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SYSTEMS AND METHODS FOR DETECTING CORRUPT OR INACCURATE

SENSORY REPRESENTATIONS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Patent Application No. 62/397,276,

entitled "System and Methods for Detecting Corrupt or Inaccurate Sensory Representations"

filed September 20, 2016, which application is entirely incorporated herein by reference for all

purposes.

BACKGROUND

[0002] Disorders of the nervous system, such as traumatic brain or nerve injury or

neuropsychiatric illness can result in a dramatic misalignment between a person's perception of

their surroundings and the true state of their physical environment. Such a misalignment may be

indicative of corrupt or inaccurate sensory perceptions. This is particularly true in the case of

sensory hallucinations. Patients suffering from mental disorders such as schizophrenia may

experience a sensory stimulus that does not coincide with the patients' real-world environment.

For example, a patient may experience an auditory perception (appear to hear sounds such as

voices), when in fact no such sounds are being emanated in the surroundings. In some cases, the

patient may be aware that the sensory stimulus is not real, and is able to revert back to reality.

However, in other cases, the patient may be unable to distinguish hallucinated perceptions from

reality. In still other cases, the patient may have partial awareness that the sensory stimulus is not

real, and may be able to partially revert back to reality.

[0003] Thus, there is a need for systems and methods that can detect inaccuracies or distortions

in neural representations of sensory stimuli, with respect to real-world environmental stimuli.

Such inaccuracies or distortions may indicate that the neural representations are corrupted, and

that a patient may be experiencing hallucinations or other corrupt or inaccurate sensory

perceptions. There is a need to intervene when these events occur, potential alerting the patient, a

provider, a caretaker, or a monitoring system. There is also a further need for systems and

methods that can correct for these inaccurate neural representations, by reducing or eliminating

the corrupt or inaccurate perceptions.

SUMMARY

[0004] The system and methods described herein can address at least the above needs.

Embodiments of the system may be particularly well suited for use in brain research applications,

as well as in clinical applications, such as in the development of methods for treating nervous

system disorders.



[0005] According to one aspect of the invention, a system for monitoring neural activity is

provided. The system may comprise: a neural data analysis module configured to extract neural

data from a plurality of neural signals that are collected using one or more neural interface

probes implanted into a living subject; a sensing module configured to collect sensor data

indicative of real-world environmental stimuli in a vicinity of the living subject; and a

correspondence module in communication with the neural data analysis module and the sensing

module, wherein the correspondence module is configured to generate an output based on the

neural data and the sensor data, wherein the output is indicative of an agreement or disagreement

between external sensors and neural data between the real-world environmental stimuli and

neural perceptions experienced by the living subject.

[0006] In some embodiments, the neural data analysis module may be configured to extract

neural data from a plurality of signals that are collected from the nervous system of a living

subject using one or more devices. The sensing module may be configured to collect sensor data

indicative of real-world signals from an environment around or within the living subject. The

correspondence module may be in communication with the neural data analysis module and the

sensing module, and configured to generate an output based on the neural data and the sensor

data, wherein the output is indicative of a correspondence between the environment and neural

perceptions experienced by the living subject.

[0007] In some embodiments, the correspondence module may be configured to detect corrupt or

inaccurate sensory representations from the correspondence based on statistical models,

information theory, or machine learning algorithms.

[0008] In some embodiments, the plurality of signals collected from the nervous system may

comprise electrical signals, magnetic signals, and/or optical signals. The aforementioned one or

more devices may comprise a neural interface probe provided in a massively parallel

configuration. For example, the neural interface probe may comprise a microwire bundle

bonded onto a CMOS sensing array. In other embodiments, the neural interface probe may

comprise an array of silicon microelectrode probes that are bonded onto a CMOS sensing array

such that each electrode site is routed to a unique array position. In some cases, the one or more

devices may comprise an electroencephalography (EEG) device. In other embodiments, there

may be as few as one sensor detecting activity in the nervous system.

[0009] In some embodiments, the neural data may be represented as one or more analog or

digital signals representing activity recorded in the nervous system. In some cases, the neural

data may be stored from previously recorded activity in the nervous system of the living subject

or other living subjects.



[0010] In some embodiments, the sensing module may comprise a plurality of sensors selected

from the group consisting of vision sensors, audio sensors, touch sensors, location sensors,

inertial sensors, proximity sensors, heart rate monitors, temperature sensors, altitude sensors,

attitude sensors, pressure sensors, humidity sensors, vibration sensors, chemical sensors, and

electromagnetic field sensors. One or more sensors of the sensing module may also record data

from a region of the nervous system. For instance, the sensors of the sensing module may record

data from a different region of the brain than the region from which the neural interface probe

records. In some cases, the sensors may record data from the same region of the brain from

which the neural interface probe records. One or more of the plurality of sensors in the sensing

module may be provided in a mobile device, or in a wearable device configured to be worn by

the living subj ect.

[0011] In some embodiments, the one or more neural interface probes may be implanted in

different areas of the brain of the living subject that are associated with different sensory

processing. The different sensory processing may include visual, auditory, tactile, taste, smell,

position/movement, and/or interoception processing. One or more sensors may be configured to

collect real-world environmental stimuli related to each of the different sensory processing. In

one instance, at least one neural interface probe may be implanted in an area of the living

subject's brain associated with auditory processing, and wherein the sensing module may

comprise at least one microphone configured to collect audio data in the vicinity of the living

subject. In another instance, at least one neural interface probe may be implanted in an area of

the living subject's brain associated with visual processing, and wherein the sensing module may

comprise at least one camera configured to collect image data of the living subject's surrounding.

In yet another instance, at least one neural interface probe may be implanted in an area of the

living subject's brain associated with spatial or location awareness, and wherein the sensing

module may comprise at least one global positioning sensor (GPS) sensor configured to collect

positional data of the living subject.

[0012] The correspondence module can be configured to determine correspondence between the

neural data and the sensor data. Additionally or optionally, the correspondence module can be

configured to determine correspondence between different sets of neural data. In some

embodiments, the correspondence module can be implemented via a statistical model. In some

cases, the correspondence module can be configured to perform information theoretic

calculations. The correspondence module can be implemented via machine learning algorithms.

[0013] In some embodiments, the correspondence module may be configured to analyze the

neural data and the sensor data using a statistical model, information theory, or machine learning.



The statistical model may be based on either frequentist or Bayesian statistics. In some instances,

the information theoretic approach may be based on mutual information or related quantities. In

some instances, the statistical model may be implemented in a neural network or any other

approach to machine learning. The calculations in the correspondence module may be calculated

using data from two or more modules of the same type, or modules of different types. The

inputs and outputs of this module may be univariate or multivariate.

[0014] In some embodiments, the correspondence module may further comprise a decoder

configured to reconstruct neural representations of sensory perceptions from the neural data. In

one instance, the decoder may comprise a speech recognition software configured to reconstruct

neural representations of speech and sounds, and wherein said neural representations may be

recorded within the neural signals collected by one or more neural interface probes that are

implanted in an area of the living subject's brain associated with auditory processing. The

correspondence module may be configured to compare the reconstructed neural representations

of speech and sounds to actual audio data recorded by the sensing module in the living subject's

vicinity, so as to determine (1) whether the reconstructed neural representations of speech and

sounds correspond to real-life audio stimuli, or (2) whether the reconstructed neural

representations of speech and sounds correspond to auditory hallucinations. In another instance,

the decoder may comprise an image recognition software configured to reconstruct neural

representations of visual data, and wherein said neural representations may be recorded within

the neural signals collected by one or more neural interface probes that are implanted in an area

of the living subject's brain associated with visual processing. The correspondence module may

be configured to compare the reconstructed neural representations of visual data to actual image

data recorded by the sensing module in the living subject's vicinity, so as to determine (1)

whether the reconstructed neural representations of visual data correspond to real-life visual

stimuli, or (2) whether the reconstructed neural representations of visual data correspond to

visual hallucinations.

[0015] The correspondence module can be configured to generate an error signal based on the

degree of correspondence between neural data and sensor data. Additionally or optionally, the

correspondence module can configured to generate an error signal based on different sets of

neural data. A high error signal may result from low correspondence, and may be indicative that

the living subject is experiencing inaccurate neural perceptions. The high error signal may

indicate that patterns of neural activity are atypical and/or unhealthy patterns of neural activity.

Conversely, a low error signal may result from high correspondence, and may indicate that the

living subject is experiencing neural perceptions matching the real-world environmental stimuli.



The low error signal may indicate that patterns of neural activity are typical and/or healthy

patterns of neural activity. In some cases, the high error signal may be indicative of the living

subject experiencing a hallucination episode.

[0016] In some embodiments, the correspondence module may further drive an error detector

configured to generate an error signal related to the lack of correspondence. The error signal may

be indicative that the living subject is experiencing inaccurate neural perceptions when the

perception error exceeds the predetermined correspondence threshold. A low error signal may

indicate that the living subject is experiencing neural perceptions matching the real-world

environmental stimuli, whereas a high error signal may be indicative of the living subject

experiencing an episode of inaccurate sensory perception. In some cases, the error signal may

comprise one or more visual signals, audio signals, or vibration signals that are used to alert the

living subject or a healthcare provider entity. The system may be in communication with a

remote server associated with a healthcare provider entity.

[0017] The error signal may be derived from a technique such as canonical correlation analysis

(CCA) or any other linear or non-linear analogue that finds the correspondence between lower-

dimensional representations of the sensor data and the neural data. The mapping from such a

technique can generate a correspondence, and a lack of correspondence can drive the error signal.

[0018] The error signal may be vector-valued. It may simultaneously contain distinct values

corresponding to individual measures of correspondence in different combinations of sensors and

neural data streams. It may also contain values corresponding to analysis of previous

measurements or values produced by any computation.

[0019] The error signal may in some instances be driven not by lack of correspondence between

neural and sensor data, but simply by neural data which is determined to be unlikely in a healthy

mental state. For example, the neural data might exhibit patterns characteristic of a hallucination,

based on previous episodes of health or hallucination in the same or other subjects, even if the

sensor data is insufficient or unnecessary for determining this.

[0020] The error signal may be processed by a decision module, which may use the strength of

the evidence of hallucination represented by the error signal to generate a decision about system

action. The decision module may be based on a simple error signal threshold. Alternatively, the

decision module may be based on Bayesian inference about the error signal in combination with

a prior model of the distribution of that signal under various scenarios. Alternatively, the

decision module may be based on machine learning techniques related to classification.

[0021] The decision module may comprise different algorithms and/or thresholds for different

specific decisions. For example, the decision about whether to alert the user may require a



certain error signal magnitude, whereas the decision about whether to administer medication may

require another error signal magnitude.

[0022] In some embodiments, the system may further comprise a neural stimulator configured to

receive the output from the decision module, and generate neural stimuli depending indirectly on

the strength of the error signal. The neural stimulator may be configured to receive an action

signal from the decision module, and generate neural stimuli depending on the action signal.

The action signal may be related to the correspondence between the neural data and the sensor

data. The neural stimulator may be configured to generate the neural stimuli when the action

signal indicates that the correspondence between the neural data and the sensor data is low. In

some instances, the neural stimulator may be an implanted medical device configured to

automatically dispense a predetermined dosage of medication to the living subject when the

action signal indicates that the correspondence between the neural data and the sensor data is low.

The neural stimulator may also be an implanted medical device configured to automatically vary

a dispensed dosage of medication to the living subject depending on the degree of

correspondence. The medication may be designed to alter a mental state of the living subject to

improve the expected correspondence between the neural data and the sensor data, or to rectify

the expected neural data. In some embodiments, the neural stimulator may be provided on one

or more neural interface probes, and configured to deliver electrical pulses to the living subject

when the correspondence is low. The electrical pulses can be designed to alter a mental state of

the living subject to improve the correspondence.

[0023] In some embodiments, the neural stimulator may thus generate the neural stimuli when

the correspondence is below a threshold, or when it exhibits some other properties that trigger

the decision module to issue a neural stimulation directive. In one instance, the neural stimulator

may be an implanted medical device configured to automatically dispense a predetermined

dosage of medication to the living subject when the decision module makes such an indication.

Alternatively, the neural stimulator may be an implanted medical device configured to

automatically vary a dispensed dosage of medication to the living subject in such a situation. The

medication may be designed to alter a mental state of the living subject to improve

correspondence. In some cases, the neural stimulator may be provided on the one or more neural

interface probes, and configured to deliver electrical pulses to the living subject. The electrical

signals may be designed to alter a mental state of the living subject to improve the degree of

correspondence.

[0024] In some embodiments, the system may exhibit negative feedback such that the output of

the decision module results in actions that improve correspondence, reducing the error signal,



and causing the decision module to cease the action. For instance, upon detection of an episode

of inaccurate sensory processing, the decision module may administer a medication that reduces

or eliminates the episode. This may reduce the error signal, resulting in a decrease in the dosage

of the medication administered.

[0025] In some embodiments, the correspondence module may be configured to receive and

process (1) the neural data from the neural data analysis module and (2) the sensor data from the

sensing module, substantially in real-time.

[0026] In some embodiments, the correspondence module may receive sensor data or neural data

that was previously recorded. This may occur via on-board storage of that data, or by sending it

from another module. In some instances, previously recorded sensor data or neural data may also

be used to compute correspondence, in conjunction with data recorded substantially in real-time.

This previously recorded data may be used to establish a baseline or prior distribution of data for

a sensory or neural modality.

[0027] In some embodiments, the correspondence module may contain labeled data that

algorithms can use to make a determination about correspondence. For example it may contain

many examples of neural data patterns, some of which are labeled as "normal" and others of

which are labeled as "atypical". For example, a machine learning classifier could use these

labels to assist in making a classification of newly recorded data.

[0028] In some embodiments, labeled data may be added to the module after the device is

implanted or attached, via wired or wireless means, or via processing of signals that it directly

records from the nervous system.

[0029] In some embodiments, the correspondence module may be modified according to the

contents of the labeled data that it can access at any given time. For example, a classifier may be

trained on this labeled data to improve a determination of correspondence based on new data.

[0030] In some embodiments, labels may be provided to data based on external actions by

authorized users. For example, the patient him/herself or a clinician might examine the data in

real time or offline and label the data as being associated with a normal state or with a

hallucination, based on their subjective assessment or any other analysis.

[0031] According to another aspect of the invention, a system for monitoring neural activity of a

living subject is provided. The system may comprise a correspondence module configured to be

in communication with (1) a neural module and (2) one or more additional modules comprising a

sensing module, another neural module, and/or a data storage module. The neural module(s)

may be configured to collect neural data indicative of perceptions experienced by the living

subject. The sensing module may be configured to collect (1) sensor data indicative of real-



world information about an environment around the living subject, and/or (2) sensor data

indicative of a physical state or physiological state of the living subject. The data storage

module may be configured to store prior neural data and/or prior sensor data. The

correspondence module may be configured to measure a correspondence (a) between the neural

data collected by the neural module(s) and the sensor data collected by the sensing module, (b)

between the neural data collected by two or more neural modules, and/or (c) between the neural

data collected by the neural module(s) and the prior data stored in data storage module. The

measured correspondence can be used to determine a presence, absence, or extent of a potential

cognitive or physiological disturbance of the living subject.

[0032] In some embodiments, the measured correspondence may comprise a level of agreement

or disagreement (a) between the neural data collected by the neural module(s) and the sensor

data collected by the sensing module, (b) between the neural data collected by two or more

neural modules, and/or (c) between the neural data collected by the neural module(s) and the

prior data stored in data storage module. The level of agreement or disagreement may be

measured along a continuum. The level of agreement or disagreement may comprise a

multivariate vector. The correspondence module may be configured to measure the

correspondence using statistical models, information theory, or machine learning algorithms.

The correspondence module may be configured to measure the correspondence (b) between the

neural data collected by the two or more neural modules, without requiring or utilizing some or

all of the sensor data collected by the sensing module. The correspondence module may be

configured to measure the correspondence (c) between the neural data collected by the neural

module(s) and the prior data stored in data storage module, without requiring or utilizing some or

all of the sensor data collected by the sensing module.

[0033] In some embodiments, the system may further comprise a decision module configured to

determine the presence, absence, or extent of the potential cognitive or physiological disturbance

based on the measured correspondence. The decision module may be further configured to

generate one or more alerts to the living subject and/or a healthcare provider. The alerts may be

indicative of the presence, absence, or extent of the potential cognitive or physiological

disturbance. In some embodiments, the decision module may be further configured to generate

one or more control signals to one or more therapeutic delivery devices, to deliver electrical

stimulation and/or pharmaceutical intervention to mitigate the potential cognitive or

physiological disturbance.

[0034] A method for monitoring neural activity of a living subject is provided in accordance

with a further aspect of the invention. The method may comprise: providing a correspondence



module configured to be in communication with (1) a neural module and (2) one or more

additional modules comprising a sensing module, another neural module, and/or a data storage

module. The neural module(s) may be configured to collect neural data indicative of perceptions

experienced by the living subject. The sensing module may be configured to collect (1) sensor

data indicative of real-world information about an environment around the living subject, and/or

(2) sensor data indicative of a physical state or physiological state of the living subject. The data

storage module may be configured to store prior neural data and/or prior sensor data. The

method may further comprise measuring, with aid of the correspondence module, a

correspondence (a) between the neural data collected by the neural module(s) and the sensor data

collected by the sensing module, (b) between the neural data collected by two or more neural

modules, and/or (c) between the neural data collected by the neural module(s) and the prior data

stored in data storage module. The measured correspondence can be used to determine a

presence, absence, or extent of a potential cognitive or physiological disturbance of the living

subject.

[0035] A method for monitoring neural activity is provided in accordance with another aspect of

the invention. The method may comprise: obtaining neural data from a neural data analysis

module, wherein the neural data is extracted from a plurality of neural signals collected using

one or more neural interface probes implanted into a living subject; obtaining sensor data from a

sensing module, wherein the sensor data is indicative of real-world environmental stimuli in a

vicinity of the living subject; and generating, via a correspondence module in communication

with the neural data analysis module and the sensing module, an output based on the neural data

and the sensor data, wherein the output is indicative of correspondence between the real-world

environmental stimuli and neural perceptions experienced by the living subject.

INCORPORATION BY REFERENCE

[0036] All publications, patents, and patent applications mentioned in this specification are

herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] The novel features of the invention are set forth with particularity in the appended claims.

A better understanding of the features and advantages of the present invention will be obtained

by reference to the following detailed description that sets forth illustrative embodiments, in

which the principles of the invention are utilized, and the accompanying drawings (also "Figure"

and "FIG." herein), of which:



[0038] FIG. 1 illustrates a neural data correspondence system, in accordance with some

embodiments;

[0039] FIG. 2 illustrates a closed-loop neural data correspondence system comprising a neural

stimulator, in accordance with some embodiments;

[0040] FIG. 3 illustrates the communication between different body-mounted sensors, an

implanted neural interface probe, a neural data analysis module, and a correspondence module,

in accordance with some embodiments;

[0041] FIG. 4 illustrates the reconstruction of perceptions from neural data and correspondence

of the perceptions with real-world sensor data, in accordance with some embodiments;

[0042] FIG. 5 is a flowchart of a method of monitoring and correcting neural perception errors,

in accordance with some embodiments; and

[0043] FIG. 6 illustrates a system for monitoring neural activity of a living subject, in

accordance with some embodiments.

DETAILED DESCRIPTION

[0044] While various embodiments of the invention have been shown and described herein, it

will be obvious to those skilled in the art that such embodiments are provided by way of example

only. Numerous variations, changes, and substitutions may occur to those skilled in the art

without departing from the invention. It should be understood that various alternatives to the

embodiments of the invention described herein may be employed.

[0045] Embodiments of the disclosure described herein can enable real-time detection and

correction of inaccurate neural perception applicable to certain healthcare areas. For example,

the methods and systems disclosed herein can be used to monitor the mental states of patients

suffering from certain mental disorders, and/or improve their state by correcting for such

inaccurate neural perception errors. The data that is collected can be used to help healthcare

providers and users effectively manage those mental disorders. In some cases, the data may be

used by healthcare organizations or insurance companies to tailor preventive behavioral health

programs for users, which can help users to improve their health and well-being.

[0046] The methods and systems described herein can be configured to record neural activity,

and detect corrupt or inaccurate sensory representations from the neural activity based on

information about the real-world environment. The real-world environmental information can be

obtained through the use of one or more sensors mounted on a patient's body, backpack, clothing,

etc., or implanted.



[0047] The methods and systems described herein utilize developments in two different fields:

neurotechnology and statistical computation. It is increasingly possible to measure activity in the

nervous system with impressive accuracy. For instance, with the advent of new high-density

microelectrode recording techniques, neural activity can now be sampled using hundreds of

thousands of independent channels. Accordingly, sufficient information relating to ongoing

neural activity can be collected, and used to determine if this activity is consistent with expected

sensory representations. Machine learning techniques have dramatically advanced the fields of

computer vision and advanced audio processing (especially image recognition and speech

recognition). By leveraging the above developments, the methods and systems described herein

can extract high-level representations of audio-visual information, that can be used as reference

for checking whether the reconstructed brain signals accurately correspond with actual real-

world environmental stimuli.

[0048] Next, various embodiments of the disclosure will be described with reference to the

drawings.

[0049] FIG. 1 illustrates a neural data correspondence system, in accordance with some

embodiments. In one aspect, a neural data correspondence system 100 may include a neural data

analysis module 110, a sensing module 120, and a correspondence module 130. Each of the

modules 110, 120, and 130 may be operatively connected to one another via a network or any

type of communication link that allows the transmission of data from one component to another.

[0050] As previously described, a patient suffering from mental disorders may experience

corrupt or inaccurate sensory perceptions. For instance, the patient may suffer from an auditory

or visual hallucination, which is a perception in the absence of external stimuli that has qualities

of real perception. Corrupt or inaccurate sensory perceptions can also be associated with drug

use, sleep deprivation, psychosis, and delirium tremens. Corrupt or inaccurate sensory

perceptions can occur in any sensory modality - visual, auditory, olfactory, gustatory, tactile,

proprioceptive, equilibrioceptive, nociceptive, thermoceptive, chemoreceptive, and

chronoceptive. To a patient, corrupt or inaccurate sensory perceptions can be vivid, substantial,

and perceived to be located in external objective space. For example, auditory and visual

hallucinations are common in patients suffering from schizophrenia. In other cases, the corrupt

or inaccurate sensory perceptions may be characterized by brain activity becoming out of sync

with the surroundings in a meaningful manner. For instance, patients with Alzheimer's disease or

other forms of dementia may be characterized by a perception of being at home when a patient is

actually in a hospital, or of no longer recognizing a person who should be extremely familiar to

the patient. The correspondence system of FIG. 1 can be used to determine whether a patient is



experiencing corrupt or inaccurate sensory perceptions or the onset of corrupt or inaccurate

sensory perceptions, using real-world sensor data collected via one or more sensors mounted on

the patient's body.

[0051] The neural data analysis module 110 may be configured to receive neural signals. The

neural signals may be collected using wires, microelectrodes, optical sensors, magnetic field

sensors, or any other sensors that can record the activity the nervous system, or which the brain

is one part. The plurality of wires or microelectrodes may be part of one or more massively

parallel neural interface probes that are configured to be implanted into one or more areas of a

person's brain. The one or more neural interface probes can be configured to record information

associated with neural activity and produce an output that represents neural activity. In some

embodiments, the neural data analysis module may generate a signal representative of a pattern

of neural activity. The neural code may comprise representations of one or more neural activities

associated with a plurality of neural events detected from the neural signals.

[0052] In some cases, the neural interface probes may comprise one or more neural detection

channels. For instance, the neural interface probes may comprise more than 10, more than 100,

more than 1000, more than 10000, more than 100000, or more than 1000000 neural detection

channels. The neural detection channels may comprise electrodes, microwires, optical sensors,

magnetic field sensors, or any other sensor. In some embodiments, the one or more neural

interface probes may include a microwire bundle bonded to a CMOS array. In other

embodiments, the one or more neural interface probes may include an array of silicon

microelectrode probes that are bonded to a CMOS array, such that each electrode site is routed to

a unique array position. In other embodiments, the neural interface may consist of scalp

electrodes. In other embodiments, the neural interface may consist of electrodes placed on the

surface of the brain or the surface of the dura mater. In other embodiments, the neural interface

may record magnetic or optical signals from the nervous system.

[0053] The massively parallel neural interface probes can be implanted into different areas of the

brain associated with different sensory processing (e.g., visual, auditory, tactile, taste, smell,

position/movement, interoception, etc.). In one example, one or more neural interface probes

may be implanted in an area of the brain associated with auditory processing, such as the

auditory cortex. In another example, one or more neural interface probes may be implanted in an

area of the brain associated with visual processing, such as the primary visual cortex or fusiform

gyrus.

[0054] In yet another example, one or more neural interface probes may be implanted in an area

of the brain associated with spatial or locational awareness. For instance, the one or more neural



interface probes may be implanted in the hippocampus and configured to record neural signals

from "place" cells located in the hippocampus. Alternatively, the one or more neural interface

probes may be implanted in the entorhinal cortex and configured to record neural signals from

"grid" cells located in the entorhinal cortex.

[0055] The sensing module 120 may include one or more types of sensors that are configured to

detect signals that mostly emanate from outside the patient. These signals are indicative of reality,

as opposed to the corrupt or inaccurate sensory perceptions that a patient may be experiencing.

The signals may come from many different modalities, including visual, auditory, tactile, taste,

smell, position/movement, and/or interoception.

[0056] Examples of types of sensors may include inertial sensors (e.g. accelerometers,

gyroscopes, and/or gravity detection sensors, which may form inertial measurement units

(IMUs)), location sensors (e.g. global positioning system (GPS) sensors, mobile device

transmitters enabling location triangulation), heart rate monitors, external temperature sensors,

skin temperature sensors, capacitive touch sensors, sensors configured to detect a galvanic skin

response (GSR), vision sensors (e.g. imaging devices capable of detecting visible, infrared, or

ultraviolet light, such as cameras), proximity or range sensors (e.g. ultrasonic sensors, lidar,

time-of-flight or depth cameras), altitude sensors, attitude sensors (e.g. compasses), pressure

sensors (e.g. barometers), humidity sensors, vibration sensors, audio sensors (e.g. microphones),

and/or field sensors (e.g. magnetometers, electromagnetic sensors, radio sensors).

[0057] The sensing module may further include one or more devices capable of emitting a signal

into an environment. For instance, the sensing module may include an emitter along an

electromagnetic spectrum (e.g. visible light emitter, ultraviolet emitter, infrared emitter). The

sensing module may include a laser or any other type of electromagnetic emitter. The sensing

module may emit one or more vibrations, such as ultrasonic signals. The sensing module may

emit audible sounds (e.g. from a speaker). The sensing module may emit wireless signals, such

as radio signals or other types of signals.

[0058] In some cases, one or more of the sensors may establish an absolute, relative, or

contextual location. For instance, one or more of the sensors may be a global positioning system

(GPS) sensor that determines the person's longitude and latitude. Such a GPS sensor may

provide absolute location, such as that the person is located at 39.7392° N, 104.9903° W. The

one or more sensors may be any sensor that determines an absolute location. As another example,

one or more of the sensors may be a wireless detector that receives a signal from a specific

location. Such a detector may provide relative location, such as that the person is located 300

meters north of their house. The one or more sensors may be any sensor that determines a



relative location. As yet another example, one or more of the sensors may be a sensor that

provides contextual information, such as that the person is at their place of work. The one or

more sensors may be any sensor that determines a contextual location.

[0059] In some embodiments, the sensing module may be configured to perform sensor fusion

on different types of sensor data. For example, the sensor module may include a sensor/receiver

for GPS, an inertial measurement unit (IMU), another sensor for cell tower distances, etc. These

sensors can be used to obtain different estimates of a location. The sensor fusion may include the

use of an algorithm and a Kalman filter to combine estimators, that have weakly correlated errors,

into a combined estimator whose error is less than the error of any one of the original estimators.

Accordingly, the different sensors can be used to compensate for deficiencies/inaccuracies of the

other. Alternatively, the data from the sensors may be combined and its dimensionality reduced

by canonical correlation analysis or an analogous technique (e.g. deep canonical correlation

analysis or deep general canonical correlation analysis) focused on finding the correspondence

between the multivariate sensor data and the multivariate neural data.

[0060] In some embodiments, one or more sensors of the sensing module may be incorporated

into a wearable device. Examples of wearable devices may include smartwatches, wristbands,

glasses, gloves, headgear (such as hats, helmets, virtual reality headsets, augmented reality

headsets, head-mounted devices (HMD), headbands), pendants, armbands, leg bands, shoes,

vests, motion sensing devices, etc. The wearable device may be configured to be worn on a part

of a user's body (e.g. a smartwatch or wristband may be worn on the user's wrist).

[0061] The correspondence module can be used to detect corrupt or inaccurate sensory

representations. The correspondence module may be configured to receive (a) neural data 112

from the neural data analysis module 110 and (b) real-world sensor data 122 from the sensing

module 120. The correspondence module may further analyze and compare the neural data 112

and sensor data 122, so as to generate an output 132 that is indicative of a degree of

correspondence between perceptions obtained from the neural data with respect to the real-world

environmental stimuli. The degree of correspondence may indicate whether a patient is

experiencing corrupt or inaccurate sensory perceptions or is accurately experiencing reality. In

some cases, the degree of correspondence may indicate an extent or severity of a patient's

corrupt or inaccurate sensory perceptions.

[0062] The correspondence module may be implemented anywhere within the neural data

correspondence system and/or outside of the neural data correspondence system. In some

embodiments, the correspondence module may be implemented on a server. In other

embodiments, the correspondence module may be implemented on a wearable device described



elsewhere herein. In still other embodiments, the correspondence module may be implemented

on a portable electronic device, such as a smartphone, tablet computer, or laptop computer.

Additionally, the correspondence module may be implemented in the neural data analysis

module. Alternatively, the correspondence module may be implemented in the sensor module. In

other embodiments, the correspondence module may be implemented in both the neural data

analysis module and the sensor module, or external to both the neural data analysis module and

the sensor module. The correspondence module may be implemented using software, hardware,

or a combination of software and hardware in one or more of the above-mentioned components

within the neural data correspondence system.

[0063] The correspondence module may be capable of determining a correspondence between

the neural data 112 and the real-world sensor data 122 using algorithms based in part on

statistical analysis, information theory, machine learning, signal processing, pattern recognition,

and/or detection theory. The correspondence module may utilize a supervised machine learning

method, a semi -supervised machine learning method, or a supervised machine learning method

known to one having skill in the art. An algorithm may assume a certain statistical model and try

to detect whether a patient is experiencing corrupt or inaccurate sensory perceptions based on the

model. The algorithm may also estimate a different statistical model for each patient in a

population of patients, and use each unique model to determine whether each patient is

experiencing corrupt or inaccurate sensory perceptions.

[0064] In some embodiments, the statistical model may be implemented in the form of a neural

network. In some embodiments, the statistical model may be implemented in the form of linear

regression, non-linear regression, penalized regression techniques such as LASSO or Ridge

regression, orthogonal matching pursuit, mutual information, Bayesian regression, stochastic

gradient descent, a passive aggressive algorithm, linear or non-linear discriminant analysis,

kernel regression, support vector machines, nearest neighbor algorithms, Gaussian processes,

cross decomposition, naive Bayes, decision tree algorithms and other ensemble methods

including but not limited to Random Forest and gradient boosting, and neural network models

including but not limited to perceptrons, convolutional neural networks, and deep neural

networks.

[0065] The measure of correspondence may be any output of the statistical model, including but

not limited to correlation, mutual information, or any discrete or continuous value returned by a

function which takes as input signals from the neural module(s) and or the sensor module(s).

[0066] The correspondence may be determined in part via supervised learning algorithms which

occurs either online within the device, or offline during the design and manufacture of the device.



These supervised learning algorithms would use as training data labeled examples of typical and

atypical neural data, labeled examples of sensory data in different kinds of environments, and

labeled examples of agreements and disagreements between sensory and neural data. For

example, sensory and neural data from actual hallucination episodes, as well as from normal

activity, may be in included in the training set.

[0067] The correspondence may be determined using several different features of neural data,

including raw signals, frequency-filtered signals, action potentials, local field potentials, or any

other signal emitted by the nervous system. They may be processed and analyzed in the time

domain or in the frequency domain. They may contain spatial information about the locations of

the neural data probes.

[0068] The computation of correspondence may exploit known anatomical or functional

connectivity patterns in the nervous system. For example, if it is known that brain area V I is

afferent to brain area V2, then the correspondence module may exploit the expectation that data

recorded from V I and V2 may have a certain causal relationship, such as a specific range of time

or phase lags. Thusly, deviation from these expected values could be an indication of low

correspondence.

[0069] The correspondence may be determined using several different features of environmental

sensor data, including raw signals or frequency-filtered signals. They may be processed and

analyzed in the time domain or in the frequency domain. They may contain spatial information

about the locations of the sensors and imputed locations of matter or energy in the environment.

[0070] In some embodiments, the correspondence module may include an on-line decoder and

an error detector that are configured to determine a degree of correspondence between the neural

data and the real-world sensor data. In some cases, the correspondence may be based on a

statistical model. In some cases, the correspondence may be based on information theory, such as

the mutual information between the neural data and the real-world sensor data from one or more

real-world sensors. In some cases, the correspondence may be determined by machine learning

algorithms, including but not limited to those that determine whether a set of data are likely to

belong to a particular class, for example the class of hallucination-related neural signals. The

decoder may infer audio signals from the neural data and/or the sensor data. For example, the

decoder may include one or more instances of speech recognition software. The speech

recognition software may be used to reconstruct speech and other sounds from neural signals that

are recorded by the one or more neural interface probes implanted in an area of the brain

associated with auditory processing. The one or more sensors may comprise audio sensors. The

speech recognition software may be used to reconstruct speech and other sounds recorded by the



audio sensors. The correspondence module may then compare the reconstructed neural

perception of sound to the real audio environment captured by the one or more audio sensors in

order to detect whether the neural representations of speech and other sounds correspond to real-

life audio stimuli, or whether they correspond to corrupt or inaccurate auditory perceptions.

[0071] In some cases, the decoder may infer visual signals from the neural data and/or the sensor

data. For instance, the decoder may include one or more instances of image recognition software.

The image recognition software may comprise facial recognition, object recognition, or scene

segmentation software. The image recognition software may be used to reconstruct neural

representations of visual data that are recorded by the one or more massively parallel neural

interface probes implanted in an area of the brain associated with visual processing. The one or

more sensors may comprise image sensors. The image recognition software may be used to

reconstruct images and other visual data recorded by the image sensors. The reconstructed neural

perception of visual data may then be compared with the real-world image data captured by one

or more imaging devices, in order to detect whether the neural representations of visual data

correspond to real-life visual stimuli, or whether they correspond to corrupt or inaccurate visual

perceptions.

[0072] In some cases, the decoder may infer spatial locations from the neural data and/or the

sensor data. For instance, the decoder may include one or more instances of spatial location

software. The spatial location software may be used to reconstruct neural representations of

spatial location data that are recorded by the one or more massively parallel neural interface

probes implanted in an area of the brain associated with spatial location processing. The one or

more sensor may comprise spatial location sensors. The spatial location software may be used to

reconstruct the spatial location of the patient based on signals recorded from the spatial location

sensors. The reconstructed neural perception of spatial location may then be compared with the

real-world spatial location data captured by one or more spatial location sensors, in order to

detect whether the neural representations of spatial location correspond to the real-life location,

or whether they correspond to faulty cognitive processing.

[0073] In some cases, the decoder may compare neural data and sensor data that are different in

nature. For instance, the decoder may reconstruct neural representations of speech or other sound

that are recorded by the one or more massively parallel neural interface probes. The

reconstructed neural perception of sound data may then be compared with the real-world image

data captured by one or more imaging devices. If, for instance, the reconstructed neural

perception indicates that the patient is hearing a voice, but the image data indicates that no one is

in the room with the patient, this may be an indication that the patient is experiencing corrupt or



inaccurate sensory representations. Similarly, the decoder may compare any form of neural data

with any form of sensor data.

[0074] The error detector may be configured to generate an error signal that represents a lack of

correspondence. The error signal may reflect only a lack of correspondence, or may reflect any

other indication that the neural data is unusual and/or reflects a lack of physical or mental health.

[0075] The error signal may be indicative of the patient experiencing an episode of corrupt or

inaccurate sensory perceptions. In some embodiments, the decision module may act on the error

signal to actuate a visual signal and/or an audio signal to the patient to indicate that an error is

detected. The visual signal may comprise a flashing light, and the audible signal may comprise

an audible alarm. The visual and/or audio signals may be used to notify the patient that he/she is

hallucinating, and to prompt the patient to revert back to reality. The signals may be produced

externally to the patient or may signal the patient through neural stimulation. For instance, the

signals may evoke the perception of a beep rather than producing a beep that would be audible to

others.

[0076] The output from the decoder may be transmitted to allow remote monitoring. For

instance, the output from the decoder may be transmitted to a patient's doctor or hospital for

remote monitoring. The remote monitoring may allow the patient's doctor or hospital to note

when the patient has experienced sensory data that does not align with reality. The remote

monitoring may allow the patient's doctor or hospital to intervene. For instance, the remote

monitoring may allow the patient's doctor or hospital to call the patient for a follow-up visit, or

to send a reminder to the patient to take medication intended to lessen the hallucinatory effects of

the patient's condition. The transmission of the output from the decoder may be via any wired

communication means or wireless communication means. The wired communication may be via

Ethernet. The wireless communication may be via Wi-Fi. The wireless communication may be

via a cellular network. The wireless communication may be via a cellular networking protocol

such as Global System for Mobile Communications (GSM), General Packet Radio Service

(GPRS), Code Division Multiple Access (CDMA), CDMA 2000, Evolution Data Maximized

(EV-DO), Frequency Division Multiple Access (FDMA), Time Division Multiple Access, 1st

generation (1G), 2nd generation (2G), 3rd generation (3G), 4th generation (4G), 5th generation

(5G), or any other cellular networking protocol. The wireless communication may be via an

Institute of Electrical and Electronics Engineers (IEEE) wireless protocol, such as 802.1 la,

802.1 1b, 802. l lg, 802.1 1η, 802.1 lac, 802.1 lad, 802.1 1af, 802.1 lah, 802.1 1ai, 802.1 laj,

802. 1laq, 802. 1lax, 802. 1lay, or any other IEEE wireless protocol. The wireless



communication may be a via a Bluetooth wireless protocol. The wireless communication may

be via any IEEE standard for wired or wireless communication.

[0077] The ability to detect when the brain is misprocessing or even creating sensory percepts

would allow for better treatment of the conditions underlying these symptoms. For instance,

detecting a hallucination associated with chronic schizophrenia could trigger an automatic dose

of medication or would allow for remote monitoring of patients that do not elect for institutional

care. As an example, a healthcare provider can use information, including the degree of

correspondence, to assist the patient in managing the mental disorders through counseling,

medication, electrical neural stimuli, etc.

[0078] FIG. 2 illustrates a closed-loop system comprising a neural stimulator, in accordance with

some embodiments. The system 200 may comprise the neural data analysis module 110 that

outputs neural data 112, the sensing module 120 that outputs real-world sensor data 122, the

correspondence module that outputs a degree of correspondence 132, and the decision module.

The system may further comprise a neural stimulator 140.

[0079] The output 132 may be provided to the neural stimulator. In some cases, the neural

stimulator may be a medical device (such as an implanted medical device) that is capable of

automatically dispensing a predetermined dosage of medication based on the output 132 (i.e.

whether the patient is or is not experiencing corrupt or inaccurate sensory perceptions).

Alternatively, the neural stimulator may be configured to vary a dispensed dosage to the patient

depending on the degree of correspondence (i.e. the extent and/or degree of corrupt or inaccurate

sensory perceptions).

[0080] The output 132 may be a signal to communicate with another biological device. For

example, it may be a signal to change the amplitude or frequency of a deep-brain stimulation

device separately implanted in the patient.

[0081] In some embodiments, the neural stimulator may be implemented on one or more

massively parallel neural interface probes. Such one or more massively parallel neural interface

probes may include an electrode array that is capable of interrupting hallucinatory (pathological)

precepts, in addition to being able to stimulate and record neural activity. The neural stimulator

may be configured to impart a change in the mental status of the patient. Such a change may be

detected by the neural data analysis module, which may give rise to altered neural data and an

altered degree of correspondence. This may have the effect of altering the action taken by the

neural stimulator. In this manner, the system 200 may comprise a feedback loop between the

neural data and the action taken by the neural stimulator.



[0082] The output from the decoder may be used to trigger the release or administration of a

pharmaceutical. The pharmaceutical may be a pharmaceutical prescribed by the patient's doctor

to lessen the hallucinatory effects of the patient's condition. The decoder may be

communicatively coupled with a device that administers the pharmaceutical. The coupling may

be via any wired communication means or wireless communication means. The wireless

communication may be via Bluetooth. The wireless communication may be via a cellular

network. The device may administer the pharmaceutical intravenously. The device may

administer the pharmaceutical intramuscularly. The device may administer the pharmaceutical

transdermally. The device may administer the pharmaceutical orally. The device may administer

the pharmaceutical intracranially, intraventricularly, or intraperitoneally.

[0083] The pharmaceutical may be a pharmaceutical intended to treat effects of psychosis

disorders, such as schizophrenia. For instance, the pharmaceutical may be any of the following:

chlorprothixene, levomepromazine, perazine, promethazine, prothipendyl, sulpiride, thioridazine,

zuclopenthixol, perphenazine, benperidol, bromperidol, fluphenazine or its salts, fluspirilen,

haloperidol, pimozide, amisulpride, aripiprazole, asenapine, chlorpromazine, clozapine,

flupenthixol, iloperidone, melperone, olanzapine, paliperidone, penfluridol, quetiapine,

risperidone, sertindole, thiothixene, trifluoperazine, ziprasidone, zotepine, or pericyazine. The

pharmaceutical may be any other pharmaceutical intended to treat the effects of psychosis

disorders.

[0084] The pharmaceutical may be intended to treat the effects of idiopathic pain. For instance,

the pharmaceutical may be any of the following: a non-steroidal anti-inflammatory drug (such as

paracetamol, acetaminophen, aspirin, naproxen, or ibuprofen), an opioid (such as codeine,

morphine, or fentanyl), a muscle relaxant (such as diazepam), an anti-convulsant (such as

gabapentin or pregabalin), an anti-depressant (such as amitriptyline), or a steroid. The

pharmaceutical may be any pharmaceutical that alleviates idiopathic pain.

[0085] The pharmaceutical may be a pharmaceutical intended to treat effects of Alzheimer's

disease or other forms of dementia. For instance, the pharmaceutical may be an

acethylcholinesterase inhibitor, such as tacrine, rivastigmine, galantamine, or donepezil. The

pharmaceutical may be a N-methyl-D-asparate (NMDA) receptor antagonist, such as memantine.

The pharmaceutical may be any pharmaceutical intended to treat effects of Alzheimer's disease

or other forms of dementia. The pharmaceutical may be any pharmaceutical intended to treat the

effects on any other psychiatric disorder.

[0086] FIG. 3 illustrates the communication between different body-mounted sensors, an

implanted neural interface probe, a neural data analysis module, and a correspondence module,



in accordance with some embodiments. The neural analysis module 110 may be implanted into

the patient's brain in any of the manners described above. The neural data analysis may be

communicatively coupled to sensing modules 120-1 and/or 120-2. The sensing module 120-1

may be a component of a mobile device carried by the patient, which may include one or more

sensors such as cameras, microphones, accelerometers, gyroscopes, compasses, GPS, etc. The

sensing module 120-2 may be a component of a wrist-wearable device such as a smartwatch or

wristband, which may include on or more sensors for measuring body temperature, heart rate,

location, motion of the wrist, etc. The neural analysis module 110 and sensing modules 120-1

and/or 120-2 may be communicatively couple to the correspondence module 130. The

correspondence module may be an app or other program held in memory on the mobile device

and/or wrist- wearable device. The correspondence module may be peripheral hardware

components communicatively coupled to the mobile device and/or wrist-wearable device. The

neural stimulator 140 may also be implanted into the patient's brain in the manners described

above.

[0087] FIG. 4 illustrates the reconstruction of perceptions from neural data and correspondence

of the perceptions with real-world sensor data, in accordance with some embodiments. The

neural data 112 may be the output from one or more massively parallel neural interface probes,

as described above. The neural data may comprise one or more of visual representations (e.g.

those representations arising from areas of the brain associated with vision processing, such as

the primary visual cortex or fusiform gyrus) 112-1, audio representations (e.g. those

representations arising from areas of the brain associated with auditory processing, such as the

auditory cortex) 112-2, or tactile representations (e.g. those representations arising from areas of

the brain associated with spatial or locational awareness, such as the "place" cells of the

hippocampus or the "grid" cells of the entorhinal cortex) 112-3.

[0088] The neural data may be passed to the decoder 116. The decoder may process the neural

data to form one or more reconstructed signals. For instance, the visual representations 112-1

may be processed to form reconstructed images 116-1. The audio representations 112-2 may be

processed to form reconstructed audio signals 116-2. The tactile representations may be

processed to form reconstructed tactile signals 116-3. Any of these representations may be

processed alone or in combination with other representations.

[0089] The real-world sensor data 122 may be the output from one or more sensors, as described

above. The sensor data may comprise one or more of visual sensor data (e.g. data from imaging

devices capable of detecting visible, infrared, or ultraviolet, such as cameras) 122-1, audio sensor

data (e.g. data from audio sensors such as microphones) 122-2, or touch sensor data (e.g. data



from touch sensors such as capacitive touch sensors) 122-3. One or more of the reconstructed

images, reconstructed audio signals, or reconstructed tactile signals may be sent to the

correspondence module 130. Similarly, one or more of the visual sensor data, audio sensor data,

or touch sensor data may be sent to the correspondence module. The correspondence module

may act to determine a correspondence between the decoded neural data 116 and the real-world

sensor data 122 using algorithms based in part on statistical analysis, information theory,

machine learning, signal processing, pattern recognition, and/or detection theory. An algorithm

may assume a certain statistical model and try to detect whether a patient is experiencing corrupt

or inaccurate sensory perceptions based on the model. Alternatively, the algorithm may assume

no model and simply compare the sensory and neural data using machine learning approaches.

[0090] FIG. 5 shows an exemplary method 500 by which neural activity may be recorded and

compared to data obtained from a sensor, allowing for the detection of corrupt or inaccurate

sensory representations. The method 500 comprises obtaining neural data; obtaining sensor data;

determining a correspondence between the sensor data and the neural data; determining whether

a perception error is less than a predetermined threshold; and, if the perception error is too high:

concluding that the user may be experiencing inaccurate neural perceptions; generating a

perception error signal; and, optionally, applying neural stimuli to correct the perception error. In

some embodiments, method 500 may be performed automatically by a processor associated with

a computer readable memory.

[0091] In step 502, neural data is obtained by a neural data analysis module. The neural signals

may be collected using a plurality of wires or microelectrodes that have been implanted into deep

neural matter or superficial neural matter. The plurality of wires or microelectrodes may be part

of one or more massively parallel neural interface probes that are configured to be implanted into

one or more areas of a person's brain. The one or more neural interface probes can be configured

to record information associated with neural activity and produce an output that represents neural

activity. In some embodiments, the neural data analysis module may generate an analog or

digital signal corresponding to neural activity patterns. The neural code may comprise

representations of one or more neural activities associated with a plurality of neural events

detected from the neural signals.

[0092] In some cases, the neural interface probes may comprise one or more neural detection

channels. For instance, the neural interface probes may comprise more than 10, more than 100,

more than 1000, more than 10000, more than 100000, or more than 1000000 neural detection

channels. The neural detection channels may comprise electrodes, microwires, optical sensors,

magnetic field sensors, or any other sensor. In some embodiments, the one or more neural



interface probes may include a microwire bundle bonded to a CMOS array. In other

embodiments, the one or more neural interface probes may include an array of silicon

microelectrode probes that are bonded to a CMOS array, such that each electrode site is routed to

a unique array position. In other embodiments, the neural interface may consist of scalp

electrodes. In other embodiments, the neural interface may consist of electrodes placed on the

surface of the brain or the surface of the dura mater. In other embodiments, the neural interface

may record magnetic or optical signals from the nervous system.

[0093] The massively parallel neural interface probes can be implanted into different areas of the

brain associated with different sensory processing (e.g., visual, auditory, tactile, taste, smell,

position/movement, interoception, etc.). In one example, one or more neural interface probes

may be implanted in an area of the brain associated with auditory processing, such as the

auditory cortex. In another example, one or more neural interface probes may be implanted in an

area of the brain associated with visual processing, such as the primary visual cortex or fusiform

gyrus.

[0094] In yet another example, one or more neural interface probes may be implanted in an area

of the brain associated with spatial or locational awareness. For instance, the one or more neural

interface probes may be implanted in the hippocampus and configured to record neural signals

from "place" cells located in the hippocampus. Alternatively, the one or more neural interface

probes may be implanted in the entorhinal cortex and configured to record neural signals from

"grid" cells located in the entorhinal cortex.

[0095] In step 504, sensor data is obtained by a sensor module. The sensor data may be obtained

from one or more types of sensors that are configured to detect real-world environmental stimuli.

The real-world environmental stimuli are indicative of reality, as opposed to the corrupt or

inaccurate sensory perceptions perceptions that a patient may be experiencing. The real-world

environmental stimuli may be provided in the form of visual, auditory, tactile, taste, smell,

position/movement, and/or interoception.

[0096] Examples of types of sensors may include inertial sensors (e.g. accelerometers,

gyroscopes, and/or gravity detection sensors, which may form inertial measurement units

(FMUs)), location sensors (e.g. global positioning system (GPS) sensors, mobile device

transmitters enabling location triangulation), heart rate monitors, external temperature sensors,

skin temperature sensors, capacitive touch sensors, sensors configured to detect a galvanic skin

response (GSR), vision sensors (e.g. imaging devices capable of detecting visible, infrared, or

ultraviolet light, such as cameras), proximity or range sensors (e.g. ultrasonic sensors, lidar,

time-of-flight or depth cameras), altitude sensors, attitude sensors (e.g. compasses), pressure



sensors (e.g. barometers), humidity sensors, vibration sensors, audio sensors (e.g. microphones),

and/or field sensors (e.g. magnetometers, electromagnetic sensors, radio sensors).

[0097] The sensing module may further include one or more devices capable of emitting a signal

into an environment. For instance, the sensing module may include an emitter along an

electromagnetic spectrum (e.g. visible light emitter, ultraviolet emitter, infrared emitter). The

sensing module may include a laser or any other type of electromagnetic emitter. The sensing

module may emit one or more vibrations, such as ultrasonic signals. The sensing module may

emit audible sounds (e.g. from a speaker). The sensing module may emit wireless signals, such

as radio signals or other types of signals.

[0098] In some cases, one or more of the sensors may establish an absolute, relative, or

contextual location. For instance, one or more of the sensors may be a global positioning system

(GPS) sensor that determines the person's longitude and latitude. Such a GPS sensor may

provide absolute location, such as that the person is located at 39.7392° N, 104.9903° W. The

one or more sensors may be any sensor that determines an absolute location. As another example,

one or more of the sensors may be a wireless detector that receives a signal from a specific

location. Such a detector may provide relative location, such as that the person is located 300

meters north of their house. The one or more sensors may be any sensor that determines a

relative location. As yet another example, one or more of the sensors may be a sensor that

provides contextual information, such as that the person is at their place of work. The one or

more sensors may be any sensor that determines a contextual location.

[0099] In some embodiments, one or more sensors of the sensing module may be incorporated

into a wearable device. Examples of wearable devices may include smartwatches, wristbands,

glasses, gloves, headgear (such as hats, helmets, virtual reality headsets, augmented reality

headsets, head-mounted devices (HMD), headbands), pendants, armbands, leg bands, shoes,

vests, motion sensing devices, etc. The wearable device may be configured to be worn on a part

of a user's body (e.g. a smartwatch or wristband may be worn on the user's wrist).

[0100] Steps 502 and 504 may be performed substantially in real-time. Additionally, steps 502

and 504 may be performed in parallel.

[0101] In step 506, a correspondence is determined between the sensor data and the neural data

by a correspondence module. The correspondence module can be used to detect corrupt or

inaccurate sensory representations. The correspondence module may be configured to receive (a)

neural data from the neural data analysis module and (b) real-world sensor data from the sensing

module. The correspondence module may further analyze and compare the neural data and

sensor data, so as to generate an output that is indicative of a degree of correspondence between



perceptions obtained from the neural data with respect to the real-world environmental stimuli.

The degree of correspondence may indicate whether a patient is experiencing corrupt or

inaccurate sensory perceptions or is accurately experiencing reality. In some cases, the degree of

correspondence may indicate an extent or severity of a patient's corrupt or inaccurate sensory

perceptions.

[0102] The correspondence module may be implemented anywhere within the neural data

correspondence system and/or outside of the neural data correspondence system. In some

embodiments, the correspondence module may be implemented on a server. In other

embodiments, the correspondence module may be implemented on a wearable device described

elsewhere herein. In still other embodiments, the correspondence module may be implemented

on a portable electronic device, such as a smartphone, tablet computer, or laptop computer.

Additionally, the correspondence module may be implemented in the neural data analysis

module. Alternatively, the correspondence module may be implemented in the sensor module. In

other embodiments, the correspondence module may be implemented in both the neural data

analysis module and the sensor module, or external to both the neural data analysis module and

the sensor module. The correspondence module may be implemented using software, hardware,

or a combination of software and hardware in one or more of the above-mentioned components

within the neural data correspondence system.

[0103] The correspondence module may be capable of determining a correspondence between

the neural data and the real-world sensor data using algorithms based in part on statistical

analysis, information theory, machine learning, signal processing, pattern recognition, and/or

detection theory. An algorithm may assume a certain statistical model and try to detect whether a

patient is experiencing corrupt or inaccurate sensory perceptions based on the model. The

statistical model may be based on Bayesian statistics. The algorithm may also estimate a

different statistical model for each patient in a population of patients, and use each unique model

to determine whether each patient is experiencing corrupt or inaccurate sensory perceptions. In

some embodiments, the statistical model may be implemented in the form of a Bayesian model.

In some embodiments, the implementation may be via machine learning algorithms.

[0104] In some embodiments, the correspondence module may include algorithms to determine

a degree of correspondence between the neural data and the real-world sensor data based on a

statistical model, information theory, or other machine learning approach. The algorithms may

take as inputs features selected from the neural data and/or the sensor data, such as audio-related

signals. For example, the decoder may include one or more instances of speech recognition

software. The speech recognition software may be used to reconstruct neural representations of



speech and other sounds that are recorded by the one or more massively parallel neural interface

probes implanted in an area of the brain associated with auditory processing. The one or more

sensors may comprise audio sensors. The speech recognition software may be used to

reconstruct speech and other sounds recorded by the audio sensors. The correspondence module

may then compare the reconstructed neural perception of sound to the real audio environment

captured by the one or more audio sensors in order to detect whether the neural representations

of speech and other sounds correspond to real-life audio stimuli, or whether they correspond to

corrupt or inaccurate auditory perceptions.

[0105] In some cases, the correspondence module may accomplish the same goal as in the

previous paragraph, but for visual signals, and via image recognition software. The image

recognition software may comprise facial recognition, object recognition, or scene segmentation

software. The image recognition software may be used to reconstruct neural representations of

visual data that are recorded by the one or more massively parallel neural interface probes

implanted in an area of the brain associated with visual processing. The one or more sensors may

comprise image sensors. The image recognition software may be used to reconstruct images and

other visual data recorded by the image sensors. The reconstructed neural perception of visual

data may then be compared with the real world image data captured by one or more imaging

devices, in order to detect whether the neural representations of visual data correspond to real-

life visual stimuli, or whether they correspond to corrupt or inaccurate visual perceptions.

[0106] In some cases, the decoder may accomplish the same goal as in the previous paragraph,

but for spatial locations and via spatial location software. The spatial location software may be

used to reconstruct neural representations of spatial location data that are recorded by the one or

more massively parallel neural interface probes implanted in an area of the brain associated with

spatial location processing. The one or more sensor may comprise spatial location sensors. The

spatial location software may be used to reconstruct the spatial location of the patient based on

signals recorded from the spatial location sensors. The reconstructed neural perception of spatial

location may then be compared with the real-world spatial location data captured by one or more

spatial location sensors, in order to detect whether the neural representations of spatial location

correspond to the real-life location, or whether they correspond to faulty cognitive processing.

[0107] In some cases, the correspondence module may compare neural data and sensor data

from different modalities. For instance, the decoder may reconstruct neural representations of

speech or other sound that are recorded by the one or more massively parallel neural interface

probes. The reconstructed neural perception of sound data may then be compared with the real-

world image data captured by one or more imaging devices. If, for instance, the reconstructed



neural perception indicates that the patient is hearing a voice, but the image data indicates that no

one is in the room with the patient, this may be an indication that the patient is experiencing

corrupt or inaccurate sensory representations. Similarly, the decoder may compare any form of

neural data with any form of sensor data.

[0108] In step 508, it is determined whether the error signal arising in part from the

correspondence module is sufficient to execute an action. The error signal may be related to the

degree of agreement between the neural data and the sensor data. Alternatively it may be related

to some property of the neural data alone. If the error signal is low, this may be taken to be

indicative that the user's neural perceptions match those of the real-world environment. If the

perception error is large, this may be taken to be indicative that the user may be experiencing

inaccurate neural perceptions. Error signals of sufficient magnitude —which may depend on

context such as patient identity, patient history, patient biomarkers, clinician preferences, or

other covariates - will trigger an action signal from the decision module. In some embodiments,

a receiver operating characteristic (ROC) curve can be created based on a magnitude of the error

signal to provide a sensitivity/specificity report. The ROC curve is a tool for diagnostic test

evaluation, in which the true positive rate (sensitivity) is plotted in function of the false positive

rate (specificity) for different cut-off points of a parameter. Each point on the ROC curve

represents a sensitivity/specificity pair corresponding to a particular decision threshold. The area

under the ROC curve (AUC) is a measure of how well a parameter can distinguish between two

diagnostic groups (hallucination versus normal perceptions).

[0109] In step 510, the decision module generates an action signal if the error signal is too high

in step 508. The error signal may be too high when the neural data and the real-world sensor data

fail to meet a predetermined correspondence threshold. Alternatively, the error signal may be

high due to properties of the neural data alone. The error signal may be indicative of the patient

experiencing an episode of corrupt or inaccurate sensory perceptions. In some embodiments, the

action signal may be an output that triggers another device to execute a corresponding action.

For instance, the action signal may trigger a visual signal and/or an audio signal to the patient to

indicate that an error is detected. The visual signal may comprise a flashing light, and the audible

signal may comprise an audible alarm. The visual and/or audio signals may be used to notify the

patient that he/she is experiencing corrupt or inaccurate sensory perceptions, and to prompt the

patient to revert back to reality. The signals may be produced externally to the patient or may

signal the patient through neural stimulation. For instance, the signals may evoke the perception

of a beep rather than producing a beep that would be audible to others.



[0110] The action signal may be transmitted to allow remote monitoring. For instance, the output

from the decision module may be transmitted to a patient's doctor or hospital for remote

monitoring. The remote monitoring may allow the patient's doctor or hospital to note when the

patient has experienced sensory data that does not align with reality. The remote monitoring may

allow the patient's doctor or hospital to intervene. For instance, the remote monitoring may

allow the patient's doctor or hospital to call the patient for a follow-up visit, or to send a

reminder to the patient to take medication intended to lessen the hallucinatory effects of the

patient's condition. The transmission of the output from the decoder may be via any wired

communication means or wireless communication means. The wired communication may be via

Ethernet. The wireless communication may be via Wi-Fi. The wireless communication may be

via a cellular network.

[0111] In step 512, neural stimuli may be applied to correct the perception error. The ability to

detect when the brain is misprocessing or even creating sensory percepts would allow for better

treatment of the conditions underlying these symptoms. For instance, detecting a hallucination

associated with chronic schizophrenia could trigger an automatic dose of medication or would

allow for remote monitoring of patients that do not elect for institutional care. As an example, a

healthcare provider can use information, including any intermediate or final measure in the

system, including any computed measure of correspondence, any aspect of the error signal, or

the decision signal, to assist the patient in managing the mental disorders through counseling,

medication, electrical neural stimuli, etc.

[0112] The neural stimuli may be applied by neural data correspondence system comprising a

neural stimulator, in accordance with some embodiments. The system may comprise the neural

data analysis module that outputs neural data, the sensing module that outputs real-world sensor

data, and the correspondence module that outputs the correspondence. The system may further

comprise a neural stimulator. The output may be provided to the neural stimulator. In some cases,

the neural stimulator may be an implanted medical device that is capable of automatically

dispensing a predetermined dosage of medication based on the output (i.e. whether the patient is

or is not experiencing corrupt or inaccurate sensory perceptions). Alternatively, the neural

stimulator may be configured to vary a dispensed dosage to the patient depending on the

correspondence (i.e. the extent and/or degree of corrupt or inaccurate sensory perceptions).

[0113] In some embodiments, the neural stimulator may be implemented on one or more

massively parallel neural interface probes. Such one or more massively parallel neural interface

probes may include an electrode array that is capable of interrupting hallucinatory (pathological)

precepts, in addition to being able to stimulate and record neural activity. The neural stimulator



may be configured to impart a change in the mental status of the patient. Such a change may be

detected by the neural data analysis module, which may give rise to altered neural data and an

altered degree of correspondence. This may have the effect of altering the action taken by the

neural stimulator. In this manner, the system may comprise a feedback loop between the neural

data, the sensory data, the correspondence module, and the decision module, and the action taken

by the neural stimulator.

[0114] The output from the decoder may be used to trigger the release or administration of a

pharmaceutical. The pharmaceutical may be a pharmaceutical prescribed by the patient's doctor

to lessen the hallucinatory effects of the patient's condition. The decoder may be

communicatively coupled with a device that administers the pharmaceutical. The coupling may

be via any wired communication means or wireless communication means. The wireless

communication may be via Bluetooth. The wireless communication may be via a cellular

network. The device may administer the pharmaceutical intravenously. The device may

administer the pharmaceutical intramuscularly. The device may administer the pharmaceutical

transdermally. The device may administer the pharmaceutical orally.

[0115] The pharmaceutical may be a pharmaceutical intended to treat effects of psychosis

disorders, such as schizophrenia. For instance, the pharmaceutical may be any of the following:

chlorprothixene, levomepromazine, perazine, promethazine, prothipendyl, sulpiride, thioridazine,

zuclopenthixol, perphenazine, benperidol, bromperidol, fluphenazine or its salts, fluspirilen,

haloperidol, pimozide, amisulpride, aripiprazole, asenapine, chlorpromazine, clozapine,

flupenthixol, iloperidone, melperone, olanzapine, paliperidone, penfluridol, quetiapine,

risperidone, sertindole, thiothixene, trifluoperazine, ziprasidone, zotepine, or pericyazine. The

pharmaceutical may be any other pharmaceutical intended to treat the effects of psychosis

disorders.

[0116] The pharmaceutical may be intended to treat the effects of idiopathic pain. For instance,

the pharmaceutical may be any of the following: a non-steroidal anti-inflammatory drug (such as

paracetamol, acetaminophen, aspirin, naproxen, or ibuprofen), an opioid (such as codeine,

morphine, or fentanyl), a muscle relaxant (such as diazepam), an anti-convulsant (such as

gabapentin or pregabalin), an anti-depressant (such as amitriptyline), or a steroid. The

pharmaceutical may be any pharmaceutical that alleviates idiopathic pain.

[0117] The pharmaceutical may be a pharmaceutical intended to treat effects of Alzheimer's

disease or other forms of dementia. For instance, the pharmaceutical may be an

acetylcholinesterase inhibitor, such as tacrine, rivastigmine, galantamine, or donepezil. The

pharmaceutical may be a N-methyl-D-asparate (NMDA) receptor antagonist, such as memantine.



The pharmaceutical may be any pharmaceutical intended to treat effects of Alzheimer's disease

or other forms of dementia. The pharmaceutical may be any pharmaceutical intended to treat the

effects on any other psychiatric disorder.

[0118] A person of ordinary skill in the art will recognize many variations, alterations and

adaptations based on the disclosure provided herein. For example, the order of the steps of the

method can be changed, some of the steps removed, some of the steps duplicated, and additional

steps added as appropriate. Some of the steps may comprise sub-steps. Some of the steps may be

automated and some of the steps may be manual. The processor as described herein may

comprise one or more instructions to perform at least a portion of one or more steps of the

method 500.

[0119] The method 500 may operate in a manner that does not require complete understanding

of the mechanisms by which neural processes represent sensory data. Current research is just

beginning to probe how neural signals give rise to simple behaviors. It will take many years of

research activity to arrive at an understanding of neural processes that allows perfect

interpretation of brain activity, if such an understanding is even possible. It may also not be

necessary that the method provide complete, accurate decoding of neural representations.

[0120] FIG. 6 illustrates a system for monitoring neural activity of a living subject, in

accordance with some further embodiments. The living subject may be a human being (e.g. a

patient). In one aspect, system 600 may comprise one or more neural modules 102 (e.g. 102-1

through 102-n), one or more sensing modules 120 (e.g. 120-1 through 120-n), one or more data

storage modules 150 (e.g. 150-1 through 150-n), a correspondence module 130, a decision

module 160, and one or more action modules 170 (e.g. 170-1 through 170-n). Each of the above

may be operatively connected to one another via a network or any type of communication link

that allows the transmission of data from one module or component to another.

[0121] The neural modules 102 may comprise any of the neural data analysis modules or devices

described elsewhere herein. The neural modules may comprise the same type or different types

of devices. The neural modules may include one or more devices configured to collect a

plurality of signals from the nervous system of a living subject. The neural modules may include

electroencephalography (EEG), electrocorticography (ECoG), intracranial

electroencephalography (iEEG),microelectrode arrays, nerve cuffs, functional near infrared

imaging, functional magnetic resonance imaging (fMRI), calcium imaging using genetically

encoded calcium indicators or voltage sensitive proteins, and any other types of apparatus or

technology that can be used to collect data from the nervous system of the living subject. One or



more of the neural modules may be used in conjunction with the neural data analysis module

described elsewhere herein.

[0122] The sensing modules 120 may include any of the sensing modules or sensors described

elsewhere herein. In some embodiments, the sensing modules or sensors may include image

sensors, microphones, inertial sensors such as accelerometers or gyroscopes, GPS, force sensors,

capacitive touch sensors, temperature or thermal sensors, chemical sensors, and so forth.

[0123] The data storage modules 150 may include one or more memory devices configured to

store data. Additionally or optionally, the data storage modules 150 may, in some embodiments,

be implemented as a computer system with a storage device. The data storage modules 150 can

be configured to store statistical prior data for one or more of the neural modules 102. The data

storage modules 150 can also be configured to store statistical prior data for one or more of the

neural modules 102 and their correspondences to the sensor data collected by the sensing

modules 120.

[0124] The correspondence module 130 may include one or more embodiments of the

correspondence module as described elsewhere herein. The decision module 160 may include

one or more embodiments of the decision module as described elsewhere herein.

[0125] The action modules 170 may be configured to receive input from the decision module

160. Examples of action modules may include computing devices 170-1, therapeutic delivery

devices 170-2, notification devices 170-3, and so forth. The computing devices and/or

notification devices can be configured to provide alerts to the living subject (e.g., patient), and/or

to other parties such as healthcare providers or emergency personnel. The notification devices

can generate a visual signal and/or an audio signal to the patient to indicate presence, absence, or

extent of a potential cognitive or physiological disturbance of the patient. The visual signal may

comprise a flashing light, and the audible signal may comprise an audible alarm. For example,

the visual and/or audio signals may be used to notify the patient that he/she is hallucinating, and

to prompt the patient to revert back to reality. The signals may be produced externally to the

patient or may signal the patient through neural stimulation. For instance, the signals may evoke

the perception of a beep rather than producing a beep that would be audible to others. The

therapeutic delivery devices can be used to deliver electrical simulation to the patient and/or

provide pharmaceutical intervention (e.g. applying a medication dosage as described elsewhere

herein).

[0126] In some embodiments, the correspondence module 130 may be configured to be in

communication with (1) a neural module 102 and (2) one or more additional modules comprising

a sensing module 120, another neural module 102, and/or a data storage module 150. The neural



module(s) may be configured to collect neural data indicative of perceptions experienced by the

living subject. The sensing module may be configured to collect (1) sensor data indicative of

real-world information about an environment around the living subject, and/or (2) sensor data

indicative of a physical state or physiological state of the living subject. The data storage

module can be configured to store prior neural data and/or prior sensor data. The

correspondence module can be configured to measure a correspondence (a) between the neural

data collected by the neural module(s) and the sensor data collected by the sensing module, (b)

between the neural data collected by two or more neural modules, and/or (c) between the neural

data collected by the neural module(s) and the prior data stored in data storage module. The

measured correspondence can be used, for example by the decision module 160, to determine a

presence, absence, or extent of a potential cognitive or physiological disturbance of the living

subject.

[0127] In some embodiments, the measured correspondence may comprise a level of agreement

or disagreement (a) between the neural data collected by the neural module(s) and the sensor

data collected by the sensing module, (b) between the neural data collected by two or more

neural modules, and/or (c) between the neural data collected by the neural module(s) and the

prior data stored in data storage module. The level of agreement or disagreement need not be

binary, and can be measured along a continuum. In some cases, the level of agreement or

disagreement may comprise multiple discrete levels. In some embodiments, the level of

agreement or disagreement may be provided in the form of a multivariate vector. The

correspondence module can be measure the correspondence using statistical models, information

theory, or machine learning algorithms.

[0128] In some embodiments, the correspondence module can be configured to measure the

correspondence (b) between the neural data collected by the two or more neural modules,

without requiring or utilizing some or all of the sensor data collected by the sensing module.

Additionally or optionally, the correspondence module can be configured measure the

correspondence (c) between the neural data collected by the neural module(s) and the prior data

stored in data storage module, without requiring or utilizing some or all of the sensor data

collected by the sensing module.

[0129] The decision module 160 can be configured to determine the presence, absence, or extent

of the potential cognitive or physiological disturbance based on the measured correspondence

output by the correspondence module 130. The decision module can be further configured to

generate one or more alerts, notifications, control signals, etc. to the action modules 170. For

example, alerts or notifications can be sent to the patient or other parties such as healthcare



providers, such alerts or notifications being indicative of the presence, absence, or extent of the

potential cognitive or physiological disturbance. In some cases, the control signals can be sent to

the therapeutic delivery devices, for example to deliver electrical simulation to the patient and/or

provide pharmaceutical intervention (e.g. applying a medication dosage) to mitigate or counter

the potential cognitive or physiological disturbance.

[0130] The systems and methods described herein may operate in a manner that does not require

complete understanding of the mechanisms by which neural processes represent sensory data.

Current research is just beginning to probe how neural signals give rise to simple behaviors. It

will take many years of research activity to arrive at an understanding of neural processes that

allows perfect interpretation of brain activity, if such an understanding is even possible. It may

also not be necessary that the method provide complete, accurate decoding of neural

representations. For instance, the systems and methods described herein may not require an

understanding of neural activity at all, or of the sensory environment at all. The systems and

methods may only require that neural signals and sensor signals be measureable and

representable in an analog or digital form.

[0131] All that is required for the systems and methods to detect hallucinations or other corrupt

or inaccurate sensory representations is that the output from the one or more massively parallel

neural interface probes be correlated with the data from the one or more sensors. This creates a

model (a prior hypothesis) against which all subsequent data from both the neural recording

system and external sensors can be checked. This model may be updated based on advances in

the understanding of neural processes or advances in methods and systems for processing neural

signals. Regardless of the model, whenever the neural data and sensor data suddenly diverge, it

may be concluded that there is a high probability (according to the model) that a hallucination or

other pathological state has occurred.

[0132] For instance, the systems and method need not be able to accurately reconstruct the

details of human faces from neural representations of visual data. It may be sufficient to simply

determine that a patient is seeing some face from the neural representation of visual data. If the

neural representation and the sensor data disagree about the presence of a face in the room, this

may be taken as an indication that the patient is suffering a visual hallucination.

[0133] While preferred embodiments of the present invention have been shown and described

herein, it will be obvious to those skilled in the art that such embodiments are provided by way

of example only. Numerous variations, changes, and substitutions will now occur to those skilled

in the art without departing from the invention. It should be understood that various alternatives

to the embodiments of the invention described herein may be employed in practicing the



invention. It is intended that the following claims define the scope of the invention and that

methods and stmctures within the scope of these claims and their equivalents be covered thereby.



CLAIMS

WHAT IS CLAIMED IS:

1 . A system for monitoring neural activity, comprising:

a neural data analysis module configured to extract neural data from a plurality of

signals that are collected from the nervous system of a living subject using one or more

devices;

a sensing module configured to collect sensor data indicative of real-world signals from

an environment around or within the living subject; and

a correspondence module in communication with the neural data analysis module and

the sensing module, wherein the correspondence module is configured to generate an output

based on the neural data and the sensor data, wherein the output is indicative of a

correspondence between the environment and neural perceptions experienced by the living

subject.

2 . The system of claim 1, wherein the correspondence module is configured to detect corrupt or

inaccurate sensory representations from the correspondence based on statistical models,

information theory, or machine learning techniques.

3 . The system of claim 1, where the plurality of signals collected from the nervous system

comprises electrical signals, magnetic signals, and/or optical signals.

4 . The system of claim 1, wherein the one or more devices comprises a neural interface probe

provided in a massively parallel configuration.

5 . The system of claim 4, wherein the neural interface probe comprises a microwire bundle

bonded onto a CMOS sensing array.

6 . The system of claim 4, wherein the neural interface probe comprises an array of silicon

microelectrode probes that are bonded onto a CMOS sensing array such that each electrode

site is routed to a unique array position.

7 . The system of claim 1, wherein the one or more devices comprises an

electroencephalography (EEG) device.

8 . The system of claim 1, wherein the neural data is represented as one or more analog or digital

signals representing activity recorded in the nervous system.

9 . The system of claim 1, where the neural data is stored from previously recorded activity in

the nervous system of the living subject or other living subjects.

10. The system of claim 1, wherein the sensing module comprises a plurality of sensors selected

from the group consisting of vision sensors, audio sensors, touch sensors, location sensors,



inertial sensors, proximity sensors, heart rate monitors, temperature sensors, altitude sensors,

attitude sensors, pressure sensors, humidity sensors, vibration sensors, chemical sensors, and

electromagnetic field sensors.

11 . The system of claim 10, wherein one or more of the plurality of sensors in the sensing

module are provided in a mobile device, or in a wearable device configured to be worn by

the living subj ect.

12. The system of claim 5, wherein a plurality of neural interface probes are implanted in

different areas of the brain of the living subject that are associated with different sensory

processing.

13. The system of claim 12, wherein the different sensory processing includes visual, auditory,

tactile, taste, smell, position/movement, and/or interoception processing.

14. The system of claim 13, wherein one or more sensors are configured to collect real-world

environmental stimuli related to each of the different sensory processing.

15. The system of claim 14, wherein at least one neural interface probe is implanted in an area

of the living subject's brain associated with auditory processing, and wherein the sensing

module comprises at least one microphone configured to collect audio data in the vicinity of

the living subj ect.

16. The system of claim 14, wherein at least one neural interface probe is implanted in an area

of the living subject's brain associated with visual processing, and wherein the sensing

module comprises at least one camera configured to collect image data of the living

subject's surrounding.

17. The system of claim 14, wherein at least one neural interface probe is implanted in an area

of the living subject's brain associated with spatial or location awareness, and wherein the

sensing module comprises at least one global positioning sensor (GPS) sensor configured to

collect positional data of the living subject.

18. The system of claim 1, wherein the correspondence module is configured to determine

correspondence between the neural data and the sensor data.

19. The system of claim 1, wherein the correspondence module is configured to determine

correspondence between different sets of neural data.

20. The system of any one of the claims, wherein the correspondence module is implemented

via a statistical model.

21. The system of any one of the claims, wherein the correspondence module is implemented

via information theoretic calculations.



22. The system of any one of the claims, wherein the correspondence module is implemented

via machine learning algorithms.

23. The system of claim 1, wherein the correspondence module further comprises a decoder

configured to reconstruct neural representations of sensory perceptions from the neural data.

24. The system of claim 23, wherein the decoder comprises a speech recognition software

configured to reconstruct neural representations of speech and sounds, and wherein said

neural representations are recorded within neural signals collected by one or more neural

interface probes that are implanted in an area of the living subject's brain associated with

auditory processing.

25. The system of claim 24, wherein the correspondence module is configured to compare the

reconstructed neural representations of speech and sounds to actual audio data recorded by

the sensing module in the living subject's vicinity, so as to determine (1) whether the

reconstructed neural representations of speech and sounds correspond to real-life audio

stimuli, or (2) whether the reconstructed neural representations of speech and sounds

correspond to auditory hallucinations.

26. The system of claim 23, wherein the decoder comprises an image recognition software

configured to reconstruct neural representations of visual data, and wherein said neural

representations are recorded within neural signals collected by the one or more devices.

27. The system of claim 26, wherein the correspondence module is configured to compare the

reconstructed neural representations of visual data to actual image data recorded by the

sensing module in the living subject's vicinity, so as to determine (1) whether the

reconstructed neural representations of visual data correspond to real-life visual stimuli, or

(2) whether the reconstructed neural representations of visual data correspond to visual

hallucinations.

28. The system of claim 1, wherein the correspondence module is configured to generate an

error signal based on the degree of correspondence between neural data and sensor data.

29. The system of claim 1, wherein the correspondence module is configured to generate an

error signal based on different sets of neural data.

30. The system of claim 29, wherein a high error signal results from low correspondence and is

indicative that the living subject is experiencing inaccurate neural perceptions.

31. The system of claim 30, wherein the high error signal indicates that patterns of neural

activity are atypical and/or unhealthy patterns of neural activity.



32. The system of claim 29, wherein a low error signal results from high correspondence and

indicates that the living subject is experiencing neural perceptions matching the real-world

environmental stimuli.

33. The system of claim 32, wherein the low error signal indicates that patterns of neural

activity are typical and/or healthy patterns of neural activity.

34. The system of claims 30 or 31, wherein the high error signal is indicative of the living

subject experiencing a hallucination episode.

35. The system of claim 34, wherein the high error signal further comprises one or more visual

signals, audio signals, or vibration signals that are used to alert the living subject or a

healthcare provider entity.

36. The system of claim 35, wherein the system is in communication with a remote server

associated with a healthcare provider entity.

37. The system of claim 1, further comprising: a neural stimulator configured to receive an

action signal from a decision module, and generate neural stimuli depending on the action

signal, wherein the action signal is related to the correspondence between the neural data

and the sensor data.

38. The system of claim 37, wherein the neural stimulator is configured to generate the neural

stimuli when the action signal indicates that the correspondence between the neural data and

the sensor data is low.

39. The system of claim 37, wherein the neural stimulator is an implanted medical device

configured to automatically dispense a predetermined dosage of medication to the living

subject when the action signal indicates that the correspondence between the neural data and

the sensor data is low.

40. The system of claim 37, wherein the neural stimulator is an implanted medical device

configured to automatically vary a dispensed dosage of medication to the living subject

depending on the degree of correspondence.

41. The system of claims 39 or 40, wherein the medication is designed to alter a mental state of

the living subject to improve the expected correspondence between the neural data and the

sensor data, or to rectify the expected neural data.

42. The system of claim 37, wherein the neural stimulator is provided on one or more neural

interface probes, and configured to deliver electrical pulses to the living subject when the

correspondence is low.

43. The system of claim 42, wherein the electrical pulses are designed to alter a mental state of

the living subject to improve the correspondence.



44. The system of claim 1, wherein the correspondence module is configured to receive and

process (1) the neural data from the neural data analysis module and (2) the sensor data from

the sensing module, substantially in real-time.

45. The system of any one of the preceding claims, wherein said system comprises the decision

module of claim 37, and wherein the decision module is in communication with the

correspondence module.

46. A system for monitoring neural activity of a living subject, comprising:

a correspondence module configured to be in communication with (1) a neural module

and (2) one or more additional modules comprising a sensing module, another neural

module, and/or a data storage module,

wherein the neural module(s) are configured to collect neural data indicative of

perceptions experienced by the living subject,

wherein the sensing module is configured to collect (1) sensor data indicative of real-

world information about an environment around the living subject, and/or (2) sensor data

indicative of a physical state or physiological state of the living subject,

wherein the data storage module is configured to store prior neural data and/or prior

sensor data,

wherein the correspondence module is configured to measure a correspondence (a)

between the neural data collected by the neural module(s) and the sensor data collected by

the sensing module, (b) between the neural data collected by two or more neural modules,

and/or (c) between the neural data collected by the neural module(s) and the prior data

stored in data storage module, and

wherein the measured correspondence is used to determine a presence, absence, or

extent of a potential cognitive or physiological disturbance of the living subject.

47. The system of claim 46, wherein the measured correspondence comprises a level of

agreement or disagreement (a) between the neural data collected by the neural module(s)

and the sensor data collected by the sensing module, (b) between the neural data collected

by two or more neural modules, and/or (c) between the neural data collected by the neural

module(s) and the prior data stored in data storage module.

48. The system of claim 47, wherein the level of agreement or disagreement is measured along a

continuum.

49. The system of claim 46, wherein the correspondence module is configured to measure the

correspondence using statistical models, information theory, or machine learning algorithms.



50. The system of claim 47, wherein the level of agreement or disagreement comprises a

multivariate vector.

51. The system of claim 46, wherein the correspondence module is configured to measure the

correspondence (b) between the neural data collected by the two or more neural modules,

without requiring or utilizing some or all of the sensor data collected by the sensing module.

52. The system of claim 46, wherein the correspondence module is configured to measure the

correspondence (c) between the neural data collected by the neural module(s) and the prior

data stored in data storage module, without requiring or utilizing some or all of the sensor

data collected by the sensing module.

53. The system of claim 46, further comprising a decision module configured to determine the

presence, absence, or extent of the potential cognitive or physiological disturbance based on

the measured correspondence.

54. The system of claim 52, wherein the decision module is further configured to generate one

or more alerts to the living subject and/or a healthcare provider, wherein said alerts are

indicative of the presence, absence, or extent of the potential cognitive or physiological

disturbance.

55. The system of claim 52, wherein the decision module is further configured to generate one

or more control signals to one or more therapeutic delivery devices, to deliver electrical

stimulation and/or pharmaceutical intervention to mitigate the potential cognitive or

physiological disturbance.

56. The system of claim 46, wherein said system comprises one or more of the modules recited

in claims 1 through 45.

57. A method for monitoring neural activity of a living subject, comprising:

providing a correspondence module configured to be in communication with (1) a neural

module and (2) one or more additional modules comprising a sensing module, another

neural module, and/or a data storage module, wherein the neural module(s) are configured to

collect neural data indicative of perceptions experienced by the living subject, wherein the

sensing module is configured to collect (1) sensor data indicative of real-world information

about an environment around the living subject, and/or (2) sensor data indicative of a

physical state or physiological state of the living subject, and wherein the data storage

module is configured to store prior neural data and/or prior sensor data; and

measuring, with aid of the correspondence module, a correspondence (a) between the

neural data collected by the neural module(s) and the sensor data collected by the sensing

module, (b) between the neural data collected by two or more neural modules, and/or (c)



between the neural data collected by the neural module(s) and the prior data stored in data

storage module,

wherein the measured correspondence is used to determine a presence, absence, or

extent of a potential cognitive or physiological disturbance of the living subject.

58. The method of claim 57, wherein the measured correspondence comprises a level of

agreement or disagreement (a) between the neural data collected by the neural module(s)

and the sensor data collected by the sensing module, (b) between the neural data collected

by two or more neural modules, and/or (c) between the neural data collected by the neural

module(s) and the prior data stored in data storage module.

59. The method of claim 58, wherein the level of agreement or disagreement is measured along

a continuum.

60. The method of claim 57, wherein the correspondence module is configured to measure the

correspondence using statistical or machine learning algorithms.

61. The method of claim 58, wherein the level of agreement or disagreement comprises a

multivariate vector.

62. The method of claim 57, wherein the correspondence module is configured to measure the

correspondence (b) between the neural data collected by the two or more neural modules,

without requiring or utilizing some or all of the sensor data collected by the sensing module.

63. The method of claim 57, wherein the correspondence module is configured to measure the

correspondence (c) between the neural data collected by the neural module(s) and the prior

data stored in data storage module, without requiring or utilizing some or all of the sensor

data collected by the sensing module.

64. The method of claim 57, further comprising: determining, with aid of a decision module, the

presence, absence, or extent of the potential cognitive or physiological disturbance based on

the measured correspondence.

65. The method of claim 64, wherein the decision module is configured to generate one or more

alerts to the living subject and/or a healthcare provider, wherein said alerts are indicative of

the presence, absence, or extent of the potential cognitive or physiological disturbance.

66. The method of claim 64, wherein the decision module is further configured to generate one

or more control signals to one or more therapeutic delivery devices, to deliver electrical

stimulation and/or pharmaceutical intervention to mitigate the potential cognitive or

physiological disturbance.



67. A method for monitoring neural activity of a living subject, comprising:

extracting, with aid of a neural data analysis module, neural data from a plurality of

signals that are collected from the nervous system of a living subject using one or more

devices;

collecting, with aid of a sensing module, sensor data indicative of real-world signals

from an environment around or within the living subject; and

generating, with aid of a correspondence module in communication with the neural data

analysis module and the sensing module, an output based on the neural data and the sensor

data, wherein the output is indicative of a correspondence between the environment and

neural perceptions experienced by the living subject.

68. The method of claim 67, comprising: detecting corrupt or inaccurate sensory representations

from the correspondence based on statistical models, information theory, or machine

learning techniques.

69. The method of claim 67, where the plurality of signals collected from the nervous system

comprises electrical signals, magnetic signals, and/or optical signals.

70. The method of claim 67, wherein the one or more devices comprises a neural interface probe

provided in a massively parallel configuration.

71. The method of claim 70, wherein the neural interface probe comprises a microwire bundle

bonded onto a CMOS sensing array.

72. The method of claim 70, wherein the neural interface probe comprises an array of silicon

microelectrode probes that are bonded onto a CMOS sensing array such that each electrode

site is routed to a unique array position.

73. The method of claim 67, wherein the one or more devices comprises an

electroencephalography (EEG) device.

74. The method of claim 67, wherein the neural data is represented as one or more analog or

digital signals representing activity recorded in the nervous system.

75. The method of claim 67, where the neural data is stored from previously recorded activity in

the nervous system of the living subject or other living subjects.

76. The method of claim 67, wherein the sensing module comprises a plurality of sensors

selected from the group consisting of vision sensors, audio sensors, touch sensors, location

sensors, inertial sensors, proximity sensors, heart rate monitors, temperature sensors, altitude

sensors, attitude sensors, pressure sensors, humidity sensors, vibration sensors, chemical

sensors, and electromagnetic field sensors.



77. The method of claim 76, wherein one or more of the plurality of sensors in the sensing

module are provided in a mobile device, or in a wearable device configured to be worn by

the living subj ect.

78. The method of claim 70, wherein a plurality of neural interface probes are implanted in

different areas of the brain of the living subject that are associated with different sensory

processing.

79. The method of claim 78, wherein the different sensory processing includes visual, auditory,

tactile, taste, smell, position/movement, and/or interoception processing.

80. The method of claim 79, wherein one or more sensors are configured to collect real-world

environmental stimuli related to each of the different sensory processing.

81. The method of claim 80, wherein at least one neural interface probe is implanted in an area

of the living subject's brain associated with auditory processing, and wherein the sensing

module comprises at least one microphone configured to collect audio data in the vicinity of

the living subj ect.

82. The method of claim 80, wherein at least one neural interface probe is implanted in an area

of the living subject's brain associated with visual processing, and wherein the sensing

module comprises at least one camera configured to collect image data of the living

subject's surrounding.

83. The method of claim 80, wherein at least one neural interface probe is implanted in an area

of the living subject's brain associated with spatial or location awareness, and wherein the

sensing module comprises at least one global positioning sensor (GPS) sensor configured to

collect positional data of the living subject.

84. The method of claim 67, wherein the correspondence module is configured to determine

correspondence between the neural data and the sensor data.

85. The method of claim 67, wherein the correspondence module is configured to determine

correspondence between different sets of neural data.

86. The method of any one of the claims, wherein the correspondence module is implemented

via a statistical model.

87. The method of any one of the claims, wherein the correspondence module is implemented

via information theoretic calculations.

88. The method of any one of the claims, wherein the correspondence module is implemented

via machine learning algorithms.

89. The method of claim 67, wherein the correspondence module further comprises a decoder

configured to reconstruct neural representations of sensory perceptions from the neural data.



90. The method of claim 89, wherein the decoder comprises a speech recognition software

configured to reconstruct neural representations of speech and sounds, and wherein said

neural representations are recorded within neural signals collected by one or more neural

interface probes that are implanted in an area of the living subject's brain associated with

auditory processing.

91. The method of claim 90, wherein the correspondence module is configured to compare the

reconstructed neural representations of speech and sounds to actual audio data recorded by

the sensing module in the living subject's vicinity, so as to determine (1) whether the

reconstructed neural representations of speech and sounds correspond to real-life audio

stimuli, or (2) whether the reconstructed neural representations of speech and sounds

correspond to auditory hallucinations.

92. The method of claim 89, wherein the decoder comprises an image recognition software

configured to reconstruct neural representations of visual data, and wherein said neural

representations are recorded within neural signals collected by the one or more devices.

93. The method of claim 92, wherein the correspondence module is configured to compare the

reconstructed neural representations of visual data to actual image data recorded by the

sensing module in the living subject's vicinity, so as to determine (1) whether the

reconstructed neural representations of visual data correspond to real-life visual stimuli, or

(2) whether the reconstructed neural representations of visual data correspond to visual

hallucinations.

94. The method of claim 67, wherein the correspondence module is configured to generate an

error signal based on the degree of correspondence between neural data and sensor data.

95. The method of claim 67, wherein the correspondence module is configured to generate an

error signal based on different sets of neural data.

96. The method of claim 95, wherein a high error signal results from low correspondence and is

indicative that the living subject is experiencing inaccurate neural perceptions.

97. The method of claim 96, wherein the high error signal indicates that patterns of neural

activity are atypical and/or unhealthy patterns of neural activity.

98. The method of claim 95, wherein a low error signal results from high correspondence and

indicates that the living subject is experiencing neural perceptions matching the real-world

environmental stimuli.

99. The method of claim 98, wherein the low error signal indicates that patterns of neural

activity are typical and/or healthy patterns of neural activity.



100. The method of claims 96 or 97, wherein the high error signal is indicative of the living

subject experiencing a hallucination episode.

101. The method of claim 100, wherein the high error signal further comprises one or more

visual signals, audio signals, or vibration signals that are used to alert the living subject or

a healthcare provider entity.

102. The method of claim 67, further comprising: receiving, by a neural stimulator, an action

signal from a decision module, and generating neural stimuli depending on the action

signal, wherein the action signal is related to the correspondence between the neural data

and the sensor data.

103. The method of claim 102, wherein the neural stimulator is configured to generate the

neural stimuli when the action signal indicates that the correspondence between the neural

data and the sensor data is low.

104. The method of claim 102, wherein the neural stimulator is an implanted medical device

configured to automatically dispense a predetermined dosage of medication to the living

subject when the action signal indicates that the correspondence between the neural data

and the sensor data is low.

105. The method of claim 102, wherein the neural stimulator is an implanted medical device

configured to automatically vary a dispensed dosage of medication to the living subject

depending on the degree of correspondence.

106. The method of claims 104 or 105, wherein the medication is designed to alter a mental

state of the living subject to improve the expected correspondence between the neural data

and the sensor data, or to rectify the expected neural data.

107. The method of claim 102, wherein the neural stimulator is provided on one or more neural

interface probes, and configured to deliver electrical pulses to the living subject when the

correspondence is low.

108. The method of claim 107, wherein the electrical pulses are designed to alter a mental state

of the living subject to improve the correspondence.

109. The method of claim 67, wherein the correspondence module is configured to receive and

process (1) the neural data from the neural data analysis module and (2) the sensor data

from the sensing module, substantially in real-time.

110. The method of any one of the preceding claims, wherein the decision module is in

communication with the correspondence module.
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