least one response of the user to the at least one sensory stimulus, and at least one electrode

pair for detachable attachment to or proximate to the user's scalp. The at least one electrode

pair may be configured to stimulate at least one specific portion of the user's brain with the

electrical current based at least in part on the at least one response of the user to the at least

one sensory stimulus. The system may include at least one memory for storing processor-

executable instructions and at least one processor communicatively coupled to the at least one

current generator, the user interface, and the at least one memory. Upon execution of the

processor-executable instructions by the at least one processor, the at least one processor may

control the user interface to deliver a first sensory stimulus to the user and register the at least

one response of the user to the first sensory stimulus, process the at least one response of the

user to the first sensory stimulus to determine whether an underlying memory association is

desired or undesired according to at least one predetermined standard, set the at least one

predetermined frequency to be a beta frequency if the underlying memory association is

desired or a theta frequency if the underlying memory association is undesired, control the at

least one current generator to generate the electrical current with the beta frequency or the

theta frequency, and control the user interface to administer the electrical current, via the at

least one electrode pair, thereby stimulating the at least one specific portion of the user's

brain with the electrical current based at least in part on the at least one response of the user

to the first sensory stimulus so as to reinforce or weaken the underlying memory association.

[0010] In another embodiment, a system for selectively weakening memory associations

includes at least one current generator for providing an electrical current. The electrical

current may include a plurality of oscillating pulses with at least one predetermined

frequency. The system may include a user interface, including at least one output device for



delivering at least one sensory stimulus to a user, at least one user input device for registering

at least one response of the user to the at least one sensory stimulus, and at least one electrode

pair for detachable attachment to or proximate to the user's scalp. The at least one electrode

pair may be configured to stimulate at least one specific portion of the user's brain with the

electrical current based at least in part on the at least one response of the user to the at least

one sensory stimulus. The system may include at least one memory for storing processor-

executable instructions, and at least one processor communicatively coupled to the at least

one current generator, the user interface, and the at least one memory. Upon execution of the

processor-executable instructions by the at least one processor, the at least one processor may

control the user interface to deliver a first sensory stimulus to the user and register the at least

one response of the user to the first sensory stimulus, and process the at least one response of

the user to the first sensory stimulus to determine whether an underlying memory association

is undesired according to at least one predetermined standard. If the underlying memory

association is undesired, the at least one processor may set the at least one predetermined

frequency to be a theta frequency, control the at least one current generator to generate the

electrical current with the theta frequency, and control the user interface to administer the

electrical current, via the at least one electrode pair, thereby stimulating the at least one

specific portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the first sensory stimulus so as to weaken the underlying

memory association.

[0011] In an embodiment, a system for selectively reinforcing memory associations includes

at least one current generator for providing an electrical current. The electrical current may

include a plurality of oscillating pulses with at least one predetermined frequency. The

system may include a user interface, including at least one output device for delivering at

least one sensory stimulus to a user, at least one user input device for registering at least one

response of the user to the at least one sensory stimulus, and at least one electrode pair for

detachable attachment to or proximate to the user's scalp. The at least one electrode pair may

be configured to stimulate at least one specific portion of the user's brain with the electrical

current based at least in part on the at least one response of the user to the at least one sensory

stimulus. The system may include at least one memory for storing processor-executable

instructions, and at least one processor communicatively coupled to the at least one current

generator, the user interface, and the at least one memory. Upon execution of the processor-

executable instructions by the at least one processor, the at least one processor may control



the user interface to deliver a first sensory stimulus to the user and register the at least one

response of the user to the first sensory stimulus, and may process the at least one response of

the user to the first sensory stimulus to determine whether an underlying memory association

is desired according to at least one predetermined standard. If the underlying memory

association is desired, the at least one processor may set the at least one predetermined

frequency to be a beta frequency. Then, the at least one processor may control the at least

one current generator to generate the electrical current with the beta frequency and the user

interface to administer the electrical current, via the at least one electrode pair, thereby

stimulating the at least one specific portion of the user's brain with the electrical current

based at least in part on the at least one response of the user to the first sensory stimulus so as

to reinforce the underlying memory association.

[0012] In an embodiment, a method for selectively reinforcing or weakening memory

associations includes delivering, via at least one output device, a first sensory stimulus to a

user, registering, via at least one user input device, at least one response of the user to the first

sensory stimulus, processing, via at least one processor in communication with the at least

one output device and the at least one input device, the at least one response of the user to the

first sensory stimulus to determine whether an underlying memory association is desired or

undesired according to at least one predetermined standard, generating, via at least one

current generator in communication with the at least one processor, an electrical current, the

electrical current including a plurality of oscillating pulses with at least one predetermined

frequency, the at least one predetermined frequency being set to a beta frequency if the

underlying memory association is desired or a theta frequency if the underlying memory

association is undesired, and administering the electrical current, via at least one electrode

pair detachably attached to or proximate to the user's scalp, to stimulate at least one specific

portion of the user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to reinforce or weaken the underlying

memory association.

[0013] In an embodiment, a method for selectively weakening memory associations includes

delivering, via at least one output device, a first sensory stimulus to a user, registering, via at

least one user input device, at least one response of the user to the first sensory stimulus,

processing, via at least one processor in communication with the at least one output device

and the at least one input device, the at least one response of the user to the first sensory



stimulus to determine whether an underlying memory association is undesired according to at

least one predetermined standard, and if the underlying memory association is undesired,

generating, via at least one current generator in communication with the at least one

processor, an electrical current, the electrical current including a plurality of oscillating pulses

with at least one predetermined frequency, the at least one predetermined frequency being set

to a theta frequency, and administering the electrical current, via at least one electrode pair

detachably attached to or proximate to the user's scalp, to stimulate at least one specific

portion of the user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to weaken the underlying memory

association.

[0014] In an embodiment, a method for selectively reinforcing memory associations includes

delivering, via at least one output device, a first sensory stimulus to a user, registering, via at

least one user input device, at least one response of the user to the first sensory stimulus,

processing, via at least one processor in communication with the at least one output device

and the at least one input device, the at least one response of the user to the first sensory

stimulus to determine whether an underlying memory association is desired according to at

least one predetermined standard, and if the underlying memory association is desired,

generating, via at least one current generator in communication with the at least one

processor, an electrical current, the electrical current including a plurality of oscillating pulses

with at least one predetermined frequency, the at least one predetermined frequency being set

to a beta frequency, and administering the electrical current, via at least one electrode pair

detachably attached to or proximate to the user's scalp, to stimulate at least one specific

portion of the user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to reinforce the underlying memory

association.

[0015] The at least one output device for delivering the at least one sensory stimulus to the

user may include a visual display, a printer, a refreshable tactile display, and/or a speaker.

The at least one sensory stimulus may include a digital image, an alphanumeric character, a

braille character, and/or an audible sound. The at least one sensory stimulus may include an

objective assessment question that requires the user to select, via the at least one input device,

an indication of true or false, an answer from a plurality of presented answers, or a match

from a plurality of presented matches. The at least one sensory stimulus may include an



objective assessment question that requires the user to supply at least one of an alphanumeric

character, a braille character, and an audible sound via the at least one input device.

[0016] The at least one input device for registering at least one response of the user to the at

least one sensory stimulus may include a keyboard, a scanner, a microphone, a pointing

device, a touchscreen, a webcam, and/or a refreshable tactile display. The at least one

response of the user to the at least one sensory stimulus may be a selection of an indication of

true or false, a selection of an answer from a plurality of presented answers, or a selection of

a match from a plurality of presented matches. The at least one response of the user to the at

least one sensory stimulus may be an alphanumeric character, a braille character, and/or an

audible sound.

[0017] Some embodiments may include at least one sensor for at least one of detecting and

measuring at least one physiological input signal from the user. The at least one sensor may

be in addition to the at least one input device for registering the at least one response of the

user to the at least one sensory stimulus, at least one sensor for at least one of detecting and

measuring at least one physiological input signal from the user. The system may also include

an analog-to-digital converter coupled to the at least one sensor for electronically converting

the at least one physiological input signal from the at least one sensor to a plurality of digital

samples of the at least one physiologic signal relating to at least one physiological parameter.

[0018] The at least one input device for registering the at least one response of the user to the

at least one sensory stimulus may include at least one sensor for at least one of detecting and

measuring at least one physiological input signal from the user. The at least one input device

may include a heart rate monitor, an ECG system, a blood pressure monitor, a respiration rate

monitor, a thermometer, an fMRI system, an EEG system, and/or an MEG system. The at

least one response of the user to the at least one sensory stimulus may relate to a change in a

physiological parameter of the user. The physiological parameter may relate to the user's

heart rate, blood pressure, body temperature, respiration rate, neural activation, and/or neural

oscillation.

[0019] Some embodiment include selecting, calibrating, and/or customizing for the user the

at least one output device, the at least one input device, a placement of the at least one

electrode pair, a type of the first sensory stimulus, a content of the first sensory stimulus, a



type of the at least one response to the first sensory stimulus, the at least one predetermined

standard, an amplitude of the electrical current, and the at least one predetermined frequency.

[0020] The at least one specific portion of the user's brain may include the prefrontal cortex,

the hippocampus, associated structures of the limbic system, or some combination thereof.

[0021] The at least one electrode pair may be a plurality of electrode pairs. Each electrode of

the at least one electrode pair may be a transcranial electrode and/or an alternating current

electrode. A conductive gel and/or paste may be used to reduce impedance between each

electrode of the at least one electrode pair and the user's scalp. Wiring may be used to

connect each electrode of the at least one electrode pair to the at least one current generator.

Some embodiments may include attaching the at least one electrode pair to or proximate to

the user's scalp, applying a conductive gel and/or paste between each electrode of the at least

one electrode pair and the user's scalp, and/or attaching connecting each electrode of the at

least one electrode pair to the at least one current generator.

[0022] Some embodiments may include a low voltage power source for the current generator.

The low voltage power source may supply about 5-20 volts. The electrical current may have

a current flow of about 0.25-1.5 milli-amps. The frequency and/or an amplitude of the

electrical current may be regulated by, for example, the at least one processor.

[0023] Determining whether an underlying memory association is desired or undesired may

include comparing the at least one response of the user to the at least one predetermined

standard. The at least one predetermined standard may include a correct response to an

associated sensory stimulus, a response time, a magnitude of a physiological parameter of the

user, and/or a frequency of a physiological parameter of the user.

[0024] The beta frequency may be a frequency between about 12 Hz and about 40 Hz. For

example, the beta frequency may be about 16 Hz. The theta frequency may be a frequency

between about 3 Hz and about 8 Hz. For example, the theta frequency may be about 4 Hz.

[0025] Some embodiments may be used for computer-based learning and/or to administer

treatment to a patient with a learning disability, a memory disorder, and/or a stress disorder.

[0026] It should be appreciated that all combinations of the foregoing concepts and additional

concepts discussed in greater detail below (provided such concepts are not mutually



inconsistent) are contemplated as being part of the inventive subject matter disclosed herein.

In particular, all combinations of claimed subject matter appearing at the end of this

disclosure are contemplated as being part of the inventive subject matter disclosed herein. It

should also be appreciated that terminology explicitly employed herein that also may appear

in any disclosure incorporated by reference should be accorded a meaning most consistent

with the particular concepts disclosed herein.

[0027] Other systems, processes, and features will become apparent to those skilled in the art

upon examination of the following drawings and detailed description. It is intended that all

such additional systems, processes, and features be included within this description, be within

the scope of the present invention, and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The skilled artisan will understand that the drawings primarily are for illustrative

purposes and are not intended to limit the scope of the inventive subject matter described

herein. The drawings are not necessarily to scale; in some instances, various aspects of the

inventive subject matter disclosed herein may be shown exaggerated or enlarged in the

drawings to facilitate an understanding of different features. In the drawings, like reference

characters generally refer to like features (e.g., functionally similar and/or structurally similar

elements).

[0029] FIG. 1A is a diagram including anterior-to-posterior series of coronal MRI slices from

hippocampal recording sites in two primate subjects, respectively, in accordance with some

embodiments.

[0030] FIG. IB is a plot illustrating the interspike interval (ISI) probability, including

population mean ISI histograms showing each ISI averaged across all PFC and UPC putative

principal neurons, in accordance with some embodiments.

[0031] FIGS. 2A and 2B are diagrams illustrating a task trial design and a task trial sequence,

primate learning performance, and different behavioral metrics, respectively, in accordance

with some embodiments.

[0032] FIG. 2C is a plot illustrating primate learning performance in accordance with some

embodiments.



[0033] FIG. 2D is a series of plots illustrating primate learning performance and different

behavioral metrics in accordance with some embodiments.

[0034] FIG. 3A is a series of plots illustrating the mean percent of variance explained by

learned associate objects in PFC and UPC spiking activity, respectively, across time after cue

onset and learning trials in accordance with some embodiments.

[0035] FIG. 3B is a series of plots illustrating the mean percent of variance and mean bias in

PFC neurons and UPC neurons, respectively, based on trial outcomes across time after

outcome feedback for early, middle, and late learning stages in accordance with some

embodiments.

[0036] FIG. 4A is a series of plots illustrating the mean percent of variance in PFC spiking

activity and UPC spiking activity, respectively, by retrieval cue across time after cue onset

and learning trials in accordance with some embodiments.

[0037] FIG. 4B is a series of plots illustrating the mean selectivity for trial outcome in UPC

local-projection subregions and output subregions neurons across learning stages and the

mean bias for correct versus incorrect outcomes, respectively, in accordance with some

embodiments.

[0038] FIG. 5A is a diagram illustrating parallel recording of local field potentials from PFC

and UPC in accordance with some embodiments.

[0039] FIG. 5B is a plot of mean synchrony between UPC and PFC local field potentials as a

function of frequency, following correct and incorrect outcomes in accordance with some

embodiments.

[0040] FIG. 5C is a spectrogram illustrating the mean difference in UPC-PFC synchrony

between correct and incorrect trials across time and frequency in accordance with some

embodiments.

[0041] FIG. 5D is a series of plots and spectrograms illustrating UPC-PFC synchrony across

all trial periods in accordance with some embodiments.



[0042] FIG. 5E is a diagram illustrating mean HPC-PFC phase-locking value difference as a

function of learning, including a series of spectrograms, in accordance with some

embodiments.

[0043] FIG. 5F is a series of plots illustrating observed synchrony learning effects for HPC-

PFC as a function of learning stage in accordance with some embodiments.

[0044] FIG. 6A is a diagram illustrating the mean z-scored difference in cross-electrode

synchrony between correct and incorrect trials across learning stages for all HPC subregions,

including two series of spectrograms, in accordance with some embodiments.

[0045] FIG. 6B is a series of plots illustrating observed synchrony learning effects for all

HPC subregions as a function of learning stage in accordance with some embodiments.

[0046] FIG. 7A is a series of spectrograms illustrating mean synchrony between pairs of

electrodes in PFC, between HPC and PFC, and in HPC, respectively, in accordance with

some embodiments.

[0047] FIG. 7B is a diagram including series of spectrograms illustrating the mean z-scored

difference in synchrony between correct and incorrect trials across learning stages, for all

pairs of studied areas, including in PFC, between HPC and PFC, and in HPC, respectively, in

accordance with some embodiments.

[0048] FIG. 7C is a series of plots illustrating observed synchrony learning effects between

pairs of electrodes in PFC, between HPC and PFC, and in HPC, respectively, as a function of

learning stage in accordance with some embodiments.

[0049] FIG. 8A is a series of mean log-transformed local field potential power spectrograms

in PFC and HPC, respectively, in accordance with some embodiments.

[0050] FIG. 8B is a diagram including series of spectrograms illustrating the mean z-scored

difference in log-power between correct and incorrect trials across learning stages, for PFC

and HPC, respectively, in accordance with some embodiments.

[0051] FIG. 8C is a series of plots illustrating the mean power difference pooled within the

alpha/beta-band and theta-band regions of interest, respectively, as a function of learning

stage in accordance with some embodiments.



[0052] FIG. 9A is a series of spectrograms illustrating the mean z-scored difference in UPC-

PFC synchrony between correct and incorrect trials for the full dataset, and for data where

power pooled within the theta-band or alpha/beta-band regions of interest was balanced

across trial outcomes, respectively, in accordance with some embodiments.

[0053] FIG. 9B is a series of plots illustrating full versus power-balanced data comparison by

plotting the mean z-scored synchrony difference pooled within the alpha/beta-band and theta-

band regions of interest, for the full dataset and a data subset created by balancing power in

the given region of interest, respectively, in accordance with some embodiments.

[0054] FIG. 10 is a series of histograms illustrating mean PFC-HPC local field potential

phase lag for all electrode pairs for alpha/beta-band and theta-band regions of interest,

respectively, in accordance with some embodiments.

[0055] FIG. 11A is a series of spectrograms illustrating frequency-domain directional

influences from PFC to UPC and from UPC to PFC, respectively, in accordance with some

embodiments.

[0056] FIG. 1IB is a series of plots illustrating the mean generalized partial directed

coherence pooled within the alpha^eta-band and theta-band regions of interest, respectively,

in accordance with some embodiments.

[0057] FIG. 11C is a diagram including series of spectrograms illustrating the difference in

directional strength between correct and incorrect outcomes separately for PFC to UPC and

UPC to PFC, respectively, in accordance with some embodiments.

[0058] FIG. 1ID is a series of plots illustrating observed learning effects on directionality

within the alpha/beta-band and theta-band regions of interest, respectively, as a function of

learning stage in accordance with some embodiments.

[0059] FIG. 12A is a series of plots illustrating a percent of neurons in PFC and UPC with a

significant preference for correct or incorrect outcomes in accordance with some

embodiments.

[0060] FIG. 12B is a diagram including a plot illustrating population mean percent variance

explained by trial outcome as a function of time during and after the trial, separately for PFC

and UPC and learning stages in accordance with some embodiments.



[0061] FIG. 13 is a diagram illustrating a system for selectively reinforcing and/or weakening

memory associations in accordance with some embodiments.

[0062] FIG. 14 is a flow diagram illustrating a method for selectively reinforcing and/or

weakening memory associations in accordance with some embodiments.

DETAILED DESCRIPTION

[0063] The present disclosure describes systems and methods for selectively reinforcing

memory associations to enhance memory formation and/or storage. Systems and methods for

selectively weakening memory associations to disrupt memory formation and/or storage are

also described. According to some embodiments, systems and methods may be used to

selectively reinforce some memory associations and selectively weaken different memory

associations.

[0064] Memory can be categorized as explicit or implicit. Explicit memory involves

deliberate conscious recollection of information, such as facts and specific personal

experiences, whereas implicit memory involves unconscious recollection of information,

such as skills. The recall of a specific foreign language lesson is an example of explicit

memory, but speaking in the foreign language as a result of the lesson is an example of

implicit memory. A subject encodes explicit memory by processing and reorganizing the

data through associations with previous related stimuli or experiences. Later recall of the

data depends at least in part on the way the data was initially encoded, for example,

repetition, subsequent testing, emotional involvement, surroundings/cues, etc.

[0065] By tracing subsequent memory deficits in patients and animal models to

neuroanatomical damage or irregularities, researchers have identified different areas of the

brain associated with memory encoding, storage, and recollection. Depending on the type of

memory, the PFC, the UPC, the amygdala, the striatum, the mammillary bodies, adjacent

areas, and/or related pathways may be involved.

[0066] The UPC and the PFC are critical, especially in primates, for forming and

consolidating memory associations, including non-spatial explicit memory. UPC damage

causes memory loss and problems with memory storage, including deficits in non-spatial

associative learning (if implicit memory cannot be used). The anatomy and role of the UPC

is largely conserved across mammals with similar organization and neural pathways in



humans and other mammal species. Likewise, PFC damage impairs non-spatial explicit

memory (but appears to spare implicit memory).

[0067] At a cellular level, neurons maintain the brain's electrical charge by constantly

exchanging ions with the extracellular space to maintain resting potential and to propagate

action potentials. The electric potential of a single neuron is very small; however, during

volume conduction, many ions are pushed out of many neurons with similar spatial

orientation at the same time and a wave of ions is created. This synchronous electrical

activity can be detected using, for example, electroencephalography (EEG) or

magnetoencephalography (MEG). In EEG, multiple electrodes are placed on the subject's

scalp to measure voltage fluctuations from these ionic current flows. Different types of

neural oscillations may be observed in, for example, EEG signals. Neural oscillations vary in

their frequency ranges, spatial distributions, and associations with different states of brain

functioning. Frequency bands associated with neural oscillations have been delimited with

some overlap depending on the source. For example, and according to some embodiments

herein, theta frequencies range from about 3 Hz to about 8 Hz, and beta frequencies range

from about 12 Hz to about 40 Hz. The relationship between neural oscillations and the

underlying neuronal network is highly complex and often not well understood.

[0068] In humans, neuroimaging has demonstrated that both the HPC and the PFC are

activated during associative memory processes. In rodents, theta-frequency synchrony has

been detected between the HPC and the PFC during spatial memory performance, and high-

frequency ripple synchrony has been detected during subsequent sleep, which is thought to

reflect acquisition and integration, by the HPC, of spatial information into cortical networks

for long-term storage.

[0069] In primates, spiking neuronal activity in the PFC—but not in the HPC—has reflected

new learning in parallel with behavioral performance. The HPC neurons were instead most

active following the behavioral response, reflecting feedback about whether trial-and-error

guesses were correct (rewarded) or incorrect (not rewarded). Theta-frequency synchrony

between the HPC and the PFC was stronger after errors, driven primarily by directional

influences from the PFC to the HPC, and decreased with learning. In contrast, beta-

frequency synchrony was stronger after correct trials, initially driven primarily by directional

influences from the HPC to the PFC, and increased with learning, especially from the PFC to

the HPC. Thus, rapid object associative learning may occur in the PFC while the HPC guides



neocortical plasticity by signaling success or failure via oscillatory synchrony in different

frequency bands.

Frequency-Specific Interactions Observed During Associative Learning

[0070] To examine the functional differences and frequency-specific interactions between the

PFC and the HPC, an animal model of human explicit memory was defined for learning new

arbitrary associations between object pairs. Monkeys were selected as subjects because their

mnemonic and cognitive abilities are more akin to humans.

[0071] All experiments were performed in two adult rhesus macaques (Macaca mulatto), one

male and one female, weighing 9 and 7.5 kg, respectively. Each monkey was implanted

under general anesthesia with a titanium post for head restraint and two cylindrical 20-mm

diameter titanium recording chambers. Chambers were stereotaxically placed over the PFC

and the HPC in the left hemisphere based on coordinates from structural MRI scans in each

monkey. All procedures followed the guidelines of the MIT Animal Care and Use

Committee and the NIH.

[0072] Up to 16 microelectrodes in the PFC, and up to 4 in the HPC, were acutely inserted

into the brain each day and removed at the end of each daily experiment. All recordings from

the PFC, and most from the HPC, were performed with epoxy-coated tungsten

microelectrodes (FHC). Some HPC recordings used 24-channel linear probes with 300 µ

spacing between adjacent platinum-iridium recording contacts (e.g., U-Probes from Plexon

Inc., Dallas, TX). For the PFC, electrodes were lowered through the dura using a custom-

built screw microdrive assembly. For the HPC, electrodes were inserted through a 25 gauge

transdural cannula using a motorized microdrive system (e.g., NAN-S4 from NAN

Instruments Ltd., Nazareth, Israel).

[0073] Neural activity was amplified, filtered, digitized, and stored using an integrated

multichannel recording system (Multichannel Acquisition Processor from Plexon Inc., Dallas,

TX). The signal from each electrode was amplified by a high-input-impedance headstage

(HST/8o50-Gl from Plexon Inc., Dallas, TX), then separately filtered to extract spiking

activity (250-8000 Hz) and local field potentials (LFPs; 0.7-300 Hz). Both signals were

referenced to ground, rather than to one of the electrodes, eliminating the possibility of

artifactual synchrony due to neural signals measured by the reference itself. The spiking

signal was threshold-triggered to separate neuronal spikes from background noise, and



individual spike waveforms were digitized at 40 kHz and sorted offline into isolated neurons

and multiunits using a combination of waveform shape and amplitude features (Offline Sorter

from Plexon Inc., Dallas, TX). To minimize any sampling bias of neural activity, activity

was not prescreened for responsiveness or task selectivity. Instead, electrodes were advanced

until one or more neurons could be isolated, and then data collection began. Neurons were

included in analyses only for the extent of time during which they were well isolated from

background noise and other neurons. LFPs were recorded continuously at 1 kHz, and

corrected offline for filtering-induced phase shifts (FPAlign Utility from Plexon Inc., Dallas,

TX). Only LFPs from electrodes recording at least one neuron (isolated or multiunit) were

used for all analyses, to ensure they were in the appropriate cell layer.

[0074] Electrodes were targeted using custom software written in the MATLAB ® computing

language and environment (available from The Mathworks, Inc. (Natick, MA)) that co-

registered each monkey's implanted recording chambers and structural MRIs in stereotaxic

coordinates, and re-sliced the MRIs along the electrode's path. The sequence of distinct

neurophysiological compartments (gray matter, white matter, and sulcus/ventricle) along the

electrode's path to HPC was compared online to these images. The HPC was also identified

by its characteristic high-amplitude LFPs, low spike rates, and bursty spiking patterns.

Recordings targeted dorsolateral and ventrolateral PFC, and all subregions (dentate

gyrus/CA4, CA3, CA2, CA1, and subiculum) of about three fourths of the anterior of the

hippocampal formation. For hippocampal subregion analyses, recordings were pooled across

the dentate gyrus, CA3, and CA2 (HPC input/local-processing), and across CA1 and the

subiculum (HPC output). A total of 496 PFC and 270 HPC neurons (156 from locally-

projecting and 111 from output subregions) were recorded across all sessions.

[0075] FIG. 1A shows the hippocampal recording sites in a first monkey ("Jo") 100 and a

second monkey ("Lu") 102, plotted on an anterior-to-posterior series of coronal MRI slices

(labeled with mm relative to interaural line) in accordance with some embodiments. Each dot

represents a location where neurons were recorded. Dark dots indicate locally-projecting

subregions (dentate gyrus, CA3, CA2). Light dots indicate output subregions (CA1,

subiculum). The recordings spanned all subregions of about three fourths of the anterior of

the hippocampal formation.

[0076] Hippocampal neurons exhibit characteristic bursty firing. FIG. IB is a plot of

population mean (± SEM) interspike interval (ISI) histograms showing the probability of



each ISI averaged across all PFC and HPC putative principal neurons (putative interneurons

were discriminated based on spike waveform and firing rate, and excluded from this plot) in

accordance with some embodiments. In the inset 120, population mean (± SEM) spike

bursting index—the fraction of each neuron's ISIs is less than 20 ms. Both plots illustrate the

distinctive burstiness of hippocampal units in comparison to neocortical units.

[0077] The monkeys were trained to perform a paired-associate learning task that required

them to rapidly learn arbitrary associations between pairs of objects. For each daily

recording session, six objects never before seen by the monkey were chosen from an image

database (e.g., Hemera Photo-Objects available from BMSoftware (Norwich, UK)). FIG. 2A

illustrates the task design in accordance with some embodiments. Like the example in FIG.

2A, four objects 200, 202, 204, 206 were randomly designated as cue objects, and each cue

object was arbitrarily paired with one of the remaining two objects designated as associate

objects 208, 210 for each daily session. The resulting many-to-one (4-to-2) mapping from

cue objects to associate objects distinguished neural activity related to the cue from retrieval

of its associate, and encouraged prospective recall of the associate before its appearance. The

monkeys' task was to learn, through trial-and-error guessing, which associate object was

paired with each cue object.

[0078] FIG. 2B illustrates the task trial sequence in accordance with some embodiments.

Each trial started when the monkey acquired fixation of a white dot at the center of the

stimulus screen. After a blank fixation baseline (500 ms), a cue object (foveal , 3° wide) was

presented (500 ms), followed by a blank delay interval (750 ms) in which the monkey was

expected to recall the paired associate object from memory. The two associate objects were

then presented in a randomly-ordered series, with each presentation (500 ms) followed by a

brief delay (100 ms) and a response target (250 ms; 7.5° to the left or right of fixation). The

monkey was required to make a saccadic response to the target immediately following the

correct paired associate for the given cue. Response to the correct associate was rewarded

with juice and a short wait (3 s) until the subsequent trial. Response to the incorrect associate

was punished by withholding reward, displaying a red "error screen" as secondary

reinforcement ( 1 .5 s), and a longer wait (6 s) for the subsequent trial. In FIG. 2B, the

durations of each task period is indicated below the panels in ms, and "RT" represents

reaction time. The location (left vs. right) of the response target after each associate was

randomized and unrelated to task performance, so a specific motor plan could not be formed



until the target was shown, and striatal-mediated procedural (stimulus-response) learning

could not be used to correctly perform the task. Saccadic responses were used because their

stereotypy obviates the possibility that changes in motor performance might be confounded

with associative learning.

[0079] Each session began with a short block of 36 trials where the cue and associate objects

for that day were passively presented to the monkey under fixation control (3 objects per trial

at 500 ms each, 750 ms blank inter-stimulus interval), and a block of 96 identity match-to-

sample trials in which each object was matched to itself, rather than to an arbitrary associate.

These trials familiarized the monkeys with the stimuli, and eliminated any contribution of

novelty-based or familiarity-based memory processes to the results.

[0080] Eye movements were monitored and recorded at 1 kHz using an infrared eye tracking

system (using, e.g., EyeLink II available from SR Research Ltd. (Ottawa, Canada)). Fixation

was required to be maintained within a 1.5° window around the fixation dot through the

entire trial, until the response period; fixation breaks terminated the trial without reward.

Behavioral monitoring and visual stimulus presentation were handled by the NIH CORTEX

real-time control system, and displayed on a CRT monitor with a 100 Hz refresh rate.

[0081] Thus, during each daily session, the monkeys learned—through trial-and-error—four

novel associations between pairs of objects across a few hundred trials. The monkeys

routinely learned associations within a few hundred trials. Changes in behavior and neural

activity across learning were measured by performing analyses independently in sliding trial

windows, each defined by a percentile of the total number of session trials to normalize for

differences in session length. Because the proportion of correct and incorrect trials changes

with learning, their trial numbers were balanced for all analyses of trial outcome. First, for a

given session, the smallest number of correct or incorrect trials in any trial window (usually

incorrect trials late in learning) was identified. Then only this number of trials was randomly

sampled from each outcome (correct or incorrect) within each trial window, the statistic of

interest was calculated for this subsample of trials, and the resulting statistic was averaged

across several random samplings to obtain a robust estimate.

[0082] To restrict analysis to only those sessions with successful learning, a learning

criterion was set at 32 correct responses over the final 50 trials of each association (p ~ 0.01;

binomial test). Only sessions where all four associations were learned to criterion were



included in the reported analyses (61/87 sessions, including a total of 319 PFC and 199 UPC

neurons [104 from locally-projecting and 93 from output subregions]). Trials in which no

valid response was made (due to, e.g., fixation breaks, failures to respond, etc.) and sessions

in which monkeys failed to learn all four associations were excluded from analysis.

[0083] Analyses focused on contrasts between (a) the recalled associate objects (signals

reflecting associative learning), and (b) correct and incorrect trial outcomes (signals used to

guide learning). For (a), analysis was temporally aligned to retrieval cue onset, and session

trials were finely sampled via sliding trial windows. For (b), analysis was aligned to the

outcome feedback (reward vs. no-reward) on each trial, and trial numbers were balanced

across correct and incorrect outcomes, which necessitated coarser sampling of session trials.

Correct and incorrect trial outcomes entail a number of perceptual differences that might

affect neural activity (e.g., auditory click of reward solenoid, tactile/gustatory responses to

juice reward). These distinctions remain constant across learning trials, however, so the

analysis was focused on changes in activity with learning.

[0084] Significance testing was conducted using random resampling methods that make no

assumptions about the data distribution. To test hypotheses that a statistic is distinct from a

specified value (as in a 1-sample /-test), a bootstrap was used where the distribution of the

statistic was estimated empirically by recalculating it repeatedly from random resamples-

with-replacement of the observed data. The p value is the proportion of resampled values

less than the specified comparison value (e.g., zero). To test hypotheses that a statistic takes

different values for different groups (as in a 1-way ANOVA), permutation tests were used in

which the null distribution reflecting no actual difference is estimated by repeatedly shuffling

data values between groups. The p value is the proportion of shuffled values larger than the

actual observed value. For comparisons involving two factors and their interaction (as in a 2-

way ANOVA), group labels were shuffled across observations, maintaining any correlations

between factors, but eliminating their correlation with experimental groups. The p value for

each factor and interaction was calculated as above. At least 10,000 iterations were

performed for each test. All analyses were performed using custom code written in

MATLAB ® (available from The MathWorks Inc. (Natick, MA)).

[0085] Behavioral learning curves were estimated in two ways. A sliding window analysis

measured the percent of correct responses within a window of width equal to 10% of the total

trials in a given session, stepped in 2.5% increments from the start to the end of the session.



This permits identical trial sampling for behavioral and neural data analysis, but it

underestimates learning rate due to the smoothing inherent in averaging across several abrupt,

laterally-shifted learning curves. To estimate the true learning rate, binary outcomes

(correct/incorrect) across trials were fit with a bounded logistic curve, as shown in

Equation (1):

where the probability p ΐ a correct response on each trial x is estimated as a sigmoidal

learning curve with center µ, width σ (inversely related to learning rate), initial guess rate

(about 0.5 for the two-choice task), and post-learning asymptote b. These four parameters

were fitted for each learned association using nonlinear least-squares estimation (e.g., the

MATLAB ® Isqnonlin function) with reasonable parameter bounds based on the data.

[0086] FIG. 2C illustrates the monkeys' learning performance in accordance with some

embodiments. The shaded area 240 is the mean ± SD of logit-transformed percent correct

performance across all 348 associations (87 sessions), plotted as a function of the percentile

of each session's trials (mean ± SD trials per session: 1117 ± 125). Curve 242 is the average

sigmoidal learning curve fit to each association. The white dot 244 is the mean ± SD of fit

curve centers. Of 348 associations, 313 associations were learned to criterion p < 0.01,

binomial test).

[0087] Behavioral measures of motor function, motivation, and arousal do not change

appreciably with associative learning in accordance with some embodiments. FIG. 2D

illustrates different behavioral metrics calculated in identical sliding trial windows (width,

step = 10%, 0.5% of each total session length) and plotted in a similar relative scale (about

lOx average SD across trial windows). Panel 260 is a plot representing the across-session (all

sessions meeting learning criteria; n = 61) mean ± SD of logit-transformed percent of correct

trials, plotted as a function of the percentile of each session's trials. This is the same data

plotted in FIG. 2C, but with learning curves pooled (averaged) across all four associations in

each session, to match the number of observations for other data in this figure. Performance

robustly increases across trials (p < 10 4 ; permutation test on means of early vs. late learning

stage). This difference is not due to restricting analysis to sessions with successful learning,



as it remains significant when all sessions n = 87) are included (p < 10 4 ; dashed curves).

Panel 262 is a plot representing the across-session (n = 61) mean ± SD of log-transformed

reaction times to response targets. This metric—which reflects both motor preparatory and

motivational factors—does not change with learning (p = 0.49).

[0088] Panel 264 includes saccade traces from a typical session. Eye position was plotted

for -130 ms to 130 ms relative to saccade onset to left and right targets, for each trial in the

early, middle, and late learning stages. Dashed circles indicate extent of fixation and saccade

windows. Panel 266 is a plot of the across-session (n = 61) mean ± SD of vertical (top) and

horizontal (bottom) saccade endpoint locations (mean position 30 ms to 130 ms after saccade

onset, when the eyes were typically stable on the target). This motor-execution-related metric

also does not reliably change with learning (all p > 0.05 for two axes χ two target locations).

[0089] Panel 268 is a plot of across-session (n = 61) mean ± SD of pupil diameter during

delay period (100 ms to 850 ms after start of delay), when pupil size is least influenced by

external factors. Within each session, pupil size is expressed as a z-score relative to the

fixation period mean and SD. This metric—which has been strongly linked to global

arousal—does not significantly change with learning p = 0.07).

[0090] Panel 270 is a plot of across-session mean ± SD of lip EMG during outcome

feedback period (100 ms to 1350 ms after outcome feedback), normalized by its mean value

for each session. EMG was measured from dorsal lip muscles (orbicularis oris) as a proxy for

reward-related orofacial movements. Since the original animals used for all other reported

results were no longer available for these post hoc experiments, EMG was measured from

two animals performing a working memory-guided saccade task (4 sessions) or a visuomotor

associative learning task (6 sessions). Standard surface EMG methods were used (monopolar

recording from 6 mm AgCl disc electrodes; filtered 10-250 Hz; full-wave rectified). This

metric also shows little change with learning for either the working memory (p = 0.1) or

learning (p = 0.43) tasks.

[0091] Panel 272 summarizes the behavioral results. To compare behavioral changes across

all reported metrics, relatively independent of the number of observations, a d' statistic was

calculated between the early and late learning stages (|meanea - meaniate |/SDpoo ed) . These

results reiterate that across-trial changes in motor behavior, motivation, and arousal are

relatively minor compared with learning-related changes in performance.



[0092] For analyses of spiking activity, spike times were converted into smoothed rate (spike

density) functions via convolution with a Hann window, as shown in Equation (2):

(2)

where width parameter a = 175 ms (nearly identical to a Gaussian function of 70 ms SD, but

with a finite spread equal to ± ). For summary analyses, spike rates were instead calculated

within time epochs designed to capture either primarily transient (100 ms to 500 ms after

retrieval cue or outcome feedback onset) or sustained (600 ms to 1350 ms) neural responses

during the delay or inter-trial interval periods.

[0093] To ensure the results were not affected, any slow fluctuations in spike rate unrelated

to task factors were removed before further analysis. Slow trends were estimated at each

time point/epoch by convolving the spike rate across trials with a Gaussian broad enough to

blur out rate differences related to individual conditions (SD = 32 trials = 8 repetitions of all

associations). This estimate was subtracted from the individual-trial spike density functions

before further analysis. Results were similar, but with weaker signal-to-noise, without this

detrending.

[0094] To measure the strength of spike rate signals reflecting each task factor of interest

(i.e., cue and associate object identities, trial outcome), the percent of explained variance

(PEV) in the smoothed rate functions by the task factor was calculated at each time point.

For analysis of trial outcome, this was calculated via a 1-way ANOVA (2 levels: correct,

incorrect). For cue and associate identity, a nested 2-way ANOVA was used in order to

measure the effect of a nesting factor while partialling out the effect of a nested factor. To

examine PEV across learning, these analyses were performed independently within sliding

trial windows (for cue/associate identity, window width and step = 10% and 2.5% of total

number of session trials; for trial outcome, both = 33%, due to necessity of trial-balancing).

Because the traditional formulation of the PEV statistic is biased

toward positive values, the bias-corrected formulation was used instead, as shown in

Equation (3):
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where SScroups and SSTotai are the between-groups (task conditions) and total sums of squares,

dfGroups is the groups' degrees of freedom, and MSError is the mean squared error. This

resulted in an unbiased metric, with an expected value of zero when there is no difference

between conditions. Similar results were obtained using shuffle-corrected Shannon mutual

information or area-under-ROC analyses.

[0095] As formulated, another unwanted signal might still contribute to associate-object

PEV. Since it is computed as a contrast between pairs of cue-object conditions, some portion

of associate PEV might be due to selective activation of a neuron by random combinations of

cue objects. If so, activation to combinations of cues not paired with same associate would

be just as likely as to cues paired with same associate. To control for this possibility,

associate-object PEV was recalculated using all mispaired cue-associate nesting relationships,

and the average of these was subtracted from the PEV calculated from the actual, proper

condition grouping. The resulting corrected statistic is plotted in FIG. 3A in accordance with

some embodiments. Simulations showed this statistic to have an expected value greater than

zero for neurons active for a specific associate object, but less than or equal to zero for

neurons activated by one or more cues not paired with the same associate.

[0096] To measure population neural bias toward representing one condition over another

(i.e., correct more than incorrect outcomes or vice versa), a signed version of the PEV was

calculated, where the PEV at each time point is multiplied by the sign of the difference in rate

between the two conditions of interest, as shown in Equation (4):

PEV slgned(t) = PEV(t) * sign(r atecondl (t) rate cond2(t)) (4)

This metric has an expected value of zero if the two conditions are represented equally across

the neural population. Finally, for display purposes only, spike selectivity plots were

smoothed with a 2D Gaussian with SDs [5% of session length, 50 ms] and interpolated to a

finer sampling grid.

[0097] With learning, PFC neurons increasingly showed activity after the cue that anticipated

its paired associate, with an across-trial progression similar to improvement in performance

(Spearman's p = 0.59 with cue-epoch spike rate, p = 0.04, permutation test). FIG. 3A is a



plot of the mean percent of variance explained (PEV) by learned associate objects in PFC 300

(« = 319 neurons) and HPC 302 (n = 199) spiking activity, plotted across time after cue onset

(x-axis) and learning trials (y-axis). Bias correction results in negative values for some

trials/time points in which values are less than expected based on selectivity for random

combinations of cue objects. The gray bars 304 indicate analytical epochs focusing on cue

and delay periods. The insets show behavioral learning curves 306 and neural "learning

curves" 308—mean cue-epoch PEV across trials. Only the PFC shows learning of associates

in parallel with behavior.

[0098] Hippocampal neurons reflect trial outcome in accordance with some embodiments.

FIG. 3B includes plots of the mean percent of variance in PFC neurons 320 and HPC neurons

322 explained by trial outcome (correct vs. incorrect), plotted across time after outcome

feedback (reward vs. no-reward) for early, middle, and late learning stages (first, middle, and

last thirds of session trials; light-to-dark). The gray bars indicate analytical epochs focusing

on transient responses to outcome feedback and sustained activity during the inter-trial

interval (ITI). Outcome is represented more strongly in HPC (p = 0.049, 2-way area x

learning ANOVA in outcome feedback epoch). FIG. 3B also includes plots of the mean bias

(signed PEV) in PFC neurons 324 and HPC neurons 326 for correct (positive values) vs.

incorrect (negative values) outcomes, as a function of time and learning stages. HPC shifts

from incorrect to correct outcomes with learning (p = 0.027, permutation test on early vs. late

learning stages, with correct and incorrect trial numbers matched across learning). Though

there is a significant area χ learning stage interaction

(p = 0.03), PFC shows no significant change with learning (p = 0.3).

[0099] Both the HPC and the PFC carry neural information about the retrieval cue in

accordance with some embodiments. FIG. 4A includes plots of the mean percent of variance

in PFC spiking activity 400 and HPC spiking activity 402 explained by retrieval cue, plotted

across time after cue onset (x-axis) and learning trials (y-axis). Activity reflecting the cues is

present in both areas, in contrast to activity reflecting the learned associates, which is only

found in PFC, as shown in FIG. 3B. This indicates the lack of associate signals in HPC is not

due to a lack of selective visual responses to the stimuli used.

[0100] However, while HPC neuronal activity conveyed sensory signals reflecting the cue

object, it did not reflect learning of the paired associate and showed no correlation with

behavior (p = -0.21, p = 0.73). Instead, HPC reflected the trial outcome after the feedback



(reward vs. no-reward) about whether the behavioral response was correct or incorrect. This

effect was stronger in the HPC than in the PFC (p = 0.049, ANOVA), and within the HPC,

stronger in the output subregions (CAl, subiculum) than locally-projecting subregions (CA3,

dentate gyrus; p < 10-4). With learning, this HPC activity shifted from stronger activation

after incorrect to correct outcomes (p = 0.027, permutation test on early vs. late learning

stages [first vs. last third of learning trials], with number of incorrect vs. correct trials

matched across learning).

[0101] This change with learning was in HPC output subregions (p = 0.005), but not local-

projection subregions (p = 0.83; subregion learning- stage interaction: p = 0.04), which may

be related to a corresponding shift in communication between the HPC and PFC in

accordance with some embodiments. FIG. 4B includes plots of the mean selectivity (PEV)

for trial outcome in hippocampal local-projection subregions neurons 420 (Dentate

gyrus/CA3; n = 104 neurons) and output subregions neurons 422 (CAl/Subiculum; n = 93),

plotted across learning stages (light-to-dark). Outcome signals are significantly stronger

overall in the HPC output subregions (p < 10-4; 2-way subregion learning-stage ANOVA

in outcome feedback epoch). FIG. 4B also includes plots of the mean bias (signed PEV) in

HPC local-projection neurons 424 and output subregion neurons 426 for correct (positive

values) vs. incorrect (negative values) outcomes. With learning, there was a significant shift

from stronger signals for incorrect to correct trials in HPC output subregions (p = 0.005;

permutation test on ITI epoch signals in early vs. late learning stages), but not local-

projection subregions (p = 0.83; interaction in 2-way subregion learning-stage ANOVA: p

= 0.04).

[0102] Any power line noise, and its harmonics, was estimated by fitting sinusoids in 5 s

sliding windows, and subtracted them from the raw data (i.e., using the rmlinesmovingwinc

function in the Chronux toolbox, available from MedaMetrics, LLC (New York, NY)). To

remove the contribution of signal components phase-locked to trial events (event-related

evoked potentials), these were measured as the across-trial mean of the raw LFP and

subtracted off each individual trial's LFP before further analysis. This correction was

performed separately for each trial window and condition, to account for any possible

changes in evoked activity across these factors. For the multivariate auto-regression-based

causality analysis (see below), each trial was additionally normalized by the across-trial

standard deviation, and the LFP signals downsampled to 200 Hz.



[0103] For summary analyses, LFP metrics (power, synchrony, etc.) were pooled within

spectrotemporal regions with time ranges based on epochs used for spike analyses, but

extended by 50% to account for the longer duration LFP responses (100 ms to 700 ms and

600 ms to 1725 ms), and with frequency ranges based on the empirical results (2-6 and 9-16

Hz, respectively).

[0104] For measures of LFP-LFP synchrony, LFPs were transformed into the time-frequency

domain using complex Morlet wavelets (wavenumber = 6, evaluated at 0.25 octave intervals

from 1-256 Hz), from which their phase was extracted. The strength of neural synchrony

was quantified by the phase-locking value (PLV), the length of the across-trial vector average

of cross-electrode differences in phase φ , for a given time point t and frequency / , as shown

in Equation (5):

1 nTrials

PLV(f,t) tri,elecl f ) (5)
nTrials

[0105] PLV measures the degree to which LFP pairs maintain the same phase relationship —

independent of their absolute phases and amplitudes—across repeated trials. This analysis

was performed separately for each electrode pair, trial window, and condition. To quantify

the difference in synchrony between task conditions, the PLV(/J) spectrogram for one

condition was subtracted from another (e.g., correct outcome minus incorrect outcome). This

was normalized to a z-score-like statistic by subtracting the mean, and dividing by the

standard deviation, of the between-condition PLV difference calculated across 50 random

permutations of the condition labels across trials. Similar results were obtained using

classical coherence or pairwise phase consistency instead of the PLV. For display purposes

only, LFP synchrony plots were smoothed with a 2D Gaussian with SDs [0.15 octaves,

100 ms] and interpolated to a finer sampling grid.

[0106] Hippocampal-prefrontal oscillatory synchrony carries learning-related information

about trial outcome in accordance with some embodiments. Outcome-related neural

communication was examined using synchrony (phase-locking) between LFPs recorded after

the behavioral response and feedback. FIG. 5A illustrates parallel recording of LFPs from

PFC 500 and HPC 502. This revealed PFC-HPC synchrony in two frequency bands: a

shorter latency theta-band (about 2-6 Hz) synchrony and longer latency alpha/low-beta band



(about 9-16 Hz) synchrony. Alpha/beta synchrony was stronger after correct trials; theta

synchrony was stronger after incorrect trials.

[0107] FIG. 5B is a plot of mean synchrony (±SEM) between HPC and PFC LFPs, plotted as

a function of frequency, following correct 520 and incorrect 522 outcomes in accordance

with some embodiments. Synchrony is computed as the across-trial phase-locking value

(PLV), calculated within the feedback and ITI epochs (100 ms to 1725 ms after outcome

feedback), and is averaged across all 970 electrode pairs and sessions. Dashed line 524

represents mean synchrony (± SEM) expected by chance (based on shuffling HPC and PFC

signals across trials), which is nearly identical across trial outcome and frequency.

[0108] FIG. 5C is a plot of the mean difference in HPC-PFC synchrony (PLV) between

correct and incorrect trials, plotted as spectrograms across time (x-axis) and frequency (y-

axis) in accordance with some embodiments. Correct and incorrect trials were balanced, and

the PLV-difference was z-scored based on the null distribution obtained by shuffling trial

outcome labels. Theta-band synchrony 540 and alpha/beta-band synchrony 542 were

stronger for incorrect and correct outcomes, respectively.

[0109] Though PFC-HPC synchrony was present before the behavioral response, it did not

robustly reflect trial outcome. FIG. 5D includes plots showing HPC-PFC synchrony across

all trial periods in accordance with some embodiments. First, mean synchrony (PLV)

between HPC and PFC LFPs on correct trials is plotted as a spectrogram across frequency (y-

axis) and time (x-axis) for time periods during the trial 560, and after outcome feedback is

given 562. Mean HPC-PFC synchrony on incorrect trials is plotted as a spectrogram across

frequency (y-axis) and time (x-axis) for time periods during the trial 564, and after outcome

feedback is given 566. Mean z-scored difference in HPC-PFC synchrony between correct

and incorrect trials for time periods during the trial 568, and after outcome feedback is given

570. Though there are clear periods of band-specific synchrony during trial performance, they

are nearly identical for correct and incorrect trials, and thus convey little information about

trial outcome.

[0110] FIG. 5E illustrates mean HPC-PFC PLV difference as a function of learning (bottom

to top: early, middle, and late learning stages) in accordance with some embodiments. FIG.

5F summarizes observed synchrony learning effects, including the mean PLV difference (±

SEM) pooled within the alpha/beta-band 580 and theta-band 582 (note that higher values in



this plot reflect stronger negative PLV differences) regions of interest, as a function of

learning stage in accordance with some embodiments. Theta (incorrect) synchrony decreases

with learning, while alpha/beta (correct) increases. Theta synchrony following incorrect

outcomes decreased with learning (p < 10-4), while alpha/beta synchrony following correct

outcomes increased with learning (p = 5x10-4, permutation test on early vs. late learning).

[0111] While the theta effect was similar across HPC subregions, the alpha/beta increase

with learning only occurred for synchrony between PFC and HPC output subregions in

accordance with some embodiments. FIG. 6A illustrates the mean z-scored difference in

cross-electrode synchrony between correct and incorrect trials across learning stages, for all

FIPC subregions, including between the PFC and the FIPC local-projection subregions (i.e.,

the dentate gyrus and CA3: n = 558 electrode pairs) 600 and between the PFC and the FIPC

output subregions (i.e., the CA1 and subiculum: n = 407) 602. FIG. 6B summarizes

synchrony learning effects, including the mean (± SEM) synchrony difference pooled within

the alpha/beta-band 620 and theta-band 622 regions of interest, as a function of learning

stage. While the theta-band decrease with learning is similar for synchrony between PFC and

all HPC subregions (p < 10-4 for both), the alpha/beta-band increase with learning is only

present for synchrony between PFC and HPC output subregions (CAl/Sub.; p < 10-4), but

not for synchrony between PFC and HPC local-projection subregions (dentate/CA3; p = 0.52)

despite their greater numbers of observations. Synchrony between hippocampal subregions

(not shown) is nearly identical to synchrony between all pairs of hippocampal electrodes;

small numbers of observations precluded meaningful analysis of synchrony between sites

within each subregion. Thus, with learning, there was a shift in PFC-HPC synchrony from

theta toward higher frequencies, paralleling the shift in HPC spiking activity from incorrect to

correct trials.

[0112] Learning-related information about trial outcome resulted in in oscillatory synchrony

between all area pairs in accordance with some embodiments. FIG. 7A is a series of mean

synchrony (PLV) spectrograms between pairs of electrodes in PFC (n = 648) following

correct trials 700 and incorrect trials 702, between HPC and PFC (center; n = 970) following

correct trials 704 and incorrect trials 706, and in HPC n = 694) following correct trials 708

and incorrect trials 710. FIG. 7B illustrates the mean z-scored difference in synchrony

between correct and incorrect trials across learning stages, for all pairs of studied areas,

including in PFC 720, between HPC and PFC 722, and in HPC 724. FIG. 7C summarizes



synchrony learning effects by plotting the mean (± SEM) synchrony difference pooled within

the alpha/beta-band 730 and theta-band 732 regions of interest, as a function of learning

stage. Synchrony between distinct sites within PFC follows a similar pattern to the cross-area

synchrony—theta decreases (p = 3 10 4), while alpha/beta increases with learning (p < 10 4 ,

permutation test on early vs. late learning). In contrast, intra-hippocampal synchrony

increases with learning for both the theta (p = 2 χ 10 4) and alpha/beta bands (p < 10 4),

indicating the observed learning effects do not reflect global state changes that are invariant

across all brain areas.

[0113] Within-area LFP phase-locking and power was also examined. While within-PFC

synchrony followed a similar pattern to between-area synchrony, intra-hippocampal

synchrony exhibited a distinct pattern in which theta synchrony increased—rather than

decreased—with learning. This indicates the observed learning-related synchrony changes

do not simply reflect state changes with global effects.

[0114] LFP power, reflecting local synchrony, exhibited a pattern broadly similar to cross-

area synchrony, as would be expected from an interacting system with causal links between

local and long-range synchrony and in accordance with some embodiments. FIG. 8A

includes mean log-transformed LFP power spectrograms in PFC (n = 250 electrodes)

following correct trials 800 and incorrect trials 802, and in UPC (n = 166), following correct

trials 804 and incorrect trials 806. FIG. 8B illustrates the mean z-scored difference in log-

power between correct and incorrect trials across learning stages, for PFC 820 and UPC 822.

While there is a strong alpha^eta-band signal for correct trials, the theta-band signal for

incorrect trials observed in the cross-electrode synchrony results is not as robust in local

power. FIG. 8C summarizes power learning effects by plotting the mean (± SEM) power

difference pooled within the alpha/beta-band 840 and theta-band 842 regions of interest, as a

function of learning stage. Theta power exhibits a significant positive shift (from incorrect

toward correct bias) with learning (p < 10-4 for both areas), and alpha/beta power also shows

a positive trend (significant only for UPC: p < 10-4; PFC: p = 0.06). These results indicate a

similar change with learning for both cross-area synchrony and within-area power.

[0115] Outcome selectivity in cross-area synchrony could not, however, be fully attributed to

local power differences, as it remained significant even when band-specific power was

balanced across correct and incorrect trials. That is, balancing band-limited power does not

eliminate trial outcome information in UPC-PFC synchrony in accordance with some



embodiments. FIG. 9A shows the mean z-scored difference in HPC-PFC synchrony between

correct and incorrect trials for the full dataset 900, and for data where power pooled within

the theta-band 902 or alpha/beta-band 904 region of interest was balanced across trial

outcomes. Power balancing was performed using a stratification method that trims extreme

power values from each condition, until the histogram of trial power values is closely

matched between compared conditions (correct, incorrect outcomes). FIG. 9B summarizes

full vs. power-balanced data comparison by plotting the mean (± SEM) z-scored synchrony

difference pooled within the alpha/beta-band 920 and theta-band 922 regions of interest, for

the full dataset (left bars) or a data subset created by balancing power in the given region of

interest (right bars). Though power balancing reduces the effect of trial outcome on neural

synchrony, both frequency bands remain significantly different from zero (p < 10-4 for both;

1-sample bootstrap test). This confirms there is a specific effect of outcome on HPC-PFC

synchrony, beyond any possible artifactual effects due to differences in power.

[0116] Directional influences were measured between the PFC and HPC in two ways. First,

the mean phase lag was calculated between LFPs on each pair of electrodes, as shown in

Equation (6):

nTrials

<Plag (/, 0 = a n . j p( [
efec

l(/, - (/ 0]) ( )

To test whether the distribution of phase lags across all electrode pairs was significantly

different from zero—suggestive of a directionality between the two signals—a circular

bootstrap test was used.

[0117] Though consistent phase lags much smaller than a full oscillatory cycle are suggestive

of directional influences, they are in principle ambiguous because of the cyclic nature of the

signals. Therefore, the generalized partial directed coherence (GPDC) also was computed

between pairs of LFPs in each area. GPDC is a frequency-domain analog of Granger

causality, which measures putative causality in terms of the degree to which one signal (LFP)

can be predicted by past values of another signal (LFP from a distinct electrode), with its own

past history factored out. This approach is based on a multivariate autoregressive (MVAR)

model fit to pairs of LFP time series, as shown in Equation (7):



(7)
k=l

where X(t) is the data vector of the pair of LFP signals at time t, k is the 2x2 matrix of

autoregressive coefficients at the 1time lag,/? is the maximum number of lags (model

order), and ∑(t) the residual prediction error. The Bayesian Information Criterion was

evaluated on a few representative LFP pairs to select a fixed model order of 17 (max lag

85 ms). MVAR models were fit separately on LFP data within each sliding time window

(500 ms width, 250 ms step between successive windows), trial window, and task condition.

The parameters of the MVAR model in each window were estimated using Morf s

modification of the Levinson-Wiggins-Robinson algorithm. The fitted MVAR parameters

were then transformed from the time domain into the frequency domain, as shown in

Equation (8):

A(f) =I - ∑ A x (- 2 kf If
samp

) (8)
k=i

where I is the p p identity matrix, f samp is the LFP sampling rate, and the spectral coefficients

A(/) were evaluated at 1 Hz steps from 1-64 Hz. The GPDC reflecting the directional

influence of LFPi on LFP2 is then calculated as, as shown in Equation (9):

GPDCM (9)

where k is the variance of the prediction error for channel k . Similar results were obtained

using classical spectral Granger causality. For display purposes only, LFP causality plots

were smoothed with a 2D Gaussian with SDs [ 1 Hz, 100 ms] and interpolated to a finer

sampling grid.

[0118] Theta and alpha/beta synchrony differed in the direction of putative causal influence.

For theta frequencies, the phase of HPC LFPs lagged behind PFC, consistent with a PFC to

HPC directionality; the reverse was true for alpha/beta frequencies. This was confirmed

using GPDC to measure the degree to which signals can predict each other's future values.



[0119] FIG. 10 includes histograms of mean PFC-HPC LFP phase lag for all 970 electrode

pairs for alpha/beta-band 1000 and theta-band 1002 regions of interest in accordance with

some embodiments. Tick marks indicate mean across all pairs. FIPC leads for alpha/beta

frequencies (p < 10 4 ; bootstrap test vs. zero phase lag), while PFC leads for theta (p < 10 4) .

[0120] GPDC also revealed oscillatory interactions in the theta and alpha/beta bands with

stronger theta influence from PFC to FIPC (p < 10-4) and stronger alpha/beta influence (solid

lines) from the HPC to PFC (p < 10-4, 2-way causal direction trial outcome ANOVA). As

above, theta and alpha/beta interactions were stronger for incorrect and correct trials,

respectively (p < 10-4 for both). With learning, there were significant decreases in incorrect-

reflecting PFC to HPC theta influences (p = 0.021) and correct-reflecting HPC to PFC

alpha/beta influences (p = 0.04, permutation test on early vs. late learning) suggesting these

interactions may be most important during the early stages of learning. In contrast, initially

weak PFC to HPC alpha/beta influences reflecting correct outcomes increased with learning

(p < 10-4), eventually becoming even stronger than the HPC to PFC direction (p = 10-3;

interaction in 2-way causal-direction learning-stage ANOVA).

[0121] FIG. 11A includes spectrograms plotted across time (x-axis) and frequency (y-axis) to

show frequency-domain directional influences (generalized partial directed coherence) from

PFC to HPC following correct trials 1100 and incorrect trials 1102, and from HPC to PFC

following correct trials 1104 and incorrect trials 1106. FIG. 1IB summarizes these

directional effects by plotting the mean (± SEM) GPDC pooled within the alpha/beta-band

1120 and theta-band 1122 regions of interest. Overall, alpha/beta-band influences are

stronger from HPC to PFC and for correct trials, while theta-band influences are stronger

from PFC to HPC and for incorrect trials in accordance with some embodiments. FIG. 11C

illustrates cross-area directional influences across learning by plotting the difference in

directional strength (GPDC) between correct and incorrect outcomes separately for each

direction, PFC to HPC 1140 and HPC to PFC 1142 and learning stage (bottom to top). FIG.

1ID summarizes learning effects. With learning, theta interactions 1160 showed a decreasing

trend, while alpha eta interactions 1162 shifted from a HPC^PFC to PFC^HPC

directionality in accordance with some embodiments.

[0122] These results suggest different roles and interactions between the PFC and HPC

during object associative learning. Only PFC neurons showed neural correlates of learning

the paired associates. The HPC was more engaged when feedback was given about whether



the trial was correct or incorrect. Early in learning, incorrect outcomes activated HPC

neurons and promoted cross-area theta synchrony with a stronger influence from the PFC to

the FIPC. Correct outcomes, in contrast, promoted alpha/beta-band synchrony that was

initially stronger in the FIPC to PFC direction. But as learning progressed, correct outcomes

increasingly evoked PFC to FIPC alpha^eta-band influences and HPC neuronal spiking.

This shift in HPC outcome coding (and other properties) distinguishes it from static reward-

prediction-error signals in subcortical structures, but may reflect the functional shift from

early error-prone learning to consolidation, which is enhanced by positive feedback.

[0123] The PFC and the HPC neuronal trial outcome signals are distinct from subcortical

reward prediction error signals. Roughly equal numbers of neurons show stronger activity

for correct and incorrect outcomes in accordance with some embodiments. FIG. 12A

includes plots showing the percent of neurons in PFC (n = 319) and HPC (n = 199) with a

significant preference for correct (Cor) or incorrect (Inc) outcomes p < 0.05, permutation

test). Values are plotted separately for early, mid, and late learning stages (bottom to top),

and time epochs capturing transient (left; 100 ms to 500 ms) and sustained (right; 600 ms to

1350 ms) response components. These results are in contrast to previous results from the

ventral tegmental area and lateral habenula, which show strong biases toward positive and

negative reward prediction errors (roughly, uncertain correct and incorrect outcomes),

respectively.

[0124] FIG. 12B is a plot of population mean percent variance explained by trial outcome

(correct vs. incorrect) as a function of time during (left) and after (right) the trial, separately

for PFC and HPC and learning stages (see legend 1220). Tick marks 1222 represent time

points with significant explained variance during the late learning stage (p < 0.05,

uncorrected, bootstrap test). In the ventral tegmental area and lateral habenula, as reward

becomes more predictable during learning, activation shifts from the post-response outcome

feedback epoch to earlier trial events predictive of reward. In contrast, post-response trial

outcome information in PFC and HPC is present throughout learning, with little shift to

earlier time points.

[0125] These properties, and the learning-related shift from bias toward encoding incorrect to

correct outcomes in HPC, distinguish the outcome signals from the static reward prediction

error signals found in areas such as the ventral tegmental area and lateral habenula. However,

it has been shown neural activity that changes with context—such as the stage of new



memory acquisition/consolidation —may still easily be "read out" by downstream neurons,

even with a simple linear decoder.

[0126] The HPC is critical for formation of explicit memories. Rodent neurophysiological

studies suggest it acquires spatial memories and consolidates them in the neocortex, including

the PFC. The primate HPC shows rapid activity changes related to spatial associative

learning. But the HPC is also known to be critical for non-spatial memory in rodents and

especially in primates, where it plays a general role in explicit memory formation. Lesion

studies have suggested that perirhinal cortex—part of the medial temporal lobe system that

includes the HPC—may be more critical for object associative learning than the HPC, and

neural correlates of object associations have been seen in perirhinal, prefrontal, and

inferotemporal cortex. However, these studies examined associations that were familiar or

learned gradually (over days or weeks), situations known to favor neocortical representation.

The results disclosed herein suggest that rapid acquisition of object associations also occurs

in the neocortex, not the HPC, perhaps particularly the PFC given its importance for

behavioral flexibility. Object associations may lack the context required for explicit HPC

representation.

[0127] Both the HPC and PFC signal trial outcome, differentiating between correct and error

trials. The results suggest this information is communicated between HPC and PFC via

synchrony at different frequencies: theta for incorrect and alpha/beta for correct. Human

EEG also shows theta oscillations with a frontal source reflecting conflict or error; the results

suggest these oscillations are propagated to HPC during learning. Human and animal studies

suggest that oscillatory activity is associated with memory encoding and retrieval, as well as

other cognitive processes. Higher frequency (gamma) oscillations are thought to underlie the

transient formation of local neuronal ensembles, while lower frequencies may recruit larger

networks due to their longer integration times. Thus, the lower frequency (theta and

alpha/beta) synchrony observed may reflect formation of larger PFC-HPC networks.

[0128] Beta oscillations are ideal for maintaining active cell assemblies, and their associated

cognitive states. This is consistent with the idea that beta might have a role in maintaining

neural representations active during correct associations. Studies of synaptic plasticity have

also shown that low-frequency synaptic stimulation fosters long-term depression, while high-

frequency stimulation fosters long-term potentiation, with the crossover point at about 8 Hz

to about 10 Hz. PFC-HPC theta interactions may therefore have weakened synapses active



during incorrect associations, while alpha/beta interactions strengthened those active for the

correct associations.

[0129] In sum, these observations show that rapid formation of non-spatial associations may

occur within the PFC, not the HPC. The main role of the FIPC was to provide feedback

signals that may guide neocortical learning. The results also provide further support for the

idea that synchrony in different frequency bands may have functionally different roles in

neural communication.

Systems and Methodsfor Enhancing and/or Disrupting Memory Formation and Storage

[0130] Through research and analysis, the inventors have determined that the PFC and the

FIPC synchronize their oscillations at specific frequencies when memory associations are

formed or reconsolidated. For example, when a subject forms a correct memory association,

oscillations in the PFC and the UPC synchronize at beta frequencies. However, when a

subject makes a mistake or attempts to form an incorrect memory association, oscillations in

the PFC and the HPC synchronize at theta frequencies. Thus, beta synchrony indicates to the

brain that the subject should "store" the correct memory association, while theta synchrony

indicates to the brain that the subject should "forget" the incorrect memory association.

[0131] The inventors have further recognized and appreciated that the external application of

synchronized oscillations may be used to train the brain to reinforce and/or weaken

associations during memory formation and/or reconsolidation. For example, oscillations with

beta frequencies may be applied to artificially create beta synchrony between the PFC and the

HPC, and oscillations with theta frequencies may be applied to artificially create theta

synchrony between the PFC and the HPC.

[0132] According to some embodiments, electrical stimulation is applied to the brain (e.g.,

through electrodes in substantial contact with the scalp). For example, the electrical

stimulation may be safely applied to the PFC and the HPC using low-voltage TES, which

involves passing a very low current between electrodes and has been used only to administer

DC currents; however, brain activity naturally waxes and wanes in phase with endogenous

rhythms. By adapting TES to enhance these rhythms by administering AC currents, the

inventors have recognized and appreciated that TES may be used to enhance specific brain

activities in a more precise, physiological manner (i.e., by selectively administering electrical

currents oscillating at beta frequencies and/or theta frequencies).



[0133] FIG. 13 illustrates a system 1300 for selectively reinforcing or weakening memory

associations in accordance with some embodiments. The system may include at least one

current generator 1302 for providing an electrical current. The electrical current may include

a plurality of oscillating pulses with at least one predetermined frequency.

[0134] The system may also include a user interface, including at least one output device

1304 for delivering at least one sensory stimulus to a user, at least one user input device 1306

for registering at least one response of the user to the at least one sensory stimulus, and at

least one electrode pair 1308 for detachable attachment to or proximate to the user's scalp.

[0135] The at least one output device 1304 for delivering the at least one sensory stimulus to

the user may include a visual display (e.g., a computer monitor, a touchscreen, etc.), a printer,

a refreshable tactile or haptic (e.g., braille) display, and/or a speaker (e.g., computer speakers,

headphones, earbuds, etc.).

[0136] The sensory stimulus may be visual, audible, tactile, olfactory, and/or gustatory. A

sensory stimulus may include anything from a digital image, an alphanumeric character, a

braille character, and/or an audible sound to an explicit objective assessment question. A

sensory stimulus may require the user to select, via the at least one input device, an indication

of true or false, an answer from a plurality of presented answers, or a match from a plurality

of presented matches. Alternatively, a sensory stimulus may require the user to supply at

least one of an alphanumeric character, a braille character, and an audible sound via the at

least one input device.

[0137] The at least one input device 1306 for registering at least one response of the user to

the at least one sensory stimulus may include a keyboard, a scanner, a camera, a microphone,

a pointing device (e.g., a joystick, stylus, mouse, trackball, touchpad, etc.), a touchscreen,

and/or a refreshable tactile or haptic (e.g., braille) display.

[0138] The system 1300 may include at least one sensor for calibrating system 1300,

detecting, and/or measuring physiological input signal from the user, such as endogenous

neural activity and/or physiological markers of stress. A sensor may include a heart rate

monitor, an ECG system, a blood pressure monitor, a respiration rate monitor, a thermometer,

an fMRI system, an EEG system, and/or an MEG system. A sensor may be in addition to the

at least one input device 1306, or the at least one input device 1306 may include the sensor.

The system 1300 may also include an analog-to-digital converter coupled to the at least one



sensor for electronically converting the at least one physiological input signal from the at

least one sensor to a plurality of digital samples of the at least one physiologic signal relating

to at least one physiological parameter.

[0139] A response may be a selection of an indication of true or false, a selection of an

answer from a plurality of presented answers, or a selection of a match from a plurality of

presented matches. A response may be an alphanumeric character, a braille character, and/or

an audible sound. A response may also relate to a change in a physiological parameter of the

user. The physiological parameter may relate to the user's heart rate, blood pressure, body

temperature, respiration rate, neural activation, and/or neural oscillation.

[0140] The at least one electrode pair 1308 may be configured to stimulate at least one

specific portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the at least one sensory stimulus. The at least one specific

portion of the user's brain may include the PFC, the HPC, or some combination thereof.

[0141] The at least one electrode pair 1308 may be a plurality of electrode pairs. Each

electrode of the at least one electrode pair 1308 may be a transcranial electrode and/or an

alternating current electrode. A conductive gel and/or paste may be used to reduce

impedance between each electrode of the at least one electrode pair 1308 and the user's scalp.

Wiring may be used to connect each electrode of the at least one electrode pair 1308 to the at

least one current generator 1302.

[0142] The system may include at least one memory 1310 for storing processor-executable

instructions. The at least one memory 1310 may also store the at least one sensory stimulus,

the at least one response of the user to the at least one stimulus, and/or at least one

predetermined standard for determining whether the at least one response of the user to the at

least one stimulus is desired or undesired.

[0143] The system may include at least one processor 1312 for executing the processor-

executable instructions. The at least one processor 13 12 is communicatively coupled to the at

least one current generator 1302, the at least one output device 1304, the at least one input

device 1306, the at least one memory 13 10, at least one power source 1314, and a network

1316 connected to a server 1318.



[0144] The at least one power source 1314 may supply low voltage to the at least one current

generator 1302. The power source 1314 may supply about 5-20 volts. The electrical current

may have a current flow of about 0.25-1.5 milli-amps. The frequency and/or an amplitude of

the electrical current may be regulated by, for example, the at least one processor 1312.

[0145] The network 1316 may be used to receive information (e.g., the at least one sensory

stimulus and/or at least one predetermined standard for determining whether the at least one

response of the user to the at least one stimulus is desired or undesired) and/or transmit

information (e.g., the at least one response of the user to the at least one stimulus and/or the

determination of whether the at least one response of the user to the at least one stimulus is

desired or undesired) to server 1318, which may be used to store information. The software

and/or information stored in the memory 1310 and/or server 1318 also may be customizable,

allowing, for example, a user to input one or more new or custom components, steps, stimuli

materials, and/or predetermined standards into the system 1300.

[0146] Upon execution of the processor-executable instructions, the at least one processor

1312 may control the user interface to deliver a first sensory stimulus to the user via the at

least one output device 1304, and register the at least one response of the user to the first

sensory stimulus via the input device 1306. The at least one processor 1312 may further

process the at least one response of the user to the first sensory stimulus to determine whether

an underlying memory association is desired or undesired according to at least one

predetermined standard.

[0147] Based on whether the underlying memory association is desired, the at least one

processor 1312 may further set the at least one predetermined frequency to be a beta

frequency if the underlying memory association is desired or a theta frequency if the

underlying memory association is undesired. The beta frequency may be a frequency

between about 12 Hz and about 40 Hz. For example, the beta frequency may be about 16 Hz.

The theta frequency may be a frequency between about 3 Hz and about 8 Hz. For example,

the theta frequency may be about 4 Hz.

[0148] The at least one processor 1312 may then control the at least one current generator

1302 to generate an electrical current with either the beta frequency or the theta frequency,

and control the user interface to administer the electrical current, via the at least one electrode

pair 1308, thereby stimulating the at least one specific portion of the user's brain with the



electrical current based at least in part on the at least one response of the user to the first

sensory stimulus so as to reinforce or weaken the underlying memory association.

[0149] In some embodiments, the system may only be used for selectively weakening

memory associations. The at least one processor 1312 may process the at least one response

of the user to the first sensory stimulus to determine whether an underlying memory

association is undesired according to at least one predetermined standard. If the underlying

memory association is undesired, the system 1300 may administer the electrical current at a

theta frequency, via the at least one electrode pair 1308, thereby stimulating the at least one

specific portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the first sensory stimulus so as to weaken the underlying

memory association. If the underlying memory association is not undesired, no electrical

current or an electrical current that does not have a theta frequency may be applied.

[0150] In some embodiments, the system may only be used for selectively reinforcing

memory associations. The at least one processor 1312 may process the at least one response

of the user to the first sensory stimulus to determine whether an underlying memory

association is desired according to at least one predetermined standard. If the underlying

memory association is desired, the system 1300 may administer the electrical current at a beta

frequency, via the at least one electrode pair 1308, thereby stimulating the at least one

specific portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the first sensory stimulus so as to reinforce the underlying

memory association. If the underlying memory association is not desired, no electrical

current or an electrical current that does not have a beta frequency may be applied.

[0151] FIG. 14 illustrates a method 1400 for selectively reinforcing or weakening memory

associations in accordance with some embodiments. In step 1402, a system is calibrated for a

particular user. Some embodiments may include selecting, calibrating, and/or customizing

the at least one output device, the at least one input device, a placement of the at least one

electrode pair, a type of one or more stimuli, a content of one or more stimuli, a type of

response, the at least one predetermined standard, an amplitude of the electrical current, and

the at least one predetermined frequency. Some embodiments may include attaching the at

least one electrode pair to or proximate to the user's scalp, applying a conductive gel and/or

paste between each electrode of the at least one electrode pair and the user's scalp, and/or



attaching connecting each electrode of the at least one electrode pair to the at least one

current generator.

[0152] Additional components and/or steps may be used to calibrate embodiments for an

individual user. Some embodiments may include a calibration procedure to determine at least

one optimal stimulation location for an individual user based on measurements from at least

one sensor of endogenous neural oscillations under stimulus and response conditions similar

to those during the intended stimulation. For example, at least one stimulation electrode may

be placed at one or more sites where measured endogenous beta oscillation power is strongest

following desired associations and/or where endogenous theta oscillation power is strongest

following undesired associations.

[0153] Since the precise frequency of neural oscillations varies between individuals, some

embodiments may include a calibration procedure to determine peak endogenous beta and/or

theta oscillation frequencies for an individual user based on measurements from at least one

sensor under stimulus and response conditions similar to those during the intended

stimulation. At least one optimal stimulation frequency may then be set by a processor to, for

example, match the frequency of the individual's endogenous oscillations.

[0154] Since stimulation is likely to be most effective if delivered in-phase with ongoing

endogenous oscillations, some embodiments may include a real-time calibration procedure

whereby the phase of endogenous beta and/or theta oscillations is measured from at least one

sensor and used by a processor to time the onset of oscillatory stimulation such that the

endogenous and synthetic oscillations are approximately in phase.

[0155] In step 1404 of method 1400, at least one first sensory stimulus is delivered to the

user. In step 1406, at least one response of the user to the first sensory stimulus is received.

In step 1408, the at least one response of the user to the first sensory stimulus is compared to

at least one predetermined standard to determine whether an underlying memory association

is desired or undesired. The at least one predetermined standard may include a correct

response to an associated sensory stimulus, a response time, a magnitude of a physiological

parameter of the user, and/or a frequency of a physiological parameter of the user.

[0156] If the underlying memory association is desired, at least one predetermined frequency

is set to a beta frequency in step 1410. If the underlying memory association is undesired, the

at least one predetermined frequency is set to a theta frequency in step 1412. In step 1414, an



electrical current, including a plurality of oscillating pulses with the at least one

predetermined frequency—either the beta frequency or the theta frequency—is generated and

administered to the user's scalp via at least one electrode pair to stimulate at least one specific

portion of the user's brain with the electrical current.

[0157] Following the administration of the electrical current, in step 1416, a decision is made

whether to repeat the method or not. Similarly, a decision is made whether to repeat the

method or not in step 1416 if the underlying memory association was determined to be

neither desired nor undesired in step 1408. The method may be repeated with the first

sensory stimulus or with a second sensory stimulus. The method may be repeated as many

times as wanted, with as many sensory stimuli as wanted.

Example 1

[0158] Some embodiments may be used to reinforce or enhance a desired memory

association. For example, Alzheimer's disease may have a profound effect on explicit

memory. Patients with Alzheimer's disease may have difficulty, among other functions,

remembering where items are placed in new or unfamiliar environments. Thus, some

embodiments may be practiced by or with an Alzheimer's patient (e.g., in the company of a

therapist or medical provider) to, for example, reinforce object-location associations in an

unfamiliar environment.

[0159] According to some embodiments, a system may be selected, calibrated, and/or

customized for a particular Alzheimer's patient. At least one electrode pair may be attached

to or proximate to the patient's scalp with a conductive gel between each electrode and the

scalp, each electrode being connected to at least one current generator.

[0160] A sensory stimulus in the form of a digital image of an object (e.g., keys) may be

delivered to the patient via a touchscreen. The touchscreen also presents one or more digital

images of at least two locations (e.g., a basket and a hook) where the object may be located.

The patient is asked to select the correct location of the object. The patient provides at least

one response to the sensory stimulus by selecting one of the at least two locations on the

touchscreen.

[0161] The location selected is compared to a predetermined standard of the correct location

to determine whether an underlying memory association between the object and the selected



location is desired. If the location selected is the correct location, then the underlying

memory association is desired, and an electrical current with a beta frequency (e.g., 16 Hz) is

generated and administered to the patient's scalp via at least one electrode pair to stimulate

the PFC and/or the HPC.

[0162] If the location selected is not the correct location, then the underlying memory

association is undesired, and an electrical current with a theta frequency (e.g., 4 Hz) is

generated and administered to the patient's scalp via at least one electrode pair to stimulate

the PFC and/or the HPC.

[0163] Alternatively, an electrical current may only be applied if the location selected is the

correct location but not if the location selected is not the correct location. Similarly, an

electric current may only be applied if the location selected is not the correct location but not

if the location selected is the correct location. An electrical current may or may not be

applied if the patient does not make a selection or the selection is determined to be neither

correct nor incorrect.

[0164] The method may be repeated with the same object as the sensory stimulus or with one

or more different objects as sensory stimuli. The method may be repeated as many times as

wanted, with as many sensory stimuli as wanted.

Example 2

[0165] Some embodiments may be used to disrupt or weaken an undesired memory

association. For example, post-traumatic stress disorder (PTSD) may have a severe effect on

daily functioning. For example, patients with PTSD may suffer from intrusive and/or

anxiety-invoking memories, usually based on a traumatic experience. When a memory is

recalled, it becomes labile and must be "reconsolidated" back into long-term storage. Thus,

some embodiments may be practiced by or with a PTSD patient (e.g., in the company of a

therapist or medical provider) to weaken intrusive and/or anxiety-invoking associations by

disrupting the brain rhythms that promote memory reconsolidation (or enhancing rhythms

that promote forgetting) while the patient recalls the traumatic experience.

[0166] According to some embodiments, a system may be selected, calibrated, and/or

customized for a particular PTSD patient. At least one electrode pair may be attached to or

proximate to the patient's scalp with a conductive gel between each electrode and the scalp,



each electrode being connected to at least one current generator. One or more sensors (e.g., a

heart rate monitor) may also be attached to the patient to measure one or more physiological

input signals.

[0167] An olfactory stimulus that triggers a memory of a traumatic experience (e.g., the scent

of diesel gas) may be delivered to the patient. The patient provides at least one response to

the sensory stimulus via one or more physiological input signals (e.g., heart rate) measured

by the one or more sensors.

[0168] The one or more physiological input signals are processed and compared to a

predetermined standard of one or more physiological parameters (e.g., a heart rate threshold

value or a change in heart rate) to determine whether an underlying memory association

between the olfactory stimulus and the one or more physiological parameters is desired. The

one or more physiological parameters may be markers of stress. If the one or more

physiological parameters are within one or more predetermined limits, then the underlying

memory association is desired, and an electrical current with a beta frequency (e.g., 16 Hz)

may be generated and administered to the patient's scalp via at least one electrode pair to

stimulate the PFC and/or the HPC.

[0169] If the one or more physiological parameters fall outside the one or more

predetermined limits, then the underlying memory association is undesired, and an electrical

current with a theta frequency (e.g., 4 Hz) is generated and administered to the patient's scalp

via at least one electrode pair to stimulate the PFC and/or the HPC. Since recalling a memory

is known to render the memory temporarily labile—and susceptible to treatments that inhibit

consolidation into long-term memory—stimulating the user with theta oscillations during a

recall episode is likely to promote forgetting of the traumatic memory.

[0170] Alternatively, an electrical current may only be applied if the one or more

physiological parameters fall outside the one or more predetermined limits but not if the one

or more physiological parameters are within one or more predetermined limits. Similarly, an

electric current may only be applied if the one or more physiological parameters are within

one or more predetermined limits but not if the one or more physiological parameters fall

outside the one or more predetermined limits. The method may be repeated as many times as

wanted, with as many sensory stimuli as wanted.



Example 3

[0171] Researchers distinguish between recognition and recall memory. Recognition memory

tasks require individuals to indicate whether they have encountered a stimulus (such as a

picture or a word) before. Recall memory tasks require participants to retrieve previously

learned information. For example, individuals might be asked to produce a series of actions

they have seen before or to repeat a list of words they have heard before.

[0172] Some embodiments may be used to reinforce a desired memory association and/or

weaken undesired memory associations. Associative learning has applications in schools,

workplaces, homes, etc. For example, students may be required to remember large amounts

of information in educational settings, on-the-job training settings, and high-stakes

professional testing settings. Thus, some embodiments may be practiced by or with a student

(e.g., in the company of a trainer, educator, or study partner) to enhance or disrupt memory.

[0173] According to some embodiments, a system may be selected, calibrated, and/or

customized for a particular student. At least one electrode pair may be attached to or

proximate to the student's scalp with a conductive gel between each electrode and the scalp,

each electrode being connected to at least one current generator. According to some

embodiments, the system provides transcranial electrical stimulation to boost endogenous

beta or theta rhythms in the student's brain following correct or incorrect recall, respectively,

of study/test material.

[0174] A student, trainer, educator, or study partner may select material from a set of pre

defined knowledge domains saved in local memory or in a remote server, or input custom

material into the system via a software application program interface (API). In either case,

the knowledge may consist of a set of facts. Each fact may be associated with a question or

prompt (i.e., a stimulus), a correct answer (i.e., a predetermined standard), and optionally, a

set of incorrect answers. Questions or prompts may be delivered to the student (e.g., "What

is the Korean word for 'friendly'?" or simply, "friendly") serially, with a specific or random

sequence. For example, typed questions (from/for, e.g., language tests, employment

assessments, entrance/exit examinations, or licensing and certification examinations) may be

delivered to the student via a computer monitor. The computer monitor also may present two

or more answers (e.g., true/false or multiple choice). The student's response may be a

selection (e.g., a selection with a pointing tool of "chin-han" from a list of multiple choices),



a free response (e .g., speaking "chin-han" into a microphone), and/or a change in a

physiological parameter of the student (e.g., a stress marker).

[0175] The system software would determine whether the response was correct or not. If

correct, the system would provide a visual and/or auditory feedback signal to indicate this to

the user, followed by sending a command to a current generator to produce a beta frequency

stimulation. If incorrect, the system would provide a distinct visual and/or auditory feedback

signal, followed by a command to produce a theta frequency stimulation. Optionally, the

software could also monitor neural activity via a sensor, such as a scalp EEG electrode, and

time the stimulator command so the synthetic oscillation is precisely aligned with the phase

of the user's endogenous oscillations.

[0176] The response is compared to a predetermined standard of the correct answer (and

maybe a maximum response time period) to determine whether an underlying memory

association between the question and response is desired. If the response is the correct

answer (and is made within the maximum response time period), then the underlying memory

association is desired, a feedback signal may indicate this to the student, and an electrical

current with a beta frequency (e.g., 16 Hz) may be generated and administered to the

student's scalp via at least one electrode pair to stimulate the PFC and/or the HPC.

[0177] If the response is not the correct answer (or is not made within the maximum response

time period), then the underlying memory association is undesired, a distinct feedback signal

may indicate this to the student, and an electrical current with a theta frequency (e.g., 4 Hz)

may be generated and administered to the student's scalp via at least one electrode pair to

stimulate the PFC and/or the HPC. For incorrect responses, the correct answer may be

indicated subsequently, for example, after a short delay.

[0178] Alternatively, an electrical current may only be applied if the response is correct but

not if the response is incorrect or too slow. Similarly, an electric current may only be applied

if the response is incorrect or too slow but not if the response is correct. An electrical current

may or may not be applied if the student does not respond or the response is determined to be

neither correct nor incorrect (e.g., too slow).

[0179] The method may be repeated with the same question or with a series of different

questions. The method may be repeated as many times as wanted, with as many sensory

stimuli as wanted. The electrical stimulation may boost the user's endogenous brain rhythms



following correct and incorrect response, thereby promoting learning of the study/test

material.

Conclusion

[0180] While various inventive embodiments have been described and illustrated herein,

those of ordinary skill in the art will readily envision a variety of other means and/or

structures for performing the function and/or obtaining the results and/or one or more of the

advantages described herein, and each of such variations and/or modifications is deemed to

be within the scope of the inventive embodiments described herein. More generally, those

skilled in the art will readily appreciate that all parameters, dimensions, materials, and

configurations described herein are meant to be exemplary and that the actual parameters,

dimensions, materials, and/or configurations will depend upon the specific application or

applications for which the inventive teachings is/are used. Those skilled in the art will

recognize, or be able to ascertain using no more than routine experimentation, many

equivalents to the specific inventive embodiments described herein. It is, therefore, to be

understood that the foregoing embodiments are presented by way of example only and that,

within the scope of the appended claims and equivalents thereto, inventive embodiments may

be practiced otherwise than as specifically described and claimed. Inventive embodiments of

the present disclosure are directed to each individual feature, system, article, material, kit,

and/or method described herein. In addition, any combination of two or more such features,

systems, articles, materials, kits, and/or methods, if such features, systems, articles, materials,

kits, and/or methods are not mutually inconsistent, is included within the inventive scope of

the present disclosure.

[0181] The above-described embodiments can be implemented in any of numerous ways.

For example, embodiments of designing and making the embodiments disclosed herein may

be implemented using hardware, software or a combination thereof. When implemented in

software, the software code can be executed on any suitable processor or collection of

processors, whether provided in a single computer or distributed among multiple computers.

[0182] Further, it should be appreciated that a computer may be embodied in any of a number

of forms, such as a rack-mounted computer, a desktop computer, a laptop computer, or a

tablet computer. Additionally, a computer may be embedded in a device not generally



regarded as a computer but with suitable processing capabilities, including a Personal Digital

Assistant (PDA), a smart phone or any other suitable portable or fixed electronic device.

[0183] Also, a computer may have one or more input and output devices. These devices can

be used, among other things, to present a user interface. Examples of output devices that can

be used to provide a user interface include printers or display screens for visual presentation

of output and speakers or other sound generating devices for audible presentation of output.

Examples of input devices that can be used for a user interface include keyboards, and

pointing devices, such as mice, touch pads, and digitizing tablets. A s another example, a

computer may receive input information through speech recognition or in other audible

format.

[0184] Such computers may be interconnected by one or more networks in any suitable form,

including a local area network or a wide area network, such as an enterprise network, and

intelligent network (EST) or the Internet. Such networks may be based on any suitable

technology and may operate according to any suitable protocol and may include wireless

networks, wired networks or fiber optic networks.

[0185] The various methods or processes (e.g., of designing and making the

retention/delivery structure disclosed above) outlined herein may be coded as software that is

executable on one or more processors that employ any one of a variety of operating systems

or platforms. Additionally, such software may be written using any of a number of suitable

programming languages and/or programming or scripting tools, and also may be compiled as

executable machine language code or intermediate code that is executed on a framework or

virtual machine.

[0186] Also, various inventive concepts may be embodied as one or more methods, of which

an example has been provided. The acts performed as part of the method may be ordered in

any suitable way. Accordingly, embodiments may be constructed in which acts are

performed in an order different than illustrated, which may include performing some acts

simultaneously, even though shown as sequential acts in illustrative embodiments.

[0187] All publications, patent applications, patents, and other references mentioned herein

are incorporated by reference in their entirety.



[0188] All definitions, as defined and used herein, should be understood to control over

dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

[0189] The indefinite articles "a" and "an," as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean "at least one."

[0190] The phrase "and/or," as used herein in the specification and in the claims, should be

understood to mean "either or both" of the elements so conjoined, i.e., elements that are

conjunctively present in some cases and disjunctively present in other cases. Multiple

elements listed with "and/or" should be construed in the same fashion, i.e., "one or more" of

the elements so conjoined. Other elements may optionally be present other than the elements

specifically identified by the "and/or" clause, whether related or unrelated to those elements

specifically identified. Thus, as a non-limiting example, a reference to "A and/or B", when

used in conjunction with open-ended language such as "comprising" can refer, in one

embodiment, to A only (optionally including elements other than B); in another embodiment,

to B only (optionally including elements other than A); in yet another embodiment, to both A

and B (optionally including other elements); etc.

[0191] As used herein in the specification and in the claims, "or" should be understood to

have the same meaning as "and/or" as defined above. For example, when separating items in

a list, "or" or "and/or" shall be interpreted as being inclusive, i.e., the inclusion of at least

one, but also including more than one, of a number or list of elements, and, optionally,

additional unlisted items. Only terms clearly indicated to the contrary, such as "only one of

or "exactly one of," or, when used in the claims, "consisting of," will refer to the inclusion of

exactly one element of a number or list of elements. In general, the term "or" as used herein

shall only be interpreted as indicating exclusive alternatives (i.e. "one or the other but not

both") when preceded by terms of exclusivity, such as "either," "one of," "only one of," or

"exactly one of." "Consisting essentially of," when used in the claims, shall have its ordinary

meaning as used in the field of patent law.

[0192] As used herein in the specification and in the claims, the phrase "at least one," in

reference to a list of one or more elements, should be understood to mean at least one element

selected from any one or more of the elements in the list of elements, but not necessarily

including at least one of each and every element specifically listed within the list of elements



and not excluding any combinations of elements in the list of elements. This definition also

allows that elements may optionally be present other than the elements specifically identified

within the list of elements to which the phrase "at least one" refers, whether related or

unrelated to those elements specifically identified. Thus, as a non-limiting example, "at least

one of A and B" (or, equivalently, "at least one of A or B," or, equivalently "at least one of A

and/or B") can refer, in one embodiment, to at least one, optionally including more than one,

A, with no B present (and optionally including elements other than B); in another

embodiment, to at least one, optionally including more than one, B, with no A present (and

optionally including elements other than A); in yet another embodiment, to at least one,

optionally including more than one, A, and at least one, optionally including more than one,

B (and optionally including other elements); etc.

[0193] In the claims, as well as in the specification above, all transitional phrases such as

"comprising," "including," "carrying," "having," "containing," "involving," "holding,"

"composed of," and the like are to be understood to be open-ended, i.e., to mean including

but not limited to. Only the transitional phrases "consisting of and "consisting essentially

of shall be closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2 111.03.



CLAIMS

1. A system for selectively reinforcing or weakening memory associations, the system

comprising:

at least one current generator for providing an electrical current, the electrical current

including a plurality of oscillating pulses with at least one predetermined frequency;

a user interface, including:

at least one output device for delivering at least one sensory stimulus to a user;

at least one user input device for registering at least one response of the user to

the at least one sensory stimulus; and

at least one electrode pair for detachable attachment to or proximate to the

user's scalp, the at least one electrode pair configured to stimulate at least one specific

portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the at least one sensory stimulus;

at least one memory for storing processor-executable instructions; and

at least one processor communicatively coupled to the at least one current generator,

the user interface, and the at least one memory, wherein upon execution of the processor-

executable instructions by the at least one processor, the at least one processor:

controls the user interface to deliver a first sensory stimulus to the user and

register the at least one response of the user to the first sensory stimulus;

processes the at least one response of the user to the first sensory stimulus to

determine whether an underlying memory association is desired or undesired

according to at least one predetermined standard;

sets the at least one predetermined frequency to be:

a beta frequency if the underlying memory association is desired; or

a theta frequency if the underlying memory association is undesired;

controls the at least one current generator to generate the electrical current

with the beta frequency or the theta frequency; and

controls the user interface to administer the electrical current, via the at least

one electrode pair, thereby stimulating the at least one specific portion of the user's

brain with the electrical current based at least in part on the at least one response of

the user to the first sensory stimulus so as to reinforce or weaken the underlying

memory association.



2 . A system for selectively weakening memory associations, the system comprising:

at least one current generator for providing an electrical current, the electrical current

including a plurality of oscillating pulses with at least one predetermined frequency;

a user interface, including:

at least one output device for delivering at least one sensory stimulus to a user;

at least one user input device for registering at least one response of the user to

the at least one sensory stimulus; and

at least one electrode pair for detachable attachment to or proximate to the

user's scalp, the at least one electrode pair configured to stimulate at least one specific

portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the at least one sensory stimulus;

at least one memory for storing processor-executable instructions; and

at least one processor communicatively coupled to the at least one current generator,

the user interface, and the at least one memory, wherein upon execution of the processor-

executable instructions by the at least one processor, the at least one processor:

controls the user interface to deliver a first sensory stimulus to the user and

register the at least one response of the user to the first sensory stimulus;

processes the at least one response of the user to the first sensory stimulus to

determine whether an underlying memory association is undesired according to at

least one predetermined standard; and

if the underlying memory association is undesired, sets the at least one

predetermined frequency to be a theta frequency, and controls:

the at least one current generator to generate the electrical current with

the theta frequency; and

the user interface to administer the electrical current, via the at least

one electrode pair, thereby stimulating the at least one specific portion of the

user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to weaken the

underlying memory association.

3 . A system for selectively reinforcing memory associations, the system comprising:

at least one current generator for providing an electrical current, the electrical current

including a plurality of oscillating pulses with at least one predetermined frequency;

a user interface, including:



at least one output device for delivering at least one sensory stimulus to a user;

at least one user input device for registering at least one response of the user to

the at least one sensory stimulus; and

at least one electrode pair for detachable attachment to or proximate to the

user's scalp, the at least one electrode pair configured to stimulate at least one specific

portion of the user's brain with the electrical current based at least in part on the at

least one response of the user to the at least one sensory stimulus;

at least one memory for storing processor-executable instructions; and

at least one processor communicatively coupled to the at least one current generator,

the user interface, and the at least one memory, wherein upon execution of the processor-

executable instructions by the at least one processor, the at least one processor:

controls the user interface to deliver a first sensory stimulus to the user and

register the at least one response of the user to the first sensory stimulus;

processes the at least one response of the user to the first sensory stimulus to

determine whether an underlying memory association is desired according to at least

one predetermined standard; and

if the underlying memory association is desired, sets the at least one

predetermined frequency to be a beta frequency, and controls:

the at least one current generator to generate the electrical current with

the beta frequency; and

the user interface to administer the electrical current, via the at least

one electrode pair, thereby stimulating the at least one specific portion of the

user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to reinforce the

underlying memory association.

4 . A method for selectively reinforcing or weakening memory associations, the method

comprising:

delivering, via at least one output device, a first sensory stimulus to a user;

registering, via at least one user input device, at least one response of the user to the

first sensory stimulus;

processing, via at least one processor in communication with the at least one output

device and the at least one input device, the at least one response of the user to the first

sensory stimulus to determine whether an underlying memory association is desired or



undesired according to at least one predetermined standard;

generating, via at least one current generator in communication with the at least one

processor, an electrical current, the electrical current including a plurality of oscillating pulses

with at least one predetermined frequency, the at least one predetermined frequency being set

to:

a beta frequency if the underlying memory association is desired; or

a theta frequency if the underlying memory association is undesired; and

administering the electrical current, via at least one electrode pair detachably attached

to or proximate to the user's scalp, to stimulate at least one specific portion of the user's brain

with the electrical current based at least in part on the at least one response of the user to the

first sensory stimulus so as to reinforce or weaken the underlying memory association.

5 . A method for selectively weakening memory associations, the method comprising:

delivering, via at least one output device, a first sensory stimulus to a user;

registering, via at least one user input device, at least one response of the user to the

first sensory stimulus;

processing, via at least one processor in communication with the at least one output

device and the at least one input device, the at least one response of the user to the first

sensory stimulus to determine whether an underlying memory association is undesired

according to at least one predetermined standard; and

if the underlying memory association is undesired:

generating, via at least one current generator in communication with the at

least one processor, an electrical current, the electrical current including a plurality of

oscillating pulses with at least one predetermined frequency, the at least one

predetermined frequency being set to a theta frequency; and

administering the electrical current, via at least one electrode pair detachably

attached to or proximate to the user's scalp, to stimulate at least one specific portion

of the user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to weaken the underlying

memory association.

6 . A method for selectively reinforcing memory associations, the method comprising:

delivering, via at least one output device, a first sensory stimulus to a user;

registering, via at least one user input device, at least one response of the user to the



first sensory stimulus;

processing, via at least one processor in communication with the at least one output

device and the at least one input device, the at least one response of the user to the first

sensory stimulus to determine whether an underlying memory association is desired

according to at least one predetermined standard; and

if the underlying memory association is desired:

generating, via at least one current generator in communication with the at

least one processor, an electrical current, the electrical current including a plurality of

oscillating pulses with at least one predetermined frequency, the at least one

predetermined frequency being set to a beta frequency; and

administering the electrical current, via at least one electrode pair detachably

attached to or proximate to the user's scalp, to stimulate at least one specific portion

of the user's brain with the electrical current based at least in part on the at least one

response of the user to the first sensory stimulus so as to reinforce the underlying

memory association.

7 . The system of any of claims 1-3, wherein the system includes a low voltage source for

the current generator, the low voltage source supplying about 5-20 volts.

8 . The system of any of claims 1-3, wherein the electrical current has a current flow of

about 0.25-1.5 milli-amps.

9 . The system of any of claims 1-3, wherein the at least one processor is further for

regulating an amplitude of the electrical current.

10. The system of any of claims 1-3, wherein the at least one output device for delivering

the at least one sensory stimulus to the user includes at least one of a visual display, a printer,

a refreshable tactile display, and a speaker.

11 . The system of any of claims 1-3, wherein the at least one sensory stimulus includes at

least one of a digital image, an alphanumeric character, a braille character, and an audible

sound.

12. The system of any of claims 1-3, wherein the at least one sensory stimulus includes an



objective assessment question, wherein the objective assessment question requires the user to

select, via the at least one input device, an indication of true or false, an answer from a

plurality of presented answers, or a match from a plurality of presented matches.

13. The system of any of claims 1-3, wherein the at least one sensory stimulus includes an

objective assessment question, wherein the objective assessment question requires the user to

supply at least one of an alphanumeric character, a braille character, and an audible sound via

the at least one input device.

14. The system of any of claims 1-3, wherein the at least one input device for registering

at least one response of the user to the at least one sensory stimulus includes at least one of a

keyboard, a scanner, a microphone, a pointing device, a touchscreen, a webcam, and a

refreshable tactile display.

15. The system of any of claims 1-3, wherein the at least one response of the user to the at

least one sensory stimulus is a selection of an indication of true or false, a selection of an

answer from a plurality of presented answers, or a selection of a match from a plurality of

presented matches.

16. The system of any of claims 1-3, wherein the at least one response of the user to the at

least one sensory stimulus is at least one of an alphanumeric character, a braille character,

and an audible sound.

17. The system of any of claims 1-3, wherein the at least one response of the user to the at

least one sensory stimulus relates to a change in a physiological parameter of the user, the

physiological parameter relating to at least one of a heart rate, a blood pressure, a body

temperature, a respiration rate, a neural activation, and a neural oscillation.

18. The system of any of claims 1-3, wherein the at least one input device for registering

the at least one response of the user to the at least one sensory stimulus includes at least one

sensor for at least one of detecting and measuring at least one physiological input signal from

the user.

19. The system of any of claims 1-3, wherein the at least one input device for registering



the at least one response of the user to the at least one sensory stimulus includes at least one

of a heart rate monitor, an ECG system, a blood pressure monitor, a respiration rate monitor,

a thermometer, an fMRI system, an EEG system, and an MEG system.

20. The system of any of claims 1-3, further comprising, in addition to the at least one

input device for registering the at least one response of the user to the at least one sensory

stimulus, at least one sensor for at least one of detecting and measuring at least one

physiological input signal from the user.

21. The system of any of claims 1-3, wherein the system comprises at least one sensor for

at least one of detecting and measuring at least one physiological input signal from the user,

the system further comprising an analog-to-digital converter coupled to the at least one sensor

for electronically converting the at least one physiological input signal from the at least one

sensor to a plurality of digital samples of the at least one physiologic signal relating to at least

one physiological parameter.

22. The system of any of claims 1-3, wherein the at least one specific portion of the user's

brain is at least one of the prefrontal cortex, the hippocampus, and an associated structure of

the limbic system.

23. The system of any of claims 1-3, wherein the at least one electrode pair is a plurality

of electrode pairs.

24. The system of any of claims 1-3, wherein each electrode of the at least one electrode

pair is a transcranial alternating current electrode.

25. The system of any of claims 1-3, the system further comprising at least one of a

conductive gel and a conductive paste for reducing impedance between each electrode of the

at least one electrode pair and the user's scalp.

26. The system of any of claims 1-3, the system further comprising wiring between each

electrode of the at least one electrode pair and the at least one current generator.

The system of any of claims 1-3, wherein the at least one predetermined standard



includes at least one of a correct response to an associated sensory stimulus, a response time,

a magnitude of a physiological parameter of the user, and a frequency of a physiological

parameter of the user.

28. The system of any of claims 1-3, wherein the at least one processor determines

whether an underlying memory association is desired or undesired by comparing the at least

one response of the user to the at least one predetermined standard.

29. The system of any of claims 1-3, wherein the beta frequency is a frequency between

about 12 Hz and about 40 Hz.

30. The system of any of claims 1-3, wherein the beta frequency is about 16 Hz.

31. The system of any of claims 1-3, wherein the theta frequency is a frequency between

about 3 Hz and about 8 Hz.

32. The system of any of claims 1-3, wherein the theta frequency is about 4 Hz.

33. The system of any of claims 1-3, wherein the system is used for computer-based

learning.

34. The system of any of claims 1-3, wherein the system is used to administer treatment

to a patient with at least one of a learning disability, a memory disorder, and a stress disorder.

35. The system of any of claims 1-3, wherein the electrical current is administered within

about 0-30 seconds from the delivery of the first sensory stimulus to the user.

36. The system of any of claims 1-3, wherein the electrical current is administered within

about 0-10 seconds from the registration of the at least one response of the user to the first

sensory stimulus.

37. The method of any of claims 4-6, wherein the current generator draws about 5-20

volts from a low voltage source.



38. The method of any of claims 4-6, wherein the electrical current has a current flow of

about 0.25-1.5 milli-amps.

39. The method of any of claims 4-6, further comprising regulating, via the at least one

processor, an amplitude of the electrical current.

40. The method of any of claims 4-6, wherein the at least one output device for delivering

the first sensory stimulus to the user includes at least one of a visual display, a printer, a

refreshable tactile display, and a speaker.

41. The method of any of claims 4-6, wherein the first sensory stimulus includes at least

one of a digital image, an alphanumeric character, a braille character, and an audible sound.

42. The method of any of claims 4-6, wherein the first sensory stimulus includes an

objective assessment question, wherein the objective assessment question requires the user to

select, via the at least one input device, an indication of true or false, an answer from a

plurality of presented answers, or a match from a plurality of presented matches.

43. The method of any of claims 4-6, wherein the first sensory stimulus includes an

objective assessment question, wherein the objective assessment question requires the user to

supply at least one of an alphanumeric character, a braille character, and an audible sound via

the at least one input device.

44. The method of any of claims 4-6, wherein the at least one input device for registering

at least one response of the user to the first sensory stimulus includes at least one of a

keyboard, a scanner, a microphone, a pointing device, a touchscreen, a webcam, and a

refreshable tactile display.

45. The method of any of claims 4-6, wherein the at least one response of the user to the

first sensory stimulus is a selection of an indication of true or false, a selection of an answer

from a plurality of presented answers, or a selection of a match from a plurality of presented

matches.

46. The method of any of claims 4-6, wherein the at least one response of the user to the



first sensory stimulus is at least one of an alphanumeric character, a braille character, and an

audible sound.

47. The method of any of claims 4-6, wherein the at least one response of the user to the

first sensory stimulus relates to a change in a physiological parameter of the user, the

physiological parameter relating to at least one of a heart rate, a blood pressure, a body

temperature, a respiration rate, a neural activation, and a neural oscillation.

48. The method of any of claims 4-6, wherein registering the at least one response of the

user to the first sensory stimulus includes at least one of detecting and measuring, via at least

one sensor, at least one physiological input signal from the user.

49. The method of any of claims 4-6, wherein the at least one input device for registering

the at least one response of the user to the first sensory stimulus includes at least one of a

heart rate monitor, an ECG system, a blood pressure monitor, a respiration rate monitor, a

thermometer, an fMRI system, an EEG system, and an MEG system.

50. The method of any of claims 4-6, further comprising at least one of detecting and

measuring, via at least one sensor, at least one physiological input signal from the user.

51. The method of any of claims 4-6, further comprising:

at least one of detecting and measuring, via at least one sensor, at least one

physiological input signal from the user; and

electronically converting, via an analog-to-digital converter coupled to the at least one

sensor, the at least one physiological input signal from the at least one sensor to a plurality of

digital samples of the at least one physiologic signal relating to at least one physiological

parameter.

52. The method of any of claims 4-6, wherein the at least one specific portion of the

user's brain is at least one of the prefrontal cortex, the hippocampus, and an associated

structure of the limbic system.

53. The method of any of claims 4-6, wherein the at least one electrode pair is a plurality

of electrode pairs.



54. The method of any of claims 4-6, wherein each electrode of the at least one electrode

pair is a transcranial alternating current electrode.

55. The method of any of claims 4-6, further comprising attaching the at least one

electrode pair to or proximate to the user's scalp.

56. The method of any of claims 4-6, further comprising applying at least one of a

conductive gel and a conductive paste between each electrode of the at least one electrode

pair and the user's scalp to reduce impedance.

57. The method of any of claims 4-6, further comprising at least one of selecting,

calibrating, and customizing for the user at least one of:

the at least one output device;

the at least one input device;

a placement of the at least one electrode pair;

a type of the first sensory stimulus;

a content of the first sensory stimulus;

a type of the at least one response to the first sensory stimulus;

the at least one predetermined standard;

an amplitude of the electrical current; and

the at least one predetermined frequency.

58. The method of any of claims 4-6, wherein the at least one predetermined standard

includes at least one of a correct response to an associated sensory stimulus, a response time,

a magnitude of a physiological parameter of the user, and a frequency of a physiological

parameter of the user.

59. The method of any of claims 4-6, wherein determining whether an underlying

memory association is desired or undesired comprising comparing the at least one response

of the user to the at least one predetermined standard.

60. The method of any of claims 4-6, wherein the beta frequency is a frequency between

about 12 Hz and about 40 Hz.



6 1. The method of any of claims 4-6, wherein the beta frequency is about 16 Hz.

62. The method of any of claims 4-6, wherein the theta frequency is a frequency between

about 3 Hz and about 8 Hz.

63. The method of any of claims 4-6, wherein the theta frequency is about 4 Hz.

64. The method of any of claims 4-6, wherein the method is used for computer-based

learning.

65. The method of any of claims 4-6, wherein the method is used to administer treatment

to a patient with at least one of a learning disability, a memory disorder, and a stress disorder.

66. The method of any of claims 4-6, wherein the electrical current is administered within

about 1 second to about 30 seconds from the delivery of the first sensory stimulus to the user.

67. The method of any of claims 4-6, wherein the electrical current is administered within

about 1second to about 10 seconds from the registration of the at least one response of the

user to the first sensory stimulus.
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