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BRAIN-COMPUTER INTERFACE TEST
BATTERY FOR THE PHYSIOLOGICAL

ASSESSMENT OF NERVOUS SYSTEM
HEALTH

CROSS REFERENCE TO RELATED
APPLICATION

This application is a Divisional of PCT/US2010/038560
filed Jun. 14, 2010, which claims benefit of U.S. Provisional
Application No. 61/186,901 filed Jun. 15, 2009 and U.S.
Provisional Application No. 61/291,830 filed Dec. 31, 2009.
The contents of these applications are hereby incorporated by
reference in their entireties.

TECHNICAL FIELD

The invention relates to diagnosis and analysis of brain
health through the creation of a personalized biometric brain
health signature.

BACKGROUND

Normal functioning of the brain and nervous system is
critical to a healthy, enjoyable and productive life. Disorders
of the brain and nervous system are among the most dreaded
of diseases. Many neurological disorders such as stroke,
Alzheimer’s dementia, and Parkinson’s disease are insidious
and progressive, becoming more common with increasing
age. Others such as schizophrenia, depression, multiple scle-
rosis and epilepsy arise at younger age and can persist and
progress throughout an individual’s lifetime. Sudden cata-
strophic injuries to the nervous system, such as trauma, infec-
tions, and intoxications can also affect any individual of any
age at any time.

Most nervous system dysfunction arises from complex
interactions between an individual’s genotype, environment
and personal habits and thus often presents in highly person-
alized ways. However, despite the emerging importance of
preventative health care, convenient means for objectively
assessing the health of one’s own nervous system have not
been widely available. Therefore, new ways to monitor the
personalized health status of the brain and nervous system are
needed for normal health surveillance, early diagnosis of
dysfunction, tracking of disease progression and the discov-
ery and optimization of treatments and new therapies.

Unlike cardiovascular and metabolic disorders, where per-
sonalized health monitoring biomarkers such as blood pres-
sure, cholesterol, and blood glucose have long become house-
hold terms, no such convenient biomarkers of brain and
nervous system health exist. Quantitative neurophysiological
assessment approaches such as positron emission tomogra-
phy (PET), functional magnetic resonance imaging (fMRI)
and neuropsychiatric or cognition testing involve significant
operator expertise, inpatient or clinic based testing and sig-
nificant time and expense. One potential technique that may
be adapted to serve a broader role as a facile biomarker of
nervous system function is electroencephalography (EEG),
which measures the brain’s ability to generate and transmit
electrical signals. However, formal lab based EEG
approaches typically require significant operator training,
cumbersome equipment, and are used primarily to test for
epilepsy.

Alternate and innovative biomarker approaches are needed
to provide quantitative measurements of personal brain health
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2

that could greatly improve the prevention, diagnosis and
treatment of neurological and psychiatric disorders.

SUMMARY

According to one aspect of the invention, the systems and
methods relate to assessing the brain health of a subject by
applying at least one portable EEG electrode to the scalp;
recording EEG signals in various brain states such as: resting
states, while experiencing various standardized sensory
inputs, while completing cognitive tasks, and while undergo-
ing various other challenges, like a respiratory CO, challenge;
transferring the data directly to an electronic device, such as
a cell phone, a PDA or a computer; and processing the signal
to create a personalized physiological brain health biometric
signature to, for a non-limiting example, monitor disease
progression, optimize treatment and therapy, and/or to pro-
vide biofeedback therapy. Moreover, the invention pertains to
devices that include both stimulation and recording means
within the same headset, including recording sensors and
electronics as well as auditory, photic, and other sensory
stimulation capability.

According to another aspect of the invention, a method is
provided to monitor the brain and nervous system of a subject
comprising applying at least one EEG electrode to the scalp of
the subject; recording EEG signal data generated by the sub-
jectwhilein at least three of the following states, resting state,
sensory and cognitive challenge state(s); transferring the
EEG signal data to amicroprocessor; and processing the EEG
signal data to create a personalized biometric brain health
signature.

According to another aspect of the invention, a method is
provided to monitor the brain and nervous system of a subject
comprising, applying at least one EEG electrode to the scalp
of the subject; recording EEG signal data generated by the
subject while the subject is in a resting state; displaying both
neutral and traumatic images to the subject; recording EEG
signal data generated by the subject during the displaying of
both neutral and traumatic images; transferring the EEG sig-
nal data to a microprocessor; and processing the EEG signal
data to create a personalized biometric brain health signature.

According to another aspect, the invention includes an
alpha rhythm monitor process comprising of applying at least
one EEG electrode to the scalp of the subject; recording EEG
signal data including the alpha rhythm in a resting, eyes-
closed state; perturbing the subject with a stimulus; recording
EEG signal data, including alpha rhythm, generated by the
subject during the perturbing; and comparing the alpha
rhythm in the resting, eyes-closed state to the alpha rhythm
generated by the subject during the perturbing to assess the
integrity of the neural circuits conveying the perturbing
stimulus.

According to another aspect, the invention includes a
stimulus force F monitor process comprising applying at least
one EEG electrode to a scalp of the subject; perturbing the
subject with a first stimulus having a frequency F; recording
EEG signal data generated by the subject during the perturb-
ing with the first stimulus; perturbing the subject with a sec-
ond stimulus; recording EEG signal data generated by the
subject during the perturbing with the second stimulus; and
comparing the EEG signal data corresponding to the first
stimulus to the EEG signal data corresponding to the second
stimulus to probe the integrity of the neural circuits conveying
the first and second stimulus information.

According to another aspect, the invention includes a
method of determining an effect of a medical therapy on a
subject, comprising: applying at least one EEG electrode to
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the scalp of the subject; recording EEG data generated by the
subject while exposed to a test battery of more than three
sensory and cognitive challenge tasks at a time T1 prior to the
administration of the therapy; administering the therapy to
the subject; recording EEG data generated by the subject
while exposed to the test battery at a time T2 after the admin-
istrating of the therapy; and comparing the EEG data recorded
at time T1 to the EEG data recorded at time T2.

According to another aspect, the invention further includes
amethod to monitor the brain and nervous system ofa subject
comprising: applying at least one EEG electrode to the scalp
of the subject; recording EEG signal data while the subject is
performing a cognitive task; recording data pertaining to the
performance of the cognitive task by the subject; transferring
the EEG signal data and the cognitive performance data to a
microprocessor; and processing the EEG signal data, includ-
ing reaction time and accuracy data, and the cognitive perfor-
mance data to create a multimodal, multi-variate personalized
biometric brain health signature.

According to another aspect, the invention comprises an
apparatus for determining a biometric signature of a brain or
nervous system of a subject comprising: at least one EEG
sensor; at least one reference sensor; a first electronics system
coupled to record EEG sensor signal data from the at least one
EEG sensor; a second electronics system adapted to present
and coordinate sensory and cognitive stimuli to the subject
simultaneously with the recording of the EEG signal data;
and a third electronics system coupled to receive and process
the EEG signal data and performance data of the subject
corresponding to the sensory and cognitive stimuli to create a
biometric brain health signature for the subject.

According to another aspect, the invention also comprises
means to measure quantitatively an alpha rhythm of the brain
and nervous system of the subject; means to perturb the
subject with sensory and cognitive challenges; and means to
measure quantitatively an effect on the subject’s alpha
rhythm due to the perturbation.

According to another aspect, the invention includes means
to measure a baseline resting state EEG power spectral den-
sity of the subject; means to perturb the brain and nervous
system of the subject with at least one of sensory and cogni-
tive challenge perturbation, the perturbation having a fre-
quency F; means to measure the response of at least one of the
subject’s brain and nervous system to the perturbation at each
of Frequency F, a sub-harmonic of Frequency F and a supet-
harmonic of Frequency F; and means to compare the
responses at F, the sub-harmonic of F, and the super-harmonic
of F to each other.

According to another aspect, the invention includes at least
one EEG sensor; at least one reference sensor; a first elec-
tronics system coupled to record EEG sensor signals from the
EEG sensor; a second electronics system adapted to present
and record data pertaining to the performance of cognitive
tasks by the subject; and a third electronics system adapted to
combine the data pertaining to the performance of the cogni-
tive tasks by the subject and the EEG data to create multi-
modal biometric classifiers.

Finally, according to another aspect, the invention includes
aheadset device for delivering both stimulation and challenge
while recording EEG comprising: at least one EEG sensor; at
least one reference sensor; a first electronics system coupled
to record EEG sensor signals from the EEG sensor; and a
second electronics system adapted to present and coordinate
sensory and cognitive stimuli simultaneous with the record-
ing of the EEG signal data.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention can be better understood
with reference to the following drawings.
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FIG. 1 is a schematic diagram illustrating the three funda-
mental blocks of the systems and methods of the present
invention.

FIG. 2 illustrates an alternate schematic of the overall
system for the creation and use of a personalized biometric
brain health signature.

FIG. 3 illustrates an alternate and refined breakdown of the
components of the overall systems and methods ofthe present
invention.

FIG. 4 illustrates an electrical circuit suitable to record
from one reference or two differential electrodes.

FIG. 5 is a block diagram showing various non-limiting
digital transmission protocols that can be implemented to
move the digital EEG data from the data transmitter to the
data receiver.

FIG. 6A is a perspective view of an EEG headset embodi-
ment to collect the EEG electrical signals within the interior
of a baseball cap or military helmet.

FIG. 6B s a close-up view of the dry EEG sensor portion of
the EEG headset showing the electrode within the headband
touching the scalp.

FIG. 7A illustrates an example client data receiver in the
form of an Apple™ iPhone™.

FIG. 7B illustrates an example client data receiver in the
form of a Research in Motion™ BlackBerry™ smart phone
or Nokia™ N95 data-capable smart phone.

FIG. 7C illustrates an example client data receiver, custom
designed for bench top or trolley cart use in a hospital or
clinical setting.

FIG. 8 is an example screenshot from a personal computer
collecting single dry electrode EEG raw, filtered, and PSD
data from within Neuroview™ software.

FIG. 9A is a graph showing a 30-second segment of raw
EEG recording.

FIG. 9B is a graph showing a Fast Fourier Transformed
(FFT) Power Spectral Density (PSD) trace calculated from a
raw EEG signal collected in an Eyes Closed state.

FIG. 10A is a graph showing interday variability over five
days of relative PSD traces, with an inset indicating the coef-
ficients of variation in several spectral sub-bands.

FIG. 10B is a graph showing interday variability over five
days of absolute PSD traces.

FIG. 10C is a graph showing interday variability over five
days in the ratio of the relative power in the theta to alpha
bands (theta/alpha ratio).

FIG. 11 is a graph showing a comparison of an Eyes Closed
PSD trace and an Eyes Open PSD trace.

FIG. 12A is a graph showing a bin-wise ratio of an Eyes
Closed (EC) divided by Eyes Open (EO) PSD in a volunteer.

FIG. 12B is a graph showing a bin-wise ratio of an Eyes
Closed (EC) divided by Eyes Open (EO) PSD in a volunteer.

FIG. 13 is a graph showing a bin-wise ratio of EC divided
by EO PSDs collected remotely from a subject in New York
City by a test administrator near Philadelphia, Pa.

FIG. 14 is a block diagram illustrating a multiple input
auditory stimulation data acquisition paradigm.

FIG. 15 is a block diagram illustrating a combined sensory
stimulation and cognitive challenge data acquisition para-
digm.

FIG. 16 is a block diagram illustrating a combined sensory
and cognitive challenge data acquisition paradigm leading to
a summary data table that includes both spectral EEG mea-
sures as well as cognitive variables like reaction time.

FIG. 17 is a block diagram illustrating a system capable of
simultaneous cognitive testing and auditory/visual stimula-
tion with functional EEG data stream recording on two syn-
chronized computers.
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FIG. 18 is a graph showing a time averaged relative PSD
recorded while a subject performed the computerized cogni-
tion Cog State™ Identification task (“Is it Red?”) in the Cog
State™ Research test battery.

FIG. 19 is a data table showing the raw data from the
computerized cognition test including the reaction time of a
subject performing the Cog State™ Identification task of the
Cog State™ research battery.

FIG. 20 is a summary data table from the simultaneous
recording of cognition data from the Cog State™ Identifica-
tion task including reaction time and accuracy and functional
EEG including spectral sub-band, non-linear dynamical, and
wavelet biometrics.

FIG. 21 is a block diagram illustrating a system capable of
simultaneous PASAT™ cognitive testing and auditory/visual
stimulation with functional EEG data stream recording on
two synchronized computers.

FIG. 22 is a graph showing the time averaged relative PSD
from a 105 second EEG recording collected during the
PASAT™ test at speed 2.4.

FIG. 23 is a screenshot of the PASAT™ gcoring function in
the University of Victoria Neuropsychology Department’s
computerized PASAT™ software.

FIG. 24 is a screenshot of a time series of the recorded
audio file of both the administrator and test subject’s
responses during the PASAT™ test, with reaction time data
indicated and extracted in the table below.

FIG. 25 is a graph showing calculated time averaged rela-
tive PSD of a subject undergoing photic stimulation with
LED goggles at 10 Hz in an Eyes Closed state, showing both
the primary driving frequency F as well as the harmonic at 2F.

FIG. 26 is a graph showing calculated time averaged rela-
tive PSD of a subject undergoing photic stimulation with
LED goggles at 12 Hz in an Eyes Closed state, showing both
the primary driving frequency F as well as the harmonic at 2F.

FIG. 27A is a graph showing the calculated time averaged
relative PSD for a subject holding a room temperature com-
puter mouse as a sensory challenge control.

FIG. 27B is a graph showing the calculated time averaged
relative PSD for a subject holding an ice cube for 60 seconds
as a sensory challenge assessing pain circuits, much like the
thermal grill.

FIG. 28 is a graph showing averaged relative PSD during
either (i) attentive or (ii) inattentive states.

FIG. 29A is a graph of an Eyes Open resting state shortly
before a 0.5 mg dose of GASA_A receptor agonist clon-
azepam was taken.

FIG. 29B is a graph of an Eyes Open resting state 80
minutes after a 0.5 mg dose of GASA_A receptor agonist
clonazepam was taken, showing elevated spectral beta in the
post dose PSD.

FIG. 30A is a 3-D graph of an Eyes Closed absolute power
spectral density sliding window plot before taking a 25 mg
dose of Histamine receptor H1 receptor antagonist Benadryl.

FIG. 30B is a 3-D graph of Eyes Closed absolute power
spectral density 60 minutes after taking a 25 mg dose of
Histamine receptor H1 receptor antagonist Benadryl.

FIG. 31 is a graph showing calculated PSD during the
following alertness states: Eyes Open awake, Eyes Closed
awake, Eyes Closed asleep.

FIG. 32 illustrates a novel headset that integrates the capa-
bility to both stimulate the subject with audio and visual
stimulation as well as record EEG with sensors and elec-
trodes.
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FIG. 33 is a graph comprised of two traces showing time
averaged relative PSDs for isochronic tones comparing Eyes
Closed no tone (dotted line) versus 10 Hz beat frequency
isochronic tones (solid line).

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

Definitions

By “electrode to the scalp” we mean to include, without
limitation, those electrodes requiring gel, dry electrode sen-
sors, contactless sensors and any other means of measuring
the electrical potential or apparent electrical induced poten-
tial by electromagnetic means.

By “monitor the brain and nervous system” we mean to
include, without limitation, surveillance of normal health and
aging, the early detection and monitoring of brain dysfunc-
tion, monitoring of brain injury and recovery, monitoring
disease onset, progression and response to therapy, for the
discovery and optimization of treatment and drug therapies,
including without limitation, monitoring investigational
compounds and registered pharmaceutical agents, as well as
the monitoring of illegal substances and their presence or
influence on an individual while driving, playing sports, or
engaged in other regulated behaviors.

A “medical therapy” as used herein is intended to encom-
pass any form of therapy with potential medical effect,
including, without limitation, any pharmaceutical agent or
treatment, compounds, biologics, medical device therapy,
exercise, biofeedback or combinations thereof.

By “EEG data” we mean to include without limitation the
raw time series, any spectral properties determined after Fou-
rier transformation, any nonlinear properties after non-linear
analysis, any wavelet properties, any summary biometric
variables and any combinations thereof.

A “sensory and cognitive challenge” as used herein is
intended to encompass any form of' sensory stimuli (to the five
senses), cognitive challenges (to the mind), and other chal-
lenges (like a respiratory CO, challenge, virtual reality bal-
ance challenge, hammer to knee reflex challenge).

A “sensory and cognitive challenge state” as used herein is
intended to encompass any state of the brain and nervous
system during the exposure to the sensory and cognitive chal-
lenge.

An “electronic system” as used herein is intended to
encompass, without limitation, hardware, software, firm-
ware, analog circuits, DC coupled or AC coupled circuits,
digital circuits, FPGA, ASICS, visual displays, audio trans-
ducers, temperature transducers, olfactory and odor genera-
tors, or any combination of the above.

By “spectral bands” we mean without limitation the gen-
erally accepted definitions in the standard literature conven-
tions such that the bands of the PSD are often separated into
the Delta band (f<4 Hz), the Theta band (4<f<7 Hz), the
Alpha band (8<f<12 Hz), the Beta band (12<f<30 Hz), and
the Gamma band (30<f<100 Hz). The exact boundaries of
these bands are subject to some interpretation and are not
considered hard and fast to all practitioners in the field.

Systems and methods for analyzing and assessing brain
health signatures and cognitive status.

The systems and methods of the present invention com-
prise devices and methods relating to a brain-computer inter-
face (BCI) which apply EEG (electroencephalograph) elec-
trodes to a subject and monitor the minute electrical signals
from the brain non-invasively to create a personalized bio-
metric brain health signature. The components of the system
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fall generally into one of three main categories, including but
not limited to, (i) the hardware and devices to record the EEG
signals and apply various external perturbations to stimulate,
activate or drive the central nervous system, (ii) the test bat-
tery and paradigms to challenge the brain during the EEG
recording session, including the combinations of resting
states (e.g. Eyes Closed) with dynamic or stimulated states,
and (iii) the post-EEG signal processing and derived classi-
fiers, either in real-time via fast electronics or via offline
analysis once the analog signals have been digitized into
bytes by an Analog to Digital Converter and stored on a mass
storage device like a hard drive or USB flash drive.

The systems and methods of the present invention focus on
various BCI test batteries of physiological function using the
computer in two ways (see FIG. 1): (i) to receive EEG data
from a scalp electrode device 12 and (ii) to also deliver much
of the test battery 24 to the subject. We currently envision the
EEG means of detection as a scalp EEG received by a com-
puter 16 but the computer will also deliver the test and analyze
the results. It will receive the EEG data and apply an algo-
rithm 18 to define normal baseline functioning in an indi-
vidual and to check for deterioration in brain health. For any
individual 10, the systems and methods of the present inven-
tion could be added as a quantitative assessment of brain
health. For instance, if someone progressively becomes
demented, or sustains head injury, the pathophysiological
brain changes could be assessed serially by applying the BCI
test battery. In more specific diseases, this can be used in a
customized way to track disease progression and treatment
efficacy in disorders such as Alzheimer’s disease, Schizo-
phrenia, Depression, Anxiety, Bipolar illness, and pain disor-
ders. In general, the utility of the present invention has general
use as a wellness check. Additionally, the present invention
can be used for at least three distinct applications as a person
acquires a disease, including: (i) tracking disease progres-
sion, (ii) guiding treatment and therapy (e.g. dose, timing,
types of medicines), and (iii) as therapy via biofeedback,
providing a means for someone doing mental exercises to try
to adjust the EEG signature back to normal.

FIG. 1 illustrates the systems and methods of the present
invention, including the scalp electrodes 12 on subject 10, the
cell phone or PDA 14, the computer 16, signal processing 18,
personalized physiological brain health biometric signature
20, for use in monitoring disease progression, treatment opti-
mization, and biofeedback box 22. The test battery is illus-
trated in the box 24 to the left.

FIG. 2 illustrates the three main sets of elements of the
systems and methods of the present invention, where the
acquisition hardware 42 is connected to human subject 40 via
electrode 34 relative to reference electrode 36. There can be
another ground electrode, not shown in the figures to enable
subtraction of any DC offset potential to create a true AC
signal for electronic amplification purposes. The data collec-
tion test battery or paradigm is represented by 44, and the
post-signal processing and data analysis is represented by 46.

More particularly, FIG. 2 illustrates an alternate schematic
of the overall system for the creation and use of a personalized
biometric brain health signature. Electrode 34 and counter-
electrode 36 sit on scalp 40, the electrical potentials are
recorded and processed in the EEG hardware 42, then col-
lected during the treatment paradigm 44 for post-processing,
display and interpretation 46. The electrodes or sensors 34
and 36 can be AC coupled to the amplifier or alternatively DC
coupled to the amplifier.

It is evident that concealing a single dry electrode and
reference and ground electrodes in a baseball cap or hat would
lead to a concealed means to record EEG data in a more public
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setting without attracting attention to the user. Military and
sports helmets could have the EEG electrodes embedded into
them with miniaturized electronics modules transmitting the
EEG data in real-time wireless interface (like Bluetooth™ or
Wi-Fi) to nearby receivers for analysis, storage, and post-
acquisition processing. Sweatbands and auditory, visual com-
binations like virtual reality goggles are also contemplated
for different embodiments of the present invention.

FIG. 3 illustrates an alternate and refined breakdown of the
components of the overall systems and methods ofthe present
invention. The signals from electrodes 60 are fed to the EEG
amplifier 61, then pass through signal filters 62 to analog-to-
digital converter 63 to a digital signal processor 64 to a wire-
less transmitter 65. The wireless data stream is received in
wireless receiver 70, sent to data storage 71 for computation
in CPU 72 with associated algorithms where index or graph
73 is created and displayed on visual display 74. From there,
a broadband network 80 moves the data to a database on a
server 81 for group/meta analysis 82 in batch processing 83
for production of group results 84.

What is the brain-computer interface?

The brain-computer interface is the means of measuring
brain cortical electrical activity with a variety of EEG tech-
niques known in the art, including but not limited to, 25 the
10-20 international system, or more customized electrode
arrays which may include only a few regional electrodes or
even a single strategically placed electrode. The detector can
also include a magneto encephalogram (MEG).

FIG. 4 illustrates an electrical circuit suitable to record
from one reference or two differential electrodes (courtesy of
Analog Devices bio signal technical note). This is a detailed
example of EEG amplifier 61 of FIG. 3 and a part of block 42
of FIG. 2.

FIG. 5 illustrates a block diagram of various digital trans-
mission protocols that can be implemented to move the digital
EEG data from the data transmitter to the data receiver,
including wired connections (e.g. RS232, RS485, USB) as
well as wireless means (e.g. Bluetooth, ZigBee, Wi-Fi, Wi-
Max).

The interface of the EEG detection device with the com-
puter can be facilitated through a standard wired or wireless
interface (e.g. Bluetooth™ or Wi-Fi) or alternatively, a wire-
less protocol to use a smart phone or PDA (e.g. iPhone™ or
BlackBerry™ device having a Bluetooth™ interface) as the
intermediary in the process. The functional EEG signals will
be detected as voltage as a function of time under either
resting conditions or during applications of the various cog-
nitive and sensory test battery maneuvers. The voltage time
series can be transformed and plotted via Fast Fourier Trans-
form (FFT) for spectral analysis and construction of the
power spectral density (PSD), where these spectral signatures
under baseline as well as under the various test battery con-
ditions, constitute a functional bio-signature of a given indi-
vidual’s brain and nervous system. The power spectral signa-
tures can be subjected to multi-parametric analysis, looking at
relationships between two electrodes or coherence between
signatures amongst two or more electrodes. The relationship
between distinct frequency bands can also be utilized (e.g,,
alpha to theta ratio).

FIG. 6A illustrates an alternative EEG headset embodi-
ment to collect the EEG electrical signals within the interior
of a baseball cap or military helmet, where an electronics
headband 86 contains various electrodes that contact the scalp
and send wired signals along support 88 to electronics mod-
ule 90 which includes the components necessary to amplify,
filter, digitize, process and wirelessly transmit the signals
according to the present invention specifications. FIG. 6B
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illustrates a magnified view of the alternative EEG headset
embodiment to collect the EEG electrical signals, showing
electrode 92 within the headband 86 touching the scalp 94.

As mentioned earlier, the receiving electronics can be in
many forms including cell phone, PDA, PC or other device
with microprocessor, such as a car. FIG. 7A illustrates an
example client data receiver in the form of an Apple iPhone.
FIG. 7B illustrates an example client data receiver in the form
of a Research in Motion BlackBerry smart phone or Nokia
N95 data capable smart phone. FIG. 7C illustrates an example
client data receiver custom designed for bench top or trolley
cart use in a hospital or clinical setting.

A preferred embodiment of the present invention is in the
form of a personal computer running software designed to
receive the EEG data through either a wired or wireless inter-
face as exemplified in FIG. § above. FIG. 8 presents an
example screens hot from a personal computer collecting
single dry electrode EEG raw 100, filtered 105, and PSD 110
data recording at 128 samples/sec using a single dry electrode
from a NeuroSky™ MindSet™ Pro headset using Neuro-
View™ software. One can further see two eye blinks indi-
cated by 101 and 102 in the raw data panel 100. Notice these
are not as easily visible in the filtered data window 105, but
still appear as 106 and 107 respectively.

Spontaneous blinking is driven by a known brain circuit
involving the basal ganglia and abnormal blink rates occur in
neurological diseases related to dopaminergic transmission
impairments, such as attention deficit hyperactivity disorder
(ADHD), Schizophrenia, and Parkinson’s disease (Esteban et
al., 2004). This fact highlights just one non-limiting way in
which the present invention can be used to assess specific
brain circuits in health and disease. Quantification of blink
rates via the myoelectric response at forehead scalp sensors is
part of the systems and methods of the present invention.

FIG. 9A presents a 30 second segment of raw EEG record-
ing at 128 samples/sec using a single dry electrode Neuro-
Sky™ Mind Set Pro headset using NeuroView™ software.
Notice the y-axis scales from 0 to 1023 reflecting the 12-bit
Analog-to-Digital Converter output in its uncalibrated for-
mat. After approximately 15 seconds, one can see a burst of
activity at 111 where the amplitude of the EEG fluctuates with
greater amplitude. It becomes quiet again at 112 near 27
seconds into the trace.

FIG. 9B presents a Fast Fourier Transformed (FFT) Power
Spectral Density (PSD) of a raw EEG signal collected for 3
minutes in a resting eyes closed state from electrode position
Fp1. The absolute power is shown on the y-axis in a logarithm
plot over several decades in arbitrary units with frequency
bins from 0 to 30 Hz along the x-axis. One can quickly note
the prominent peak 115 at 10 Hz in this subject, reflective of
a pronounced alpha rhythm, first observed by Hans Berger in
1928. The alpha rhythm Eyes Closed state represents a state
of alertness and readiness to receive input. It is remarkable to
see this prominent feature from a single lead headset off a
forehead position like Fp1, since alpha is typically observed
in full electrode montages from the occiput of the head.

Itwill be noted that the systems and methods of the present
invention consist of single electrode or sensor systems as just
described above. Alternate embodiments of the invention
include systems and methods that have two recording elec-
trodes, enabling inter electrode measurements like synchro-
nicity, concordance, and coherence to be calculated. Fplisa
convenient location for a single electrode; however, the
present invention also contemplates other positions on the
scalp, including 01 or Oz over the occipital region of the
brain.
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FIG. 10A presents an analysis of the relative interday vari-
ability in a single 44 year old male participant. Five relative
Power Spectral Density (PSD) traces from five independent
days are plotted along with the geometric mean (black bold
line, with the relative power shown on the y-axis in percent-
age of power with frequency bins from 0 to 30 Hz along the
x-axis) showing excellent relative power variability from day
to day. In the inset at the bottom of the figure, one can see the
percent coefficient of variation (% CV) shown for the four
major spectral bands of delta, theta, alpha and beta, all with %
CV less than or equal to 25%.

FIG. 10B presents an analysis of the absolute interday
variability in a single 44 year old male participant. Five abso-
lute Power Spectral Density (PSD) traces from five indepen-
dent days are plotted (with the absolute power shown on the
y-axis in arbitrary units with frequency bins from 0 to 30 Hz
along the x-axis) showing reasonably large interday absolute
variability.

FIG. 10C presents an analysis of the relative interday vari-
ability in a single 44 year old male participant. The ratio of the
relative power in the theta to alpha bands (theta/alpha ratio) is
plotted on the y-axis from the relative Power Spectral Density
(PSD) traces from five independent measurement days (along
the x-axis). The group mean, as well as mean plus standard
deviation and mean minus standard deviation are also plotted
as horizontal lines for reference. The data show an 8.8% CV
in the theta/alpha ratio across the five independent days.

According to the systems and methods of the present
invention, the computer also facilitates the input of some of
the test battery which will be administered to a subject, to
include the administration of specific frequencies of sound/
auditory information and specific frequencies of lights via the
eye, or alternatively administrating the cognitive test battery.

FIG. 11 presents a comparison of two Fast Fourier Trans-
formed (FFT) absolute Power Spectral Density (PSD) traces
of raw Fpl EEG signals collected for three minutes in a
resting Eyes Closed (EC) state 140 immediately followed by
three minutes of resting Eyes Open (EO) EEG 145. The
absolute power is shown on the y-axis in arbitrary units with
frequency bins from O to 30 Hz along the x-axis. One can
notice a prominent increase in the power of the peak near 10
Hz in the resting Eyes Closed (EC) state 140 indicative of
increased alpha rhythm. Considering the logarithmic y-axis,
the peak energy is quite prominent.

FIG. 12A presents the bin-wise ratio of the Eyes Closed
(EC) divided by Eyes Open (EO) PSDs in a 44 year old male
participant, showing an elevated alpha peak 160 greater than
five-fold enhanced around 10 Hz. Note a value of unity (1.0)
165 represents no change in relative power from the ECto EO
ratio. The EC/EO ratio is shown on the y-axis with frequency
bins from 0 to 30 Hz along the x-axis.

FIG. 12B presents the bin-wise ratio of the Eyes Closed
(EC) divided by Eyes Open (EQ) PSDs in a 48 year old male
participant, showing an elevated alpha peak 170 nearly five-
fold enhanced around 10 Hz. Note a value of unity represents
no change in relative power from the EC to EO ratio. The
EC/EOQ ratio is shown on the y-axis with frequency bins from
0 to 30 Hz along the x-axis. It is important to note that the
shape and magnitude of the alpha elevation in 12A and 12B
appear different and represent unique biometric signatures of
the brain physiology of each individual subject.

Another important aspect of the present invention is its
ability to be conducted remotely. Thus, because of the sim-
plicity and portability of the headset, it is possible to collect
EEG data remotely using an internet connection to control the
remote data collection PC while the headset rests on the test
subject far away from the data collection specialist.
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To present this point in explicit detail, FIG. 13 presents the
bin-wise ratio of the Eyes Closed (EC) divided by Eyes Open
(EO) PSDs in a 48 year old male participant who resided in
Manhattan, NYC while the data collection specialist was
remotely located near Philadelphia, Pa., demonstrating the
ability to make real-time remote measurements through a
network connection. Note the elevated alpha peak 175 nearly
four-fold enhanced around 10 Hz. Note a value of unity
represents no change in relative power from the EC to EO
ratio. The EC/EQ ratio is shown on the y-axis with frequency
bins from 0 to 30 Hz along the x-axis.

Multiple Types of Sensory and Cognitive Stimuli

Rather than passively monitor the brain signals in isolation
and in an uncontrolled manner, the methods of the present
invention dynamically drive or stimulate the brain in a non-
equilibrium or driven state, and compare the dynamical EEG
response of the system to the quiescent resting (eyes closed)
state. There are a multitude of possible stimuli, many of
which have been used in the functional magnetic resonance
imaging (fMRI) setting to look for the brain activity associ-
ated with various stimuli. As such, stimuli can be any one of
the five senses, including visual or optical stimuli, auditory
stimuli, olfactory stimuli, taste stimuli to the tongue or gas-
trological stimulation to the stomach, or touch stimuli to
various components of the skin. Additionally, cognitive tasks
are also part of the systems and methods of the present inven-
tion, in the form of stimuli provided to create functional EEG
biometric brain health signatures.

Additionally, brain signals acquired with and without sen-
sory input during spontaneously varying states of conscious-
ness including all sleep stages, obtundation, and coma can be
compared to such brain signals acquired during awake states.
Other challenges include, without limitation, a CO,, respira-
tory challenge, balance challenges on wobbly plates or with
optical glasses that distort one’s balance, or with virtual real-
ity goggles that enable immersion into 3-dimensional worlds
as they challenge the vestibular system.

FIG. 14 illustrates an auditory stimulation data acquisition
paradigm in which a number of tasks are conducted where
auditory stimulation is provided to the subject in a prescribed
sequence to collect auditory stimulation EEG data. As time
moves downwards in the figure, each block represents two
minute bins of data recording. The protocol starts collecting
EEG data in a resting Eyes Closed state 200, followed by
auditory stimulation in the delta band as a frequency sweep
from 0.1 to 4 Hz 203, followed by a resting Eyes Closed 206,
followed by auditory stimulation in the theta band as a fre-
quency sweep from 4 to 7 Hz 209, followed by a resting Eyes
Closed 212, followed by auditory stimulation in the alpha
band frequency as a sweep from 8 to 13 Hz 215, followed by
a resting Eyes Closed 218, followed by auditory stimulation
in the beta band as a frequency sweep from 13 to 30 Hz 221,
followed by a resting Eyes Closed 224, followed by a final
resting Eyes Closed 227. This 10 task sequence takes 20
minutes.

One notes that the frequencies referred to in FIG. 14 are the
beat frequencies of the auditory stimulation, not the pitch
frequency which is often scaled from the beat frequency into
the 100-400 Hz audio range.

FIG. 15 illustrates a mixed sensory stimulation and cogni-
tive challenge data acquisition paradigm in which a number
of tasks are conducted in a prescribed sequence to collect
dynamic EEG data. As time moves downwards in the figure,
each block represents two minute bins of data recording. The
protocol starts collecting EEG data in a resting Eyes Closed
state 300, followed by auditory stimulation in the form of an
auditory sweep in frequencies from 0.5 to 30 Hz over 2
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minutes 303, followed by a resting Eyes Closed 306, followed
by 5% CO0, inhalation with Eyes Closed 309, followed by a
resting Eyes Closed with normal air inhalation 312, followed
by visual stimulation in the form of a flashing checker board
sweep from 1 to 20 Hz 315, followed by a first cognitive
challenge in the form of delayed word recall or executive
function task 318, followed by auditory stimulation in the
form of music superimposed with the frequency in the sweep
that demonstrated the most response from the frequency
sweep from 303 above 321, followed by a second cognitive
challenge in the form of a delayed match to sample task 324,
followed by a final resting Eyes Closed 327. This 10 task
sequence takes 20 minutes.

One cansee that the test battery described above, according
to the systems and methods of the present invention, stimu-
late, activate or drive brain physiology in the hard wired,
auditory pathway, and somato-sensory/pain pathway, and
visual pathways. These pathways have various means of acti-
vation and each has been picked for specific neurobiological
reasons.

Thus, even with a limited number of sensors that directly
measure local cerebral cortex electrical activity, the systems
and methods of analysis allow the monitoring of neurophysi-
ology in a wide range of brain circuits including nerves,
spinal cord, brain stem, thalamus and other deep and surface
brain structures.

Preferred embodiments are tailored for each particular task
or utility on a case by case basis. For instance, it may be
preferable to utilize a four task battery for one disease state
diagnostic, a five task battery that may include one cognition
task for a second disease state, and a six task battery for a third
disease state of interest. To monitor compound effects in
investigational clinical trials, it may be preferable to include
a seven task battery or eight task battery, depending on the
physiological circuits to be probed and how the be classifiers
and signatures can be created and utilized. Preferred embodi-
ments look at each situation on a case by case basis and
determine what works well for each situation. Thus there are
multiple systems and multiple methods of the present inven-
tion.

Use of a Respiratory CO, Challenge

An additional embodiment of the present invention
employs a resting state respiratory carbon dioxide (CO,)
challenge. It is contemplated that it would be best to conduct
this stimulation at the end of the battery, since one would not
want to interfere with the baseline levels. The idea is quite
simple and yet very effective. One can deliver via a face mask
or breathing tube 5% CO, in air and take an EEG or MEG
recording over a 5 minute epoch; once the CO, has achieved
the desired level in the end-tidal CO, (i.e. what you are
breathing out reaches 5%), one can record for 5 min of EEG.
In an alternate embodiment of the present invention, one can
deliver air/co2/air/co2/air such that the subject will not know
what he or she is receiving, again in 5 minute epochs. Other
non-limiting maneuvers could include inhaled general anes-
thetics, like nitrous oxide or halothane, in low doses to assure
that the subject remain conscious. The aim is to show EEG
signal changes before drowsiness appears in the human sub-
ject.

The CO, challenge can affect brain function in at least two
ways: This maneuver is used routinely to increase cerebral
blood flow since the cerebral vasculature is directly sensitive
to CO,. This aspect of the challenge can be used to observe
changes in brain cortical activity under resting state and
stimulus-driven states for disorders associated with reduced
cerebral blood flow, to include but not limited to Alzheimer’s
disease and cerebrovascular disease.
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Moreover, using a DC coupled EEG amplifier and DC-
stable electrode sensors to record slow EEG signals, the res-
piratory CO, challenge can also be used to measure cerebral
blood flow and cerebrovascular reserve (Voipio J, Tallgren P,
Heinonen E, Vanhatalo S and Kaila K. Millivolt-Scale DC
Shifts in the Human Scalp EEG: Evidence for a Nonneuronal
Generator. J Neurophysiol 89:2208-2214, 2003. First pub-
lished Dec. 11, 2002). These parameters are of important
clinical value in cerebrovascular disorders and traumatic
brain injury, as well as the early and late stages of Alzheimer’s
disease. These assessments are part of the systems and meth-
ods of the present invention.

The CO, challenge is also well known to differentially
induce hyperventilation and anxiety in subjects with panic,
bipolar, or major depression disorders. Although, actual
attacks of panic or anxiety require longer exposures to higher
concentrations of CO,, the present invention utilizes the
known responsiveness of EEG to hyperventilation, to capture
distinctions in these disease states at much shorter and lower
CO, exposure.

Pathway Activation

According to the systems and methods of the present
invention, a key point is to activate pathways, rather than
inhibit them. One wants to assess the brain’s ability to react to
stimuli, challenge, or test maneuvers. One enhances sensitiv-
ity by finding a way to calculate the change from baseline
(i.e., from the eyes closed resting state EEG) and then com-
pare with the sensory stimulus or cognitive challenge (e.g.
auditory stimulation), and then identify the signature of what
is the PSD change from baseline. For instance, a non-limiting
example would be the PSD ratio of auditory to baseline; this
could be an interesting signature, ultimately very sensitive
and specific. If a given signature is changing or abnormal in a
given subject, this could be observed and determined early,
providing clinical utility to the patient, physician, and payor.
Other means of plotting the data could be to look for coher-
ence between two or more electrodes, power in various fre-
quency bands, and basic PSD. More advanced algorithms
including those derived from non-linear dynamical analysis
and wavelet are part of the systems and methods of the present
invention.

The test battery of the present invention provides for a
means to create a generalized mental health assessment
according to what is observed in an individual’s functional
biometric brain health signature. There is ample literature that
shows that certain disease states characteristically alter EEG
signals. The published literature documents various EEG dis-
ease state signatures, in particular how the PSD under the
resting state condition is markedly altered from normal.
Beyond disease states, the literature guides us in understand-
ing that changes in the PSD are markedly altered under rest-
ing conditions or during working memory tasks. However,
very few scientific publications address the issue of disease
progression changes, as shown in EEG signatures, through
the serial application of a test battery. Moreover, there is no
literature that we are aware of regarding the much wider
application of a test battery, looking at overall EEG changes
when the test battery is administered consistently over time.

By analogy, when one goes for a cardiovascular assess-
ment, one might take an echocardiogram (EKG) under resting
conditions as well as while undergoing a variety of treadmill
stress tests. Analogous to this, the methods of the present
invention are test batteries for the brain and nervous system
customized for EEG readouts. When someone is healthy, one
can define normal BCI patterns and biometric signatures. The
wider application of the quantitative BCI signature is in track-
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ing disease by establishing a baseline “normal” EEG signa-
ture, then performing serial tests over time to monitor for
progressive deterioration.

The present invention can, in a similar fashion, chart thera-
peutic response. For instance, there could be distinct clinical
value in the case of acetyl cholinesterase inhibitors to deter-
mine which drug is best at what dose and timing. Thus if
someone has a shifted EEG PSD to the left towards lower
frequencies because of disease, and treatment normalizes the
EEG back towards higher frequencies to the right, this could
prove useful for drug optimization. There are several non-
limiting examples in the literature in Alzheimer’s and Parkin-
son’s disease, specifically in the case of acetyl cholinesterase
inhibitors, which support this line of reasoning.

Therapeutic reduction in states of consciousness, such as
during treatment with inhalational or intravenous general
anesthetics can be quantitatively tracked using the systems
and methods described in the present invention. Alternatively,
therapeutic enhancements of states of consciousness, such as
emergence from general anesthesia or intoxication, or suc-
cessful cardiopulmonary resuscitation can also be quantita-
tively tracked using the systems and methods described in the
present invention.

Gastrological Stimulation as Part of the Present Invention

Additionally, one can view the brain and nervous system as
adynamical system and stimulate or activate it in other physi-
ological ways as well. Various pharmaceutical and device-
oriented treatments could lead to forces and perturbations on
the brain in various interesting and important ways. For
instance, the methods of the present invention comprise
enhancing or reducing the amount of oxygen to the brain in
order to assess its ability to adapt to changing oxygen content.
Another embodiment of the present invention includes the
use of fasted versus just-fed conditions with foods and liquids
like Orange Juice (high in sucrose) or Jello-Brand Gelatin
(also a fast absorber). The brain’s EEG response and biomet-
ric brain health signature could be dramatically altered in
response to rapid changes or slow shifts in overall biochemi-
cal supply of nutrients. Without limitation, other forms of
dietary and nutritional perturbation are a part of the present
invention. In particular, various vitamin components, includ-
ing vitamins A, C, D, E, K, thiamin (81), riboflavin (82), 86,
812, Folic Acid, biotin or nutrients like iron, magnesium, are
part of the methods of the present invention. In addition,
specific caloric forms including carbohydrates, proteins, fats,
ketone bodies, and alcohols are non-limiting gastrological
stimulants of the present invention.

Olfactory Stimulation as Part of the Present [nvention

Recently, Croy and colleagues (Croy 1, et al, PTSD, but not
childhood maltreatment, modifies responses to unpleasant
odors, Int J. Psychophysiol. 2010 March; 75(3):326-31)
found, using the “Sniffin” Sticks” threshold and identification
test and analyzed chemosensory event-related potentials, that
PTSD severity correlated significantly with odor identifica-
tion scores and with parameters of event-related potentials in
response to unpleasant stimuli. The results indicate preferen-
tial processing of unpleasant stimuli in PTSD patients irre-
spective of childhood history. With this, the systems and
methods of the present invention include the use of olfactory
stimulation, but rather than evaluate event-related potentials
as Croy employed, the present invention aims to assess
changes in state due to olfactory stimulation rather than sub
second timing responses. This is very different than event
related potentials. Nonetheless, Sniffin Sticks and the like are
clearly important stimulants for evaluation of their effect on
the PSD and other non-linear dynamics and wavelet biomet-
rics in both healthy and disease or brain injured states.
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Moreover, early deterioration and neurodegeneration in
olfactory function has also been identified in Parkinson’s and
Alzheimer’s disease and the detection of these abnormalities
in the olfactory stimulated EEG signals are part of the systems
and methods of the present invention.

Cognitive Tasks within the Present Invention

Additionally according to the systems and methods of the
present invention, one can administer a working memory
task, using the computer, for example delivering a series of X
objects visually, and then asking the subject to keep them in
memory, later asking for the proper sequence and identity. It
is envisioned that one can sequentially increase the number of
objects to be memorized from seven to as many as ten, with-
out limitation. Many other cognitive tasks could also be used
in the test battery, including other tests of distinct cognitive
domains that focus on (i) attention, (ii) executive function,
and (iii) short term memory, to name a few non-limiting
examples. In a preferred embodiment, the cognitive tasks
could be taken from a computerized test battery like the Cog
State™ [td Research test battery. This would allow direct
comparison of EEG data to the cognition battery results for
comparison of both chronological age as well as cognitive age
as assessed or scored by the computerized cognition battery.
This cross-correlation method between the cognition data and
the EEG data could enable discovery of EEG correlates to
cognitive age or brain health, rather than simply chronologi-
cal age of a subject based on time since birth.

FIG. 16 illustrates a nine-task battery of cognitive and
sensory stimulation from which simultaneous functional
EEG data and its spectral properties is combined with com-
puterized cognitive test measurements represented by 306
“Cog,” including but not limited to reaction time and error/
accuracy, to form multi-modal classifiers or discriminators of
disease state (e.g. AD vs MCI vs control), injury state (mTBI
vs control), or compound activated state (e.g. target engage-
ment or pharmacodynamic end points). Task T3 Attention
305 could be the Identification task of the CogState Research
Battery.

FIG. 17 illustrates the CogScope™ block diagram using
two independent computers, one for cognitive testing 351 and
auditory/visual stimulation on a monitor 350 while the other
PC 355 records the functional EEG data stream from the
Bluetooth™ enabled EEG headset and electrodes 354. Both
computers are synchronized 353 to within a second through
the governmental time clock available at time.nist.gov
through the internet. Analysis of the CogState data takes place
on PC-1 352 while displayed on monitor 350. EEG data
stored on PC 355 will be examined for artifacts on 356 and
spectral, non-linear dynamics, and wavelet transform.

FIG. 18 shows a PSD taken during an Attention task on the
CogState™ Research battery called Identification where the
question “Is it red?” is asked for each trial playing card which
is revealed. Events (either keystrokes or mouse clicks) are
recorded and reaction times and error rates produced.

FIG. 19 illustrates a data table produced from the Cog
State™ Research battery Identification task as an element of
“Attention”, showing the reaction time in milliseconds and
whether the individual correctly identified the color of the
playing card.

FIG. 20 illustrates a data table produced from the Cog
State™ Research battery Identification task showing reaction
time in milliseconds and error data synchronized with spec-
tral, non-linear dynamical and wavelet summary metrics of
the same period of simultaneous EEG while the trial was
being conducted. This can enable trial dependent correlations
and other global statistical metrics to be created, enabling
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multi-modal classifiers to be assessed in disease states, injury
states, sleep states and compound states.

FIG. 21 illustrates the PasatScope™ block diagram using
two independent computers, one for PASAT cognitive testing
and auditory/visual stimulation while the other records the
functional EEG data stream from the Bluetooth™ enabled
EEG headset. Both computers are synchronized to less than a
second through the governmentally available clock service at
the time.nist.gov website.

FIG. 22 shows the time averaged PSD calculated from a
105 seconds Eyes Open data file acquired in a resting quies-
cence state versus in an Eyes Open activated state during the
PASAT memory trial. This data was recorded using the Uni-
versity of Victoria, Department of Neuropsychology comput-
erized PASAT™ at speed 2.4, then 2.0 and finally 1.6.

FIG. 23 shows the number of correct scores received by a
45 year old male volunteer at each of these three speeds.

FIG. 24 illustrates an audio track analysis of the composite
audio from both the computerized program soundtrack that
states the series of numbers to be serially added and the test
subject who is being cognitively evaluated. The reaction
times T1, T2, T3 are calculated as the interval of quiet from
the last number stated by the computerized program
soundtrack. These data were recorded into an Olympus™
VN-960PC digital voice recorder and then transferred by
USB cable to the PC. Reaction times and accuracy are imme-
diately extractable from the audio track analysis proposed
herein.

Many other non-limiting computer cognition tests are con-
templated as part of the present invention and include but are
not limited to InPACT, CogState™ Ltd’s Research or Sport
battery, PASAT (Paced Auditory Serial Addition Task), Drug
Research Cognition Automated Test Battery, CAMCI (Com-
puter Assessment of Mild Cognitive Impairment), Mind-
stream’s™ computerized tests, Computerized Performance
Testing Services’ Computer Cognitive Testing Battery, Cam-
bridge Cognition’s CANTAB, Automated Neuropsychologi-
cal Assessment Metrics (ANAM) of US Army, computerized
versions of the Military Acute Concussion Evaluation
(MACE), CDR Computerized Assessment System (CDR
System, now acquired by United BioSource Corporation).

Photic Stimulation in the Present Invention

The present invention leverages photic stimulation as one
element of the sensory and cognitive challenge battery within
the systems and methods of the present invention. Using the
methods and system of the present invention, we sought to
demonstrate the ability to entrain the brain using photic
stimulation at stimulus frequency F. Using either virtual real-
ity display visors or LED goggles, the present invention is
able to produce flashing light or checkerboards of light chang-
ing at a fixed or variable programmed frequency for a con-
trollable period of time. The subject sits with eyes closed and
light pulses flash on the eyes with very clear perception and
mind alteration of the effect. Stimulation with light represent-
ing distinct colors of the visible, as well as infrared and
ultraviolet spectrum is envisioned as part of the methods of
the present invention.

One can stimulate the brain using white light photons at
frequencies above the natural alpha rhythm of an individual
or below at slower frequencies to induce the brain to take on
temporal dynamics it is not normal accustomed to. Thus,
stimulation frequencies of 12 to 20 Hz above the alpha
rhythm have a different effect than photic stimulation at 5-8
Hz, where the light will pull the PSD of the volunteer left-
wards to slower frequencies. It should be interesting to probe
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a brain and nervous system of a subject by applying photic
stimulation at the natural alpha frequency of each personal-
ized individual system.

In an alternate embodiment of the present invention, the
alpha frequency ofthe individual is measured in a resting eyes
closed state, and then the personalized peak alpha frequency
is determined and used to set the frequency of the photic
stimulation, using either percentages above or below, perhaps
fold differences. In this way, each stimulation paradigm is
personalized to each individual, a so-called personalized
diagnostics analogous to personalized medicine.

In an alternate embodiment, the photic stimulation could
be adjusted or swept from low to high frequency to evaluate a
subject to see where their most responsive “resonant” like
frequency is identified. Clearly, the frequency sweep could be
from high to low as well. The stimulation could be in phase
between the two eyes, out of phase, or the photic stimulation
isolated to just one eye at a time, to probe brain circuits that
emanate from the visual cortex but are observed in cortical
structures distant from but connected with the visual cortex.

The ability to measure a response to the photic stimulation
enables one to include this task into the battery of tasks to be
conducted for brain state and functional analysis. This could
include but is not limited to use in detecting, identifying, or
monitoring diseased brain states like Alzheimer’s disease or
Schizophrenia, detecting, identifying, or monitoring injured
brain states such as mild traumatic brain injury or stroke, or
detecting, identifying, or monitoring brains under the influ-
ence of both legal and illegal drugs in an emergency room
context where a patient presents with issues but is uncon-
scious or uncooperative or in a clinical trial process of drug
discovery in the pharmaceutical industry.

FIG. 25 shows the calculated PSD in an Eyes Closed but
awake brain state when a pair of LED goggles are flashing
through both eyelids in phase and entrain the brain’s EEG
cycle. One can see a primary peak 540 in the PSD at the
frequency of flashing light (F=10 Hz) as well as the first
harmonic 550 (F=20 Hz), indicating there are probably non-
linear dynamics involved in the process.

FIG. 26 shows the calculated PSD in an Eyes Closed but
awake brain state when a pair of LED goggles are flashing
through both eyelids in phase and entrain the brain’s EEG
cycle. One can see a primary peak 560 in the PSD at the
frequency of flashing light (F=12 Hz) as well as the first
harmonic (F=24 Hz) 570, indicating there are probably non-
linear dynamics involved in the process. It would be interest-
ing to observe higher frequencies where three times the
stimulation frequency F is prominent as a peak an individual
PSD.

Auditory Stimulation in the Present Invention

The auditory stimulation includes but is not limited to
isochronic tones, binaural beats, or monaural beats, in addi-
tion to direct pure tones. In each case, there is an opportunity
to stimulate and probe various parts of not only the auditory
cortex, but also larger regions of cortical matter and circuits
based on the fact that we are recording signals at Fp1 on the
forehead. This can be done with various software programs
like Neuroprogrammer3, Rutgers University Beats, and
MATLAB™,

Isochronic tones can be output from a PC soundcard with
beat frequency ranging from 1 to 30 Hz, often in the range of
2 to 20 Hz and most preferably in the range 6 to 18 Hz. This
corresponds to optimized pitch frequencies from software
programming of from 147 Hz to 200 Hz. Parameters of the
isochronic tones included square waves, 90 degree phase,
sine pitch, with 1-20 Hz corresponding to 100-200 Hz pitch.
Monaural beats can be output from the PC soundcard with
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beat frequency ranging from 10 to 20 Hz in 2.5 Hz steps,
which corresponded to optimized pitch frequencies from the
NP3 program of from 147 Hz to 200 Hz central frequency
with beat frequency symmetric. For example, a 20 Hz beat
corresponded to a central pitch of 200 Hz, with tone 1 and
tone 2 corresponding to 190 Hz and 210 Hz respectively. The
amplitude was put on full both at the Windows7™ soundcard
driver as well as within the NP3 program. The sound can be
relayed through the Bluetooth™ interface to the audio speak-
ers built into the Mind Set Pro™ headsets. Lastly, binaural
beats can be output from the PC soundcard with beat fre-
quency ranging from 10 to 20 Hz, which corresponded to
optimized pitch frequencies from NP3 of 10 Hz to 200 Hz.

FIG. 33 compares the averaged relative PSD comparing an
Eyes Closed no sound stimulation state to an F=10 Hz isoch-
ronic tone stimulation state with pitch approximately 140 Hz.
The Eyes Closed no sound trace 900 shows modest alpha
power at 10 Hz; however upon 10 Hz isochronic tone stimu-
lation with Neuroprogrammer3 software, there is an enhance-
ment in the alpha rhythm 910 and there appears extra power
around 20 Hz at 920, consistent with a harmonic like appear-
ance of 2F in the power spectrum. The effect in the PSD is
more subtle than the photic stimulation.

Alpha Rhythm Monitoring as a Means to Monitor the
Brain and Nervous System

One of the earliest observed dynamic changes in the human
scalp EEG was the marked enhancement of the alpha (8-12
Hz)band upon closing of the eyes. This enhancement ofalpha
rhythm in Eyes Closed vs. Eyes Open state is most prominent
over the occipital scalp. However, we show that this phenom-
enon can be observed over the scalp of the forehead as well
(FIGS. 11, 145 and 140). The magnitude and exact frequency
band for the alpha response to eyes closing may be different
in different individuals, but we show it to be a reproducible
personal biometric feature (FIG. 10A). The induced alpha
band is believed to be an “idling” rhythm during conscious
states that reports a state of readiness of the thalamocortical
system for input of sensory information (Paiva S, Paiva ] M.
New vistas for alpha-frequency band oscillations. Trends
Neurosci. 2007 April; 30(4):150-8). In the Eyes Closed state,
the alpha rhythm can be attenuated by the onset of sleepiness,
1.e. reduced readiness of the thalamus to sensory input, or by
sensory input itself (transitioning of the brain from idling to
perceiving mode) (Paiva and Paiva, 2007). The attenuation of
the alpha rhythm by perception of stimuli is embodied in the
systems and methods of the present invention as a means for
testing the integrity of neuroanatomical pathways, which
convey the presented stimulus. A non-limiting test contem-
plated as part of the present invention involves the peripheral
application of a temperature stimulus, such as an ice cube or
milder non-painful temperature stimulus, to the right hand. In
an awake individual with eyes closed, this stimulus produces
a suppression of the alpha rhythm (FIG. 27B relative to FIG.
27A) inthe Fpl electrode over the forehead. This test signifies
the intactness of temperature receptors, specific types of
nerve fibers in peripheral nerves, specific spinothalamic spi-
nal cordtracts, brainstem pathways, and thalamic pathways
conveying the temperature sensation information from the
right hand. One can imagine applying the same test approach
to the left hand, right or left lower extremities, or to the whole
body in a dermatomal mapping approach to document the
health of nervous system circuits. Likewise, other sensory
modalities such as vibration and proprioception can be used
with the alpha attenuation paradigm to determine intactness
of the specific nerve fibers and neuroanatomical pathways
involved.
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Driving Force F Monitoring as a Means to Monitor the
Brain and Nervous System

The application of specific sensory stimuli at pre-specified
frequencies F constitutes another aspect of the systems and
methods of the present invention for testing the integrity of
neuroanatomical pathways. Non-limiting examples of this
approach involve the delivery of visual or auditory stimuli to
a subject at specific oscillating frequencies F during simulta-
neous measurement of scalp potentials and observation of the
EEG response for accentuation at the stimulus frequency or
harmonics thereof. FIG. 25 shows an example of photic
stimulation at 10 Hz frequency, where the response of the
brain at the stimulation frequency F is seen as 540 with a
super-harmonic of 20 Hz as 550. A second example is shown
in FIG. 26 with frequency F 560 and harmonic 570. Unlike
brain region specific time-locked sensory evoked potentials,
the enhancement of the EEG at the “driving” stimulus fre-
quency can be detected over many scalp areas as this phe-
nomenon involves the whole brain. This facilitates the utili-
zation of this approach for examining and monitoring the
brain and nervous system. As in the case of the alpha attenu-
ation approach described above, the stimulus frequency F
driving approach can be applied to multiple neuroanatomical
pathways and can utilize multiple types of stimuli.

Thermal Grill and Pain Circuit Analysis

The simplest procedure in the test battery is to sit with
“eyes open” or “eyes closed” to collect EEG data and form a
baseline PSD. After being put through a fundamental or base-
line assessment, the test battery is begun where a subject
experiences a flash of light at the spectrum of frequencies of
interest while wearing special goggles. The test battery can
stimulate visually either eve alone or both together, with
phase difference controlled as needed. The same stimulation
paradigm can occur using sound, where one delivers auditory
tones through headphones on the subject. Finally, one can use
a thermal grill to deliver spatially alternating hot and cold
information. The thermal grill is an array of alternating metal
or glass bars, with the hot bars fixed at 40 deg C. and the
colder bars fixed at 20 deg C. The grill is an alternating
40/20/40/20/40 deg C. array of bars about the size of a hard-
cover book upon which one places one’s hand. Each bar width
is typically 5 mm within the thermal grill, but larger and
smaller sizes are also acceptable. With the thermal grill, one
can compare right hand vs. left hand. Alternatively, one can
place a cold or hot temperature in one hand and look for
changes in the EEG signatures as a function of temperature-
induced pain states. This was successfully demonstrated in
FIG. 27B with an ice cube squeezed in the hand for 60
seconds compared to a room temperature computer mouse as
control FIG. 27 A. The pain associated with the extreme cold
of the ice cube significantly diminished the alpha rhythm
typically observed in a resting Eyes Closed state.

Alternate embodiments of the present invention include all
other means to make cold and warm temperatures, including
without limitation, cool air, ethanol evaporation, peltier ele-
ment with driving current, dimethyl ether and propane in a
pressurized can.

FIG. 27B presents data collected from the analysis of pain
in the hand from an ice cube for 60 seconds as a surrogate
marker for a thermal grill of alternating temperatures in an
interwoven fashion. One can see the prominent alpha peak
580 at 10 Hz in the upper trace FIG. 27A with Eyes Closed
while holding a room temperature mini-computer mouse ver-
sus the significantly diminished peak 590 in the “ice cube in
the left hand” trace, as shown in FIG. 27B. Notice as well the
shift in low frequency delta from the norm 600 to the promi-
nent 610 power in relative delta.
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FIG. 28 compares the averaged relative spectral power of a
48 year old male achieved while focusing his attention with
his Eyes Open versus while working hard to remain in as
inattentive a state as possible with Eyes Open. Notice the
dramatically different overall power and other features dif-
ferent between the two states of attention, as evidenced by the
time averaged relative PSD.

Pharmaceutical Compound Evaluation and Monitoring

The systems and methods of the present invention are very
well suited to the evaluation and assessment of medical thera-
pies, including drug therapy candidates and investigational
compounds and agents. Using a test battery of three or more
sensory and cognitive challenges, one could assess in a short
15-20 battery multiple sets of circuits to arrive at a broader
assessment of compound effect centrally. For instance, as a
non-limiting example, a pharmaceutical company could
choose to run a battery of sensory and challenge tasks before
a compound is administered to subjects in a phase 1 or phase
2 clinical trial. Then, during exposure to varying doses of a
drug vs. placebo, the EEG-based battery of sensory and cog-
nitive tasks could again be applied to delineate a pharmaco-
dynamic effect of a drug. This information could be obtained
in normal volunteers during early phase drug studies to facili-
tate internal decision making about a drug’s dose-responsive
effect on the brain. Alternatively, the same approach can be
used in later stage clinical studies within patient populations,
wherein a similar approach could not only demonstrate phar-
macodynamic responses unique to individual patients or to
patient populations, but could also demonstrate a correction
of diseased brain function for proofof concept studies. More-
over, the convenience, portability, and remote monitoring
allowed for by the present invention, lends the described
approach to be included in phase 3 registration studies to
continue monitoring of signals observed in earlier phase stud-
ies. As described previously, the described systems and meth-
ods of the invention also allow for post-marketing titration
and optimization of drug therapy as well as the tracking of
safety signals.

As a non-limiting example of the systems and methods of
the present invention working with known brain and nervous
system compounds, FIG. 29A presents the averaged relative
PSD from a 48 year old male during an Eyes Open task
immediately before taking a 0.5 mg dose of Klonopin (Cio-
nazepam) compared to his averaged relative PSD 80 minutes
after the dose shown in FIG. 29B. One can observed enhanced
spectral beta post pill 680 compared to pre pill 670. The
emergence of an alpha wave peak 690 is observed as well. A
statistically significant elevation in the relative beta (p<0.019)
and the 10 second sliding window absolute beta (p<0.021)
was observed 80 minutes post the 0.5 mg Klonopin dose.

As a second non-limiting example of the systems and
methods of the present invention successfully working, FIG.
30 presents the comparison between 10 second sliding win-
dow averaged absolute PSD from a 48 year old male during a
resting Eyes Open task immediately before taking a 25 mg
dose of Benadryl (Diphenhydramine hydrochloride) in FIG.
30A compared to his similarly calculated PSD 65 minutes
after the dose. Pre pill there is little absolute beta 700 versus
65 minutes post pill, one observes significantly more spectral
beta 710 (p=0.029). This comparison again shows a differ-
ence observable by central nervous system acting pharma-
ceutical agents.

Analysis of Sleep and States of Alertness

FIG. 31 presents the different averaged relative PSD from
a48 year old male during various states of sleep videotaped at
home while recording his EEG. In the first state, the subject is
Eyes Open and awake 730; in the second, the subject has Eyes
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Closed (EC) but remains awake 740 as evidenced by his
finger motion indicative of his counting on his fingers.
Thirdly, the subject is fully asleep with EC 750, as snoring
was recorded and an involuntary sleep twitch observed on the
recorded video tape. Not only are the relative power observed
in the averaged relative PSDs clearly different, there is debate
and disagreement between regarding the various structures
within the PSD. Nonetheless, the systems and methods of the
present invention have shown the ability to distinguish differ-
ent states of alertness through the acquisition of state based
PSD.

Novel Headsets to Present Sensory and Cognitive Chal-
lenges Simultaneously with the Ability to Record EEG Sig-
nals and Data

The systems and methods of the present invention also
include electronic devices which comprise electronic systems
for the presentation of sensory and cognitive challenges. In
addition, the same device headset has the functionality to
record from at least one FEG sensor relative to ground sensor.
The ground and reference sensors or electrodes are typically
located behind the ear whenever possible.

FIG. 32 illustrates an embodiment of a novel headset that
combines elements of stimulation including audio ear buds
820, virtual reality screen or LED for photic or visual stimu-
lation 810, with integrated EEG sensor(s) 800 to record EEG
signals including both Ground (GND) and Reference (Rrf)
electrodes, with signals transferred through either wireless or
wired 830 means.

Data Acquisition, Signal Analysis, and Classifier Identifi-
cation

Finally, the systems and methods of the present invention
include post data acquisition and signal analysis, presenta-
tion, and interpretation. The classic methods of evaluating
power in specific bands (alpha, beta, etc.) or processing via
FFT for a power spectrum are well known in the art. Since
there is data to support the fact that each person’s power
spectral density is reproducible and unique to them, onecould
imagine using this biometric fingerprint or signature of the
individual to monitor each person individually, with
increased sensitivity and specificity. Since there is a well-
known power reduction of approximately 1/f{Hz), the power
spectrum is typically shown on a log plot to enable observa-
tion of the higher frequency components (beyond 15 Hz
typically).

Standard spectral analysis is clearly a part of the rich data
tables available after artifact detection and raw signal pro-
cessing. Moreover, in addition to non-limiting alpha and beta
bands, one can look at the raw signal using non-linear dynam-
ics and determinate computationally the Lyapanov exponent,
fractal dimension, and other nonlinear properties of the time
series. These additional variables can be used to create addi-
tional biometric properties of each data block as additional
variables to be added to the summary data table for each
experiment. Moreover, wavelet analysis where the range of
temporal wavelength used in the transformation process is
varied. Gabor analysis is another possibility. The whole aim is
to take as many analytic approaches as possible to generate as
rich a summary data table as possible. Subjects and tasks
would be entered as individual rows, then each variable would
be entered as a column in the summary data table.

After inclusion of sensory stimuli and cognitive data in the
data table, perhaps with the addition of the temperature and
other sensor data, statistical analysis can take place. Standard
uni-variate analysis can take place on each variable under the
present invention. More interesting however is the notion of
using the various techniques of multi-variate analysis to com-
bine variables to find the best classifier or discriminant func-
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tion. Linear discriminant analysis in its various incarnations
is a part of the present invention on summary data tables
generated from sensory and cognitive challenge data. So are
tree based methods like Random Forest or shrunken cen-
troids.

Another aspect of the present invention is the quantitative
analysis of the eye blink within the EEG traces. It has long
been reported that eye blink is an artifact. An alternate per-
spective is that identification and quantization of the eye blink
rate is another opportunity to create analysis routines that
identify eye blinks and note their timestamp within a time
series. From this data, one can note their time within an
elapsed time challenge or task. Eye blinks can be correlated
with other time series information available to provide clues
as to why someone eye blinks. They can be used as a biomet-
ric or variable for classification of disease states, brain injury,
aging etc., in both univariate and potentially multi-variate
classifiers.

An important element of the present invention is the cre-
ation of unique summary data tables from the multiple tasks
that are conducted in a test battery. In particular, if a subject
undergoes 9 tasks of 2 minutes duration each in a test battery,
then there are really 17 different periods of time that can be
analyzed. There are the nine 2 minute blocks of each of the
individual tasks. These can be averaged in a time averaged
fashion over the course of the full two minutes or they can
analyzed with a sliding window of five to 30 seconds dura-
tion, preferably five to 20, and most preferably 5 to 10 sec-
onds, although a sensitivity analysis which shows results
equivalent to times in these windows are also considered part
of the present invention. But there are also the 8 transition
periods where the subject moves from one task to the next. It
is part of the systems and methods of the present invention
that these transient state changes can be analyzed for tempo-
ral changes transiently. For instance, it may be that Alzhe-
imer’s subjects have a difficult time moving from a card flip
task to a light flashing task, that is their brain does not syn-
chronize with the flashing light until 15 or 20 seconds into the
photic stimulation task. In this case, measuring the time of
onset of brainwave entrainment to the stimulus frequency F
relative to the beginning of the task could be an excellent
variable to measure as a subject switches from task to task.
Thus, the transition zones of data, those which exist between
each pair of tasks, represent additional blocks of raw data to
analyze for transient variables like the one identified above. It
could be that the order of tasks could affect the variables
which are measured. In this fashion, a task A followed by B
could yield different information than task B followed by A,
especially in the transition zones.

Recapitulation

The invention concerns systems and methods for monitor-
ing brain health by creating a personalized physiological
brain health bio-signature that will allow monitoring of dis-
ease onset and progression, drug therapy, and biofeedback.
The approach relies upon the use of portable EEG technology
to acquire quantitative EEG data during several physiological
states, which collectively represent a unique set of signature
data regarding a given individual’s nervous system health.
The states during which EEG recordings are taken are chosen
to allow assessment of many brain circuits. These states
include resting awake, drowsy and sleep states with minimal
external stimuli (eyes closed, quiet, unstressed). Power spec-
tral analysis of EEG traces recorded during these states show
excellent test-retest reliability (FIG. 10).

Maneuvers such as opening of the eyes induce a different
brain state that can be reliably measured using even a single
EEG lead placed over the forehead (FIGS. 11, 12,13). Scalp
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EEG electrodes typically pick up the activity of only approxi-
mately one cm? of cerebral cortex lying directly beneath the
electrode, scalp and skull. Thus, while the classical change in
EEG response to eyes opening and closing is well known over
the occipital scalp (which overlies the visual cortex), the
systems and methods of the present invention to measure this
response over the forehead scalp (which overlies the frontal
cortex) suggest that the present invention assesses the integ-
rity of many widespread anatomical brain tracts and circuits.
In the frontal response to eyes opening and closing, shown in
FIG. 11, the neuronal structures assessed would include the
retina, optic nerves, thalamus, optic tracts and visual cortex,
as well as brain tracts that connect the visual cortex and
thalamus to the frontal cortex. By establishing a reliable base-
line for such a response in a given healthy individual, the
present invention should allow detection of alterations in the
health and function of these brain structures and circuits in
conditions including but not limited to normal aging, blind-
ness, stroke, trauma, demyelinating disease, infection,
inflammation, neoplasm or intoxication. The enhanced alpha
rhythm band (10 Hz) promoted by eyes closing is believed to
represent a “readiness state” of the brain mediated by brain-
stem arousal centers, thalamus, and cortex (Paiva and Paiva,
2007). Although the exact frequencies and magnitude of
alpha rhythm change produced by eyes opening and closing
may vary between individuals, by establishing a baseline for
a given individual, this response can serve as a personalized
check of the neuroanatomical physiology described above.
Unlike evoked scalp potentials, which have previously also
attempted to investigate the health of specific circuits, the
present invention leverages the induction of a state sustained
over several minutes, which alters the frequency domain of
the scalp EEG rather than the temporal stimulus-locked EEG
change seen with evoked potentials. Using retinal input of
flashing light at specific frequencies (FIGS. 25 & 26) we also
show that, using a single EEG lead over the forehead, such a
flashing photic input state can demonstrate entrainment of
brain circuits at the driving photic frequency as well as dis-
playing additional EEG harmonics of the input frequency,
evidence of non-linear interactions within the nervous sys-
tem. This ability to entrain brain circuits serves as another
functional check of multiple brain pathways, which is not
possible with simple evoked electrical responses and which
would be expected to be highly sensitive to the pathologies
and perturbations included in the description above.

Similar sensory input approaches can also be taken for
other categories of sensory information such as sound, smell,
taste, touch, and balance. As such, a broad and comprehensive
neuroanatomical assessment of nervous system health can be
carried out using the systems and methods of the present
invention. Moreover, the brain response to each sensory
modality can be fine-tuned by examining the effects of a
wider perceptual array of inputs such as different spectral
colors, unique odorants and tastes, and different sound fre-
quencies. As a non-limiting example, consider touch sensa-
tion, where several different modalities, such as temperature,
sharp sensation, dull sensation, and vibration at different
frequencies, can be evaluated.

These inputs can also be selectively applied to either of the
two eyes, ears, nostrils, and various parts of the tongue and
skin. Such assessments further expand the ability of the
present invention to monitor nervous system symmetry or
aberrations thereof.

Anillustrative example of how such a systems and methods
can be utilized is demonstrated in FIG. 27A and FIG. 27B
using a temperature stimulus to the left hand. In this example,
we show that holding an ice cube in the left hand significantly
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attenuates the alpha enhancement response to eyes closing.
This may result from a change in thalamo-cortical interaction
to replace the brain readiness state typically attributed to the
enhanced alpha rhythm with a state reflecting awareness of
the ice cube temperature sensation in one hand. Such a
response measured with the present invention can thus con-
firm the intactness of specific neuroanatomical connections
between the right hand and the brain (peripheral nerve, spinal
cord, brainstem, thalamus, limbic system and cerebral cor-
tex). By applying the same approach to the right hand, or right
and left legs, one can use the attenuation of the alpha signal to
confirm the intactness of several neurological pathways and
structures.

A much wider array of neuroanatomical circuits can also
be assessed by varying the delivery of sensory input so as to
create sensory illusions. [llusions are distortions of sensory
perception that can reveal how the brain normally organizes
and interprets sensory stimulation. While illusions distort
reality, they are generally shared by most people, as they
reflect the function of brain circuits common to our species.
One such illusion is constituted by auditory binaural beats. In
this illusion, when sound tones presented to both ears are
varied by a difference of a specific pitch frequency (i.e. a
sound tone of 400 Hz in one ear and a tone of 415 Hz in the
other ear to vield a differential of 15 Hz), the illusion of a
rhythmic beating sound at the differential frequency is per-
ceived (i.e. 15 Hz). [G. Oster (1973) Auditory beats in the
brain. Scientific American, v229, p 94-102]. This illusion is
also reported to be accompanied by the entrainment of scalp
EEG at the differential frequency which reflects involvement
of a much broader set of brain structures (including the brain-
stem inferior olivary nucleus) than just those involved in
sound perception (Cai H, Carney L H, Colburn H'S. 1998. A
model for binaural response properties of inferior colliculus
neurons. [. A model with interaural time difference-sensitive
excitatory and inhibitory inputs. J Acoust Soc Am. 1998
January; 1 03(1):475-93.).

Another such sensory illusion is known as Thunberg’s
thermal grill (Craig A D, Bushnell M C. The thermal grill
illusion: unmasking the burn of cold pain. Science. 1994 Jul.
8; 265(5169):252-5) which present juxtaposed metal cylin-
drical bars (2-15 bars) of cool (20QC), warm (40° C.), or
alternating cool and warm temperatures (Craig and Bushnell,
1994). Only when the warm and cool bars are alternated
sequentially, a subject placing a hand on such a grill setup will
experience the illusion of pain rather than warmth or cool-
ness. This alternating warm-cool touch maneuver has been
shown to activate pain circuits in the brain by functional
magnetic resonance imaging (Craig A D, Reiman E M, Evans
A, Bushnell M C. Functional imaging of an illusion of pain.
Nature. 1996 Nov. 21; 384(6606):258-60.) and should induce
a unique functional EEG differentiable brain state vs. the
warm or cool stimulus alone. Again, unlike simple sensory
input, objective responses to such a pain illusion can assess
the health of a set of brain regions (i.e. limbic system) that is
much wider than just the temperature sensing pathways.

Distinct brain circuits and structures are also known to
underlie cognitive processes. Historically, the reliable testing
of individual human cognition in health and disease has been
a challenge. This is remarkable given the central role of
cognition as a measure of brain health. Crude population-
based normative indices such as intelligent quotients (IQ) are
still used today to define levels of cognitive performance.
Such outdated and imprecise “brain numbers” need to be
replaced with more objective and neurophysiology-based
measures in order to improve health management. Comput-
erized cognitive tests for unique cognitive domains have
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made important advancements in this regard. By developing
unique standardized tests for attention, working memory,
memory entrainment and retrieval, visuospatial function, and
executive function, computerized test batteries such as the
CogState cognition battery can quantitatively interrogate spe-
cific neurological circuits and brain structures. Such tests
have been widely used in tracking disease and treatment
responses. However, the concept of cognitive domains being
mediated by selective circuits would be greatly enhanced by
simultaneous assessment of brain neurophysiology during
the cognitive tasks. Since performance on cognitive tests is
dependent on individual effort and cooperation, adding an
objective passive measurement such as functional qEEG to
such tests can also help qualify the performance of such
cognitive tests in subjects and patients who may not be coop-
erating or are unable to give sufficient effort. At the least,
relating cognitive performance to the objective health of brain
circuits could lead to the development of new classifiers or
discriminant functions to serve as better biomarkers of brain
health.

The systems and methods of the present invention lend
themselves to the development of such classifiers by allowing
convenient quantitative EEG measurements that can be
related to performance on cognitive domain-specific tasks
done alongside or simultaneously with the EEG measure-
ments. The ability to create mixed modality biometric signa-
tures including both cognitive variables with EEG variables
will significantly enhance the clinical utility and accuracy of
the computer cognition tests. An example of this application
is shown in FIGS. 16, 17, 18, 19, and 20, using the CogState
“Identification” task (which asks the test subject “Is it Red?”
when a new playing card flips) which assess the Attention
cognitive sub-domain. As FIG. 16 illustrates conceptually
and FIG. 20 shows an embodiment of a mixed modality
computer cognitive task plus functional EEG data table from
which mixed modality signatures and classifiers can be
derived.

The systems and methods of the present invention are not
limited to the CogState Identification task or research battery.
Any other clinically validated cognitive tests that measure
several cognitive functions simultaneously can also be
included within the present invention, preferentially in acom-
puterized format but not necessarily. The Paced Auditory
Serial Addition Task (PASAT) is a serial-addition task used to
assess rate of information processing, sustained attention, and
working memory (Tombaugh T N. A comprehensive review
of the Paced Auditory Serial Addition Test (PASAT). Arch
Clin Neuropsychol. 2006 January; 21 (1):53-76.). In addition,
since this task requires the comprehension and utterance of
numbers, it also tests language function. Again, the addition
of functional EEG measurements during the PASAT test or a
correlation of performance on the PASAT test to the person-
alized neurophysiological biometric signature determined
through the present invention can create new classifiers for
tracking brain health and treatment response. FIG. 21 shows
averaged relative power PSD during the PASAT task com-
pared to a resting Eyes Open state. FIG. 23 shows the present
system of PASAT scoring which relies only on the total num-
ber of correct answers provided and ignores the rich temporal
information contained in the reaction times. FIG. 24 shows
the system and method of the present invention whereby
auditory signals collected by a microphone can be digitized
and analyzed for reaction time and speech to text conversion
for automated scoring. Most importantly, they can be com-
bined with the functional EEG data and metrics to provide
more sensitive and specific classifiers and signatures.
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The ability of the systems and methods of the present
invention to investigate the health of brain circuits mediating
sensory experience and cognition can also be expanded to the
assessment of behavioral disorders such as anxiety, panic
disorder, depression, bipolar illness and post-traumatic stress
disorder. Subjects suffering from these disorders are known
to respond and react to certain sensory stimuli differently than
normal subjects. For example, visual stimuli depicting pic-
tures of threatening or depressing stimuli are known to elicit
differential emotional responses from patients with anxiety
and depressive disorders versus normal healthy subjects (see
for example Bishop S J. Neurocognitive mechanisms of anxi-
ety: an integrative account. Trends Cogn Sci. 2007 July; 11
(7):307-16.).

The systems and methods of the present invention of brain
health assessment can be utilized to either identify unique
EEG signatures observed during such emotional responses to
visual scenes or can utilize multi-modal combinations of the
personalized EEG biometric signatures with performance on
the respective emotional visual analog scales to create new
classifiers of brain function.

The systems and methods of the present invention can be
similarly applied to other forms of challenge stimuli such as
auditory, olfactory, gustatory, and tactile stimuli. Specific
examples of how challenge tests can be combined with the
functional EEG measurement systems and methods
described herein to help diagnose disease can be found in the
lactate infusion and carbon dioxide (CO,) inhalation tests.
These tests are best known for their proclivity for inducing
states of hyper-arousal such as panic and anxiety attacks in
subjects prone to anxiety and panic disorders (Keck M E,
Strahle A. Challenge studies in anxiety disorders. Handb Exp
Pharmacal. 2005; (169):449-68.). Although the best known
readouts for these challenge tests are behavioral scores, these
tests also have physiological readouts, which show differen-
tial responses in normal healthy subjects vs. disease popula-
tions. For example, hyperventilation in response to hypercap-
nia (CO, challenge) is accentuated in subjects with anxiety,
phobia, and panic disorders, while it is diminished in patients
with depression (Keck and Strahle, 2005; Monkul E S, Onur
E, Tural U, Hatch J P, Alkln T, Yucel B, Fidaner H. History of
suffocation, state-trait anxiety, and anxiety sensitivity in pre-
dicting 35% carbon dioxide-induced panic. Psychiatry Res.
2010 May 16. EEG performed during the CO, challenge is
also known to change in normal subjects (Burykh E A. Inter-
action of hypocapnia, hypoxia, brain blood flow, and brain
electrical activity in voluntary hyperventilation in humans.
Neurosci Behav Physiol. 2008 September; 38(7):647-59.)
and would be expected to show differential features in behav-
ioral disorders (Lopes F L, Oliveira M M, Freire R C, Cald-
irola D, Perna G, Bellodi L, Valenga A M, Nascimento I,
Piedade R A, Ribeiro P, Zin W A, Nardi A E. Carbon dioxide-
induced panic attacks and quantitative electroencephalogram
in panic disorder patients. World J Bio Psychiatry. 2010
March; 11 (2 Pt 2):357-63.). Thus, by combining the emo-
tional scale, ventilatory, and EEG responses to a brief CO,
challenge, the systems and methods of the present invention
can provide novel, and potentially more sensitive classifiers
for diagnosing behavioral and neurological disorders.

Provocative challenge tests in normal subjects, such as the
ones described above, have also long been performed with
pharmacological agents to model cognitive disease pro-
cesses. Drugs such as scopolamine, clonazepam, or
Benadryl™ can be used to manipulate specific neurochemi-
cal pathways such as the cholinergic, GABAergic and hista-
minergic neurotransmission systems, respectively. Since
changes in these and other neurotransmitter systems are
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known to underlie the cognitive dysfunction observed in
many neurological diseases, a demonstration of the ability to
monitor the effect of such specific pharmacological provoca-
tive challenges using the present invention would support the
notion that this approach could also track disorders, which
manifest via changes in these neurotransmitter systems.
FIGS. 29 and 30 show prominent changes in the resting EEG
power spectra detected by the present invention after admin-
istration of clonazepam and Benadryl™. These sedative
agents are well known to impair cognitive performance, and
a combination of the cognitive performance on computerized
cognition tests under the influence of these agents, along with
the EEG response could lead to a new classifier of brain
health. Such a classifier can be of utility in tracking drug
responses during clinical drug trials as well as in tracking the
early onset and progression of dementia disorders. Moreover,
they could be useful to monitor patients already using phar-
maceutical and other therapies.

As a non-limiting illustrative example, among the major
impediments to the design of clinical trials for the prevention
of Alzheimer’s disease, the most critical is the lack of vali-
dated biomarkers, assessment tools, and algorithms that
would facilitate identification of asymptomatic individuals
with elevated risk who might be recruited as study volunteers.
By establishing a baseline personalized biometric signature
of brain health, our approach can detect subtle changes in an
individual’s brain function due to the compromise of specific
neuronal circuits and neurotransmitter systems, thus identi-
fying prodromal subjects more sensitively and specifically for
potential enrollment in clinical treatment trials or for lifestyle
modification approaches.

Such personalized monitoring may be specifically valuable
for individuals with known disease susceptibilities such as
those expressing the APOE4 genotype or those known to have
familial predilection for Alzheimer’s disease or Huntington’s
disease. This approach can also apply to those with familial
Parkinson’s disease or those working in occupations which
carry risk for developing Parkinson’s disease or neuropathies
(neurotoxin exposure). Occupations at risk for developing
hearing disorders due to loud noise exposure or concussion
(e.g. military service and contact sports professions) would
also benefit from establishing personalized brain biometric
signature baselines using the systems and methods of the
present invention for longitudinal personalized tracking over
time. In this way, the present invention can serve as a broadly
applicable new generation of brain biomarkers much the way
that blood pressure and cholesterol level monitoring serve in
aiding early detection of cardiovascular and metabolic dis-
ease. The data shown in FIGS. 29 and 30 supports construct
validity of the present invention by demonstrating expected
differences in EEG by perturbation of specific neurochemical
systems (Fink M. Remembering the lost neuroscience of
pharmaco-EEG. Acta Psychiatr Scand. 2010 March; 121 (3):
161-73.).

Many neurological diseases are insidious and once diag-
nosed can progress at unpredictable rates with differential
response to therapies. By allowing assessment of a wide
variety of neurological circuits, the present invention can be
customized to track progression and treatment response of a
wide variety of disorders to include peripheral nervous sys-
tem disorders such as neuropathies, retinal dysfunction, hear-
ing disorders as well as many central nervous system disor-
ders, which include but are not limited to multiple sclerosis,
myelopathies, cranial nerve disorders, spinal cord and brain
trauma, stroke, epilepsy, dementia, and schizophrenia.

Moreover, by allowing convenient remote monitoring
using the present invention, the tracking of and treatment
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adjustment for such disorders can be undertaken much less
expensively than the present status.

EXAMPLES

While the above description contains many specifics, these
specifics should not be construed as limitations on the scope
of the invention, but merely as exemplifications of the dis-
closed embodiments. Those skilled in the art will envision
many other possible variations that are within the scope of the
invention. The following examples will be helpful to enable
one skilled in the art to make, use, and practice the present
invention.

Implementation Details

1. Standard Hardware and Software for EEG

Standard EEG equipment (FIG. 2 42) can be used such as
hardware by Compumedics Neuroscan (http://www.com.Qu-
medics.com/) or VIASYS Healthcare’s Nicolet (http://ww-
w.viasyshealthcare.com/). In particular there are favorable
single electrode EEG headsets by NeuroSky (http://www-
.neurosky.com/) such as the MindSet Pro. Amplifiers such as
Compumedics Siesta or NuAmps (http:/www.compumedic-
s.com %) can be used (FIG. 4 85). Software such as EEGLab
(http://scen.ucsd.edu/eeglab/) can be used from within a
MATLAB environment (httg://www.mathworks.com) or
Compumedics Neuroscan SCAN 4.5.

Implementation Details

2. Means to Record and Digitally Transmit Signals

Standard hardware can be employed to record scalp elec-
trode EEG signals. Typical instrumentation amplifiers like a
Burr-Brown INA326 or INA333 (http://www.burrbrown-
.com/), or alternatively Analog Devices AD8220 (http://ww-
w.analog.com/en/index.html) can be configured as shown in
FIG. 4 or 61 FIG. 3. Typically, a scalp electrode potential is
referenced to a reference electrode on the ear or other non-
brain coupled location. Often, a third electrode is used to
subtract a DC bias from the potential measured on the scalp in
order to force the EEG signal to be AC-coupled rather DC-
coupled to the amplifier. The analog output from the instru-
ment amplifiers can be filtered using standard low-pass, high-
pass and band-pass filters to select frequencies of interest and
remove interference from the 60 Hz line frequency (e.g. viaa
notch filter) 62. The output of the filter can be passed through
an analog-to-digital converter (ADC) 63 which feeds a digital
signal processor (DSP) 64 as offered by Analog Devices and
Burr-Brown, among others. The DSP output can be streamed
into a wired or wireless transmitter 65 (e.g. Bluetooth™
device) or other network interface device for transmission via
any one of the means shown, but not limited, to those in FIG.
5. The transmitted data can be received by a matched wired or
wireless receiver 70 or other network interface receiving
device (e.g. iPhone™ or BlackBerry™, FIGS. 7A, 7B) and
stored on a mass storage device such as a hard disk drive or
flash memory module 71. The data can then be analyzed in a
central processing unit (CPU) with predefined analytical
algorithms 72 which create an index or multi-variate output
73 for visual display 74 and interpretation. The data can be
further transmitted via broadband network 80 like cellular
telecom or the Internet to remote servers 81 for database
creation and storage. Group and meta analysis 82 can be done
remotely in batch 83 and individual modes for enhanced
group and personalized medicine results 84.

Implementation Details

3. Novel EEG Form Factors to Collect EEG Signals and
Common Means to Display the Data

One can imagine incorporation of dry scalp electrodes into
several form factors different from those previously embod-
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ied. One can incorporate the EEG electrodes and signal elec-
tronics into a baseball cap, beach hat, military helmet, or other
equivalent form factor to conceal the electrodes while in
contact with the scalp and provide space, typically although
not required, at the top of the form factor for the signal
electronics including wireless transmission interface like
Bluetooth™ among other non-limiting examples. Headband
86 of FIG. 6 can hold electrodes 92 to scalp 94, providing
wired signals along support 88 to electronics module 90. In
addition to a computer, a PDA or data enabled smartphone
(see FIG. 7), could be held in the user’s hand and preloaded
with software designed to receive the transmitting device data
stream and compute pre-loaded algorithms on the data. The
data could be visually presented both before and after post
processing on the device before being relayed to a central
server or database via cellular telecomm network. Given a
proper visual display like the NeuroSky “Meditation” scale,
this could enable someone to relax on a routine basis while
walking around with a novel EEG form factor and handheld
device like an iPhone.

Example 1

BCI Signatures with Neurosky™ Mind Pro Headset
with Neuroview™ Software

Using a NeuroSky™ MindSet™ Pro headset with Neuro-
View v2.4.2 software, we recorded bio-electrical EEG signals
from the subject’s forehead, located mid-way up the forehead
above his left eye at International 10-20 Standard position
Fpl. As shown in FIG. 8, the raw signal was streamed to the
laptop PC computer via a Bluetooth™ dongle provided by
NeuroSky with the MindSet Pro™ headset. Configuration
was done according to NeuroSky instructions ona Compagq™
EvoN620claptop PC running Microsoft Windows XP™ SP3.
Through the serial Comm8 port of the PC, the headset was
paired and data streamed in the NeuroView software after the
command set “0x11” was sent to the headset, which turned on
the raw data stream to the PC. In the upper left panel of the
image 100, one can see the collected raw signal from the
device after the subject blinked his eyes twice in succession
101 and 102, demonstrating the large “artifact” creation effect
that eye blinking has on a forehead-recorded EEG signal. The
ground electrode relative to the forehead electrode was built
into the left ear cup of the headset using a conductive fabric.
A third electrode, also placed into the fabric ofthe left ear cup,
was used to establish the DC electrode offset potential of the
individual during recording, and permitted the creation of a
pure AC signal for pre-amplification, signal condition, con-
version, and transmission. In the upper right panel of FIG. 8
at 105, one can see the filtered EEG signal recorded after the
DSP employed proprietary NeuroSky filtering algorithms to
reduce eye blinks to 101 and 102 to small blips 106 and 107.
Finally, in the FIG. 8 lower center panel 110, one can see the
power spectral density of frequencies that made up the com-
ponents of the EEG signal after spectral decomposition via
Fast Fourier Transform (FFT) was performed in the DSP of
the headset and displayed in the NeuroView software.

Example 2

Raw Signals and Computation of Power Spectral
Densities

FIG. 9A shows a 30-second epoch of data collected at 128
samples per second with 12-bit dynamic range, reflecting
over 23,000 data points of EEG. Five additional epochs of 30
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seconds each were accumulated to create a 3-minute raw EEG
trace from which the Fast Fourier Transform was performed
into the frequency domain and the Power Spectral Density
(PSD) plotted as a function of frequency from zero to 30 Hz.
FIG. 9B shows a resting Eyes Closed (EC) PSD collected on
a 44 year old male participant. One can see a clear alpha
rhythm peak at 115.

Example 3

Analysis of Interday Variability and Eyes Closed
(EC) to Eyes Open (EO) Ratios within Subjects

FIG. 10 shows an analysis of the variability of the PSD for
a 44 year old male over the course of five (5) independent
days. Data was recorded from the same clinical protocol on
each of five (5) days at approximately 9 am each morning.
The subject sat in a quiet room with lights dimmed with eyes
closed for three minutes, then opened his eyes for three min-
utes while recording the eyes open EEG test, and then
repeated the process two more times for a total of 18 minutes
of recorded EEG data. The resting Eyes Open relative PSD
traces were computed from the raw EEG signals and plotted
on the same graph (FIG. 10). The geometric mean of the five
traces is shown as the bold black line in FIG. 10A. The
computed coefficients of variation (CV) for each of the delta,
theta, alpha and beta bands are shown in the inset towards the
bottom of FIG. 10A, all showing % CV less than or equal to
25. The absolute PSD traces on each of the five days show
greater variability, as shown in FIG. 10B. Finally, ratios of
band power like the theta/alpha ratio were calculated, as
shown in FIG. 10C for the five different days. The theta/alpha
ratio was quite stable with interday CV of just less than 9%.
The mean is shown horizontally by 130 with a single standard
deviation above and below indicated by 133 and 136 respec-
tively.

InFIG. 11, one can see the acquired Eyes Closed (EC) 140
and Eyes Open (EO) 130 PSD traces on the same graph.
Taking a bitwise ratio of the EC divided by the EO trace for
each frequency bin in the PSD, one can see in FIG. 12A the
BC/EO ratio of data similar to that shown in FIG. 11. The
same data acquisition protocol was conducted on a 48 year
old male participant, and his EC/EO ratio is presented in FIG.
12B, again showing excellent alpha rhythm elevation with
eyes closed 170 but with a different structure to this subject’s
alpha peak.

Finally, the clinical data acquisition protocol was amended
to include the collection of data remotely through an Internet
web meeting connection (Adobe ConnectNow™ was used
but Web Ex™ or GoToMeeting™ Internet protocols could
equivalently be employed). A third male, also 48 years old,
was seated in Manhattan in New York City with an EEG
headset on, while the data collection specialist sat in his office
near Philadelphia, Pa. Through a remote Internet connection
and simultaneous telephone call, the data collection specialist
was able to remotely collect data, controlling the local PC in
Manhattan and guide the participant through the data collec-
tion paradigm. In FIG. 13, one can see the elevated alpha peak
175 around 10 Hz for this participant in his EC/EOQ PSD ratio.
Again, the exact structure of the PSD appears to be an excel-
lent biometric signature for each individual.

Example 4

Multi-Task Sensory Stimulation and Cognitive
Challenge Data Collection Paradigms

The clinical protocol of example 6 above was simplified to
include only resting Eyes Closed versus resting Eyes Open
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tasks and EEG recordings. However, according to the systems
and methods of the present invention, much more dynamic
and rich clinical protocols can be achieved. For instance, FIG.
14 illustrates an auditory stimulation data acquisition para-
digm in which a number of three or more tasks are conducted
in a prescribed sequence to collect auditory stimulation EEG
data. As time moves downwards in the figure, each block
represents two minute bins of data recording in this example,
whereas the Example 6 above employed three minute bins of
data per task. The protocol begins by collecting EEG data in
a resting Eyes Closed state 200, auditory stimulation in the
delta band (as a frequency sweep from 0.1 to 4 Hz) follows
203, then a resting Eyes Closed 206 follows, then an auditory
stimulation to the ears with frequencies found in the theta
band (as a frequency sweep from 4 to 7 Hz) follows 209, then
another resting Eyes Closed follows 212, then an auditory
stimulation in the alpha band frequency (as a sweep from 8 to
13 Hz) follows 215, then a resting Eyes Closed follows 218,
then an auditory stimulation in the beta band (as a frequency
sweep from 13 to 30 Hz) follows 221, concluding with a pair
of resting Eyes Closed 224 and 227. Since it is known that
hearing loss is more pronounced in some specific subpopu-
lations, like the elderly in the case of dementia or AD moni-
toring and diagnosis, this illustrator auditory stimulation pro-
tocol would need to be adapted in the frequencies stimulated.
For instance, the stimulation could be adjusted to begin
sweeping from 20-100 Hz, then look from 100-400 Hz, then
from 400-2000 Hz, and concluding with stimulation in the
2000-5000 Hz frequency range. This 10 task sequence could
take 20 minutes to perform.

Alternatively, FIG. 15 illustrates a mixed sensory stimula-
tion and cognitive challenge data acquisition paradigm in
which a number of tasks are conducted in a prescribed
sequence to collect dynamic EEG data. As time moves down-
wards in the figure, each block represents two minute bins of
data recording; although not all tasks need to be the same
length, some could be longer and others shorter. Of particular
interest are those data collection paradigms or batteries that
comprise three or more tasks for comparison rather than just
two states, like eyes open versus closed or traumatic images
versus neutral. The protocol starts collecting EEG data in a
resting Eyes Closed state 300, followed by auditory stimula-
tion in the form of an auditory sweep in frequencies from 30
to 300 Hz over 2 minutes 303, followed by a resting Eyes
Closed 306, followed by 5% CO2 inhalation with Eyes
Closed 309, followed by a resting Eyes Closed with normal
air inhalation 312, followed by visual stimulation in the form
of a flashing checker board sweep from 1 to 20 Hz 315,
followed by a first cognitive challenge in the form of delayed
word recall or executive function task 318, followed by audi-
tory stimulation in the form of music superimposed with the
frequency in the sweep that demonstrated the most response
from the frequency sweep from earlier task 303 above 321,
followed by a second cognitive challenge in the form of a
delayed match to sample task 324, followed by a final resting
Eyes Closed 327. This 10 task sequence would take 20 min-
utes.

Example 5
Baseline Assessment of Normal Healthy Individuals

Imagine a person who visits her doctor to establish a per-
sonal brain health biometric signature while she is well and
healthy as a baseline. She could take the BCI test battery on a
weekly basis or over three separate visits for good test-retest
performance. Part of the test battery would include challenges
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as outlined according to the methods of the present invention
using physiological stimuli as well as cognitive tasks,
although these will probably exhibit lower test-retest repro-
ducibility. Other stimuli should be usable to calibrate brain
function. The leading application is to track changes in an
individual from baseline. The potential therapeutic use of
such information is that if someone notices their functional
brain signature is changing, they can seek additional profes-
sional diagnosis. They can also use the information as a type
of biofeedback mechanism to practice or perform cognitive
therapy. One can engage in mental exercises to bring them-
selves back to a normal BCI signature. Uses generally include
diagnosis, bio-signature, as an aid to guiding treatment, as
well as treatment in itself through biofeedback.

Example 6
Alzheimer’s Disease or Dementia More Generally

Using both the literature as a guide and an empirical
approach, the brain health assessment system and methods of
the present invention can be adapted to unique brain health
assessments. For instance, in dementia, it has been reported in
the literature that as one loses the higher frequency gamma,
beta, alpha bands, a concomitant increase in delta and theta
power ensues, 1.e. the overall power shifts or moves leftward
in the PSD graph. Persons with a family history of AD could
monitor that movement or change leftward (to lower fre-
quency), as a sensitive means to monitor movement into a
state of mild cognitive impairment (MCI). One could arrange
to create a PSD band ratio and put in the denominator that
which is increasing (theta or delta) and use alpha, gamma, or
beta as the numerator. The literature reports that one is losing
high frequency power and gaining low frequency power.
Thus, one can construct a leveraged and more sensitive metric
by taking a ratio. In this way, the ratio amplifies that signature
change as neurodegeneration occurs. Thus the invention can
replicate the science and provide an early means of detection.

Example 7
Use in Schizophrenia

The possible use of the invention to diagnose Schizophre-
nia can be found from two important pieces of information.
First, Schizophrenics have a problem with sensory informa-
tion processing, in particular auditory. Thus one could ramp
up the frequency, shifting tones every 5 Hz from 60Hz, 55 Hz,
50 Hz, 45 Hz and look for spike there, or also look at other
frequencies. Moreover, in Schizophrenics there are docu-
mented input problems. In the paper by Frankie et al, [ref] it
was shown that Schizophrenics have a problem with EEG
response to working memory load. In sum, Frankie’s work
showed that if one gives normal subjects several objects to
hold in their working memory, the power in the gamma band
goes higher and higher during the working memory task.
However, in Schizophrenics, it was shown that the gamma
power goes up from 1 to 2 objects but it quickly levels off.
This could be directly measured in a BCI test battery for use
with Schizophrenics.

Example 8
Use in Depression, Bipolar Disorder, and/or Anxiety

In Depression, Bipolar, and Anxiety disorders, there is a
unique opportunity to use a CO, challenge test. It is known



US 9,357,941 B2

33

that when one gives a subject a lot of CO,, such as 7 or 10%
and for longer periods of 15-20 min, doing so can induce a
panic or claustrophobic-like attack with anxiety-like feelings.
In the past, some practitioners screened patients for Anxiolyt-
ics. In disorders like depression, bipolar, or anxiety, it is
known that patients are much more sensitive to the CO,
challenge and often develop panic, claustrophobic or anxiety
attacks at much shorter times and with lower concentrations
of CO, compared to normal people. It is the opposite situation
in the case of depression, where patients demonstrate a higher
threshold than normal for CO, induced behavioral phenom-
ena. Imagine giving a subject 5% CO, for 5 min and observ-
ing both the behavioral and the EEG signals. One should be
ableunder these conditions to observe a robust shift or change
in EEG signature before the patient feels anxiety or panic.
Low doses 0f 5% CQO, for 5 min have been observed to exhibit
robust EEG signatures. We believe this is a much more robust
way to pick up CO, response. This behavioral exhibited dis-
ease performance can translate or enable our more subtle CO,
signature to track and diagnose all types of disease. Thus there
is a baseline battery of diseases where one can watch where
brain problems appear.

Example 9
Pain Disorders

Another indication where the BCI bio-signature of brain
health could be very useful is chronic pain. It is known that
chronic pain patients are much more sensitive than normals to
the behavior response of the thermal grill, i.e. feeling greater
pain to the thermal grill. The idea is simply to assess changes
in EEG signature when applying the thermal grill and exam-
ine if a heightened response is experienced by chronic pain
patients, indicating in those a true sensitization and response
to the thermal grill. The alternating pattern of warm (40 deg
C.) and cool (20 deg C.) produces a sensation of pain in
working brain circuits. There exists robust neurobiology
behind the thermal grill. In particular, a normal person reports
a low score to the amount of pain felt, whereas someone
sensitive to neuropathic pain would report a high score. This
test would be useful to assess if someone truly has neuro-
pathic pain. The pain experience is often overlaid in anxiety,
and our approach gets around the subjective reporting of pain
to a more objective measure of the activation of the pain
pathways. The EEG bio-signature based thermal grill chal-
lenge would provide an objective measure of the pain path-
way. Those truly sensitive would have a higher EEG response
to the thermal grill, providing more confidence to the physi-
cian in the diagnosis. In addition, after injury to a limb, it is
well known that the pain intensifies over time. The bio-sig-
nature EEG could track this painful response more objec-
tively and quantitatively.

Example 10

Use as a Remote Device for Home Based
Measurements

With proper placement of a cell phone or PDA interface in
close proximity to the scalp electrodes, opportunities arise to
conduct the brain health assessment remotely, such that an
individual could have the proper components present in the
home and administered by a physician, taking the patient
through the various tests, with the results then transmitted by
a cell phone network to a central server for immediate avail-
ability to a doctor or nurse. Thus, the systems and methods of
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the present invention become convenient and practical.
Patients would not have to come into a clinical setting to get
wired in for an EEG, it could be done weekly at home to
obtain much tighter data to average and monitor closely for
subtle changes. One can imagine a Facebook-like web page
for an individual’s EEG data. The subject could upload the
data regularly and the doctor could review monthly to monitor
the patient’s data. Smart cell phones allow bidirectional com-
munication of the test battery and the test results. Thus any-
where a patient has a headset and smart cell phone, she can
conduct a BCI like test battery. This test battery could consist
of any combination of sensory and cognitive challenges.

Example 11

Use in Head Injury Monitoring and Post Traumatic
Stress Disorder

Another disease area where this invention is useful is head
injury and Traumatic Brain Injury (TBI). Imagine a high
school football player has a mild head injury from a head-on
collision on a football field (or from a vehicle accident). Now
imagine the player is rushed off the field and given a BCI
brain health assessment to determine if they are suitable to go
back on the field or should be transported to a hospital for
further neuropsychological evaluation. If such individual’s
brain shows signs of not functioning properly, he would not
be permitted to go back into the game and may instead need
to go to the hospital. Imagine a similar scenario on a military
battlefield or military hospital. After a blast or vehicle acci-
dent, one can quickly assess if a solider gets shipped back
home or back out into battle. Significant changes from a
soldier’s normal brain health biometric signature (for
example, taken during basic training) will likely result from
such head trauma.

The literature has reported several EEG signatures associ-
ated with both mild TBI and Post Traumatic Stress Disorder
(PTSD). One can envision multi-step sensory and cognitive
stimulation brain assessment paradigms tuned to each condi-
tion. In the case of mTBI where it is reported that a significant
percentage of TBI victims have auditory dysfunction, an
auditory stimulation component is indicated, in addition to
resting eyes closed and eves open. Since the scientific litera-
ture indicates damage often to the vasculature of the retina in
TBI, it is within the systems and methods of the present
invention to include a visual stimulation task as well to moni-
tor the EEG response and look for shortcomings or differ-
ences due to reduced visual acuity.

In the case of PTSD, a comparison of the EEG of an
individual when presented with neutral images (like flowers,
the beach, and mountains) versus traumatic images (like pho-
tographs of war, soldiers dismembered, vehicles in major
crashes) can be tuned to sensitively and specifically identify
those with PTSD by monitoring their visually stimulated
EEG response.

Example 12

Use of a BCI Test Battery of Sensory and Cognitive
Challenges for Relaxation, Meditation, and Reduced
Hypertension Through Neurobiofeedback

Another disease area where the systems and methods of the
present invention could be useful is in assessing hypertension,
along with its corollaries, relaxation, and meditation. Imagine
a system comprised of an EEG brain cap, in a normal form
factor like a baseball cap (illustrated in FIG. 6), and a wireless
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receiver like those illustrated in FIG. 7. EEG signals from the
cap would be transmitted to the client device and data like the
NeuroSky “meditation” index or other indicator of relaxation
states displayed on the screen. The subject would focus on the
real-time adjustment to their signals, thus creating a discrete
neuro-biological feedback system. This system could be used
to calm the minds of children and adults with Attention Defi-
cit Disorder, as well as those with anxiety or panic disorders.

Example 13

EEG Baseball Cap or Hat with iPhone

Again, consider the same system comprising an EEG brain
cap, in a normal form factor like a baseball cap, and a wireless
receiver like those indicated in FIG. 7. Imagine that the
receiver device is connected to earphones such that the audi-
tory stimulation signals are swept from low (1 Hz) to high (20
kHZ) and response monitored, then refocused between 20 Hz
to 1000 Hz or alternatively 20 Hz to 200 Hz. The EEG
response in the form of overall PSD power, power in certain
bands like alpha or theta, or discrete and specific frequencies
could be measured and a response curve for each subject
could be created where their PSD or portion of PSD is inte-
grated to form a power measure. Once the response curve for
each subject is mapped out, the device could returnto the peak
response frequency from the scan and superimpose this fre-
quency on top of music signals that the person is choosing to
listen to (selected from their favorite MP3 music library
selections). Thus in addition to listening to their music, they
would get a maximal stimulation or enhancement of the relax-
ation frequency they were most responsive to during the
calibration phase. This could retune between songs from time
to time where a frequency sweep is conducted around the
previous maximally responsive auditory driving frequency to
confirm that the person’s response function is still maximally
stimulated in a resonance like fashion. If not still in tune, a
new superimposed relaxation frequency could be superim-
posed; if confirmed, this would be the frequency as before.
This aspect of the system and method of the present invention
represents a real-time frequency test using standard lock-in
amplification techniques to increase the gain to the exact
frequency of auditory stimulation for maximal auditory
response for each individual person. This would be a custom-
ized relaxation algorithm tuned to each person’s response
curve.

Example 14

Use with a Stimulus Battery to Monitor the Brain
and Nervous System: Olfactory Response and Food
Response

The EEG signals from the methods of the present invention
could be used to monitor the olfactory response of an indi-
vidual to various odors, as well as to other consumables such
as foods or nutraceuticals. The response to beneficial food
components like omega 3-fatty acids, antioxidants, ginko
biloba, etc. could be determined. In particular, it is noted that
the olfactory bulb of individuals undergoing neurodegenera-
tion, like those folks suffering from Alzheimer’s disease, is
one of the first areas to lose capacity. Olfactory EEG stimu-
lation tasks as part of a multi-step dynamic data collection
paradigm could provide the early indicators necessary to
diagnose Mild Cognitive Impairment (MCI) and prodromal
Alzheimer’s disease from normal controls, mild AD and other
non-related dementias.
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Example 15

The Effect of GABA_A Receptor Agonist
Clonazepam on EEG

The GABA_A receptor agonist Clonazepam (under trade
name Klonopin from Roche), a member of the benzodiaz-
epine family, has been reported in the literature to increase the
relative power in spectral beta relative to other sub bands. To
assess this with the systems and methods of the present inven-
tion, an Eyes Closed (EC)/Eyes Open (EO) resting state
assessment was conducted on a 48 year old male subject. Four
tests of 3-minutes each in an alternating pattern (EC/EO/EC/
EO) were taken using a NeuroSky MindSet Pro headset (se-
rial number NS-MS1-00273), sampling at 128 Sam/sec with
12 bit precision. Traces were recorded to a SONY Viao
(VGN-FZ1 OFE) laptop PC using Neuroview 4.2.2 software in
the early evening. After the initial sequence, one pill of 0.5 mg
dose Klonopin was taken orally with water. The 48 year male
volunteer rested quietly with the lights off 80 minutes post-
dose, data was again collected using the exact same sequence
of four 3-minute resting state assessment tests (EC/EOQ/EC/
EO), recorded to the laptop PC. The data files and testing
record files were immediately transferred following the sec-
ond series of tests.

An hour later, the EEG data was loaded into MATLAB
using custom-written proprietary software for spectral FFT
analysis. Time averaged PSD plots were generated from 0 to
30 Hz with log power on the y-axis (in MATLAB) and the
results archived in both a PowerPoint file and comma sepa-
rated value (CSV) files for further analysis in statistics (JMP
by SAS) and graphical software (KaleidaGraph by Synergy
Software) packages. FIG. 29 shows in the upper panel the
resting Eyes Open average relative PSD. Notice the relatively
well behaved 1/f fall off in the PSD as a function of the
frequency. The beta region 670 is clearly falling off in the
semi-log plot. In comparison, 80 minutes after 0.5 mg
Klonopin, one observes an elevated beta 680 and even more
pronounced alpha rhythm 690 emerging from the Clon-
azepam. Individual relative and absolute power in each of the
spectral delta, theta, alpha, and beta bands was calculated and
apair-wiset-Test of each power was compared pre-pill versus
post-pill. There was no statistical difference in the time aver-
aged relative power in the delta, theta and alpha bands, with
p-values ranging from 0.51 to 0.99, all non-significant. In
contrast, the time averaged relative beta band power was
statistically significantly elevated (p=0.019, N=4 traces in
each comparison) showing meaningful elevations in relative
beta power upon Clonazepam administration. Moreover, the
absolute power showed statistically meaningful differences
80 minutes post-dose relative to pre-dose levels also
(p=0.021, N=4 traces of three minute duration per state).

Example 16

The Effect of Histamine H1 Receptor Antagonist
Benadryl on EEG

The Histamine HI receptor antagonist “Benadryl”
(Diphenhydramine HCI) is known to cause drowsiness. 25
mg of Benadryl equivalent (CVS Generic Brand—*“Compare
to Benadryl Allergy”), was assessed with the methods and
systems of the present invention in a similar study to the
Clonazepam study above. The same 48 year old male subject
conducted six tests of 2-minutes each in an alternating pattern
(EC/EO/EC/EO/EC/EO) taken using a NeuroSky MindSet
Pro headset (serial number NS-MS1-00273), sampling at 128
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Sam/sec with 12 bit precision. Traces were recorded to the
same SONY Viao (VGN-FZ1 OE) laptop PC using Neuro-
view 4.2.2 software. At the end of the first sequence, one pill
of Diphenhydramine HC1 25 mg was taken orally with water.
The subject rested quietly with the lights off 65 minutes
post-dose, EEG data was again collected using the exact same
sequence of six 2-minute resting state assessment tests (EC/
EO/EC/EO/EC/EO) and recorded to the laptop PC. The data
files and testing record file were transferred to the signal
analyst.

The EEG data was loaded into MATLAB using custom-
written proprietary software for spectral FFT analysis. Time
averaged PSD plots were generated from 0 to 30 Hz with log
power on the y-axis (in MATLAB) and the results archived in
both a PowerPoint file (see FIG. 30) and comma separated
value (CSV) files for further analysis in statistical (JMP by
SAS) and graphical software packages (KaleidaGraph by
Synergy Software). Individual relative and absolute power in
each of the spectral delta, theta, alpha, and beta bands was
calculated. A pair-wise t-Test of each power was compared
pre-pill versus post-pill. Interestingly, the absolute beta sub-
band power (FIG. 30) was statistically significantly elevated
in the post Benadryl blocks of data compared to the pre-pill
(p=0.02).

These examples show the ability of the single lead Mind-
Scope™ systems and methods to detect EEG traces at elec-
trode position Fp1 that are equivalent to those of much more
expensive and cumbersome 10-20 International standard
EEG rigs in an Eyes Closed/Eyes Open protocol. The systems
and methods of the present invention can be leveraged to
further refine the signatures and classifiers of compound
effects when assessed under sensory and cognitive chal-
lenges. In subsequent studies, the EEG data can serve as
objective evidence for investigational compound target
engagement, serving to assist in dosing ranging studies, and
ultimately be useful in personalized medicine studies where
an individual’s pharmacokinetics are correlated with their
personal pharmacodynamic endpoints, including the metrics
and classifiers derived from the systems and methods of the
present invention. The data can also be expressed as graphic
biometric “signatures” in the form of spider plots or other
multivariate representations.

Example 17
Using the System to Monitor States of Attentiveness

An additional use of the systems and methods of the
present invention is to control the output of certain EEG
signals by a user ofthe system. This control was demonstrated
by a 48 year old male subject, using the algorithms present in
NeuroSky’s Neuroview™ software, interfacing with Neuro-
Sky’s MindSet Pro™ headset (serial number 25 NS-MS1-
00273), sampling at 128 Sam/sec with 12 bit precision.
Traces were recorded to a SONY Viao (VGN-FZ1 OE) laptop
PC using Neuroview 4.2.2 software. Three tests of approxi-
mately 1-minute each were conducted in an eyes open (EQ)
resting state. The NeuroSky software comes with an “Atten-
tion Meter”, which is graphically displayed as a tachometer
with an analog needle that moves from the 8 o’clock position
on the clock face to the 5 o’clock position in increments of 1
percent, from a possible low of 0 percent to a high of 100
percent, with a simultaneous numerical score displayed as
well.

The subject was asked to maximize the Attention meter at
100 percent and, if possible, to keep it there for 10 seconds.
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The collected data was analyzed for PSD properties as
described earlier and can be seen in FIG. 28.

The high attention task 640 is significantly elevated in
overall power during the Attention related task. In contrast,
when the subject attempted to pin the meter to zero, he was
only able to get it below 20 for at least 10 seconds, as shown
in trace 650. The output from the low ATTENTION meter
trace is also visible in FIG. 28. One can clearly see the dif-
ference in overall power in an attentive state compare to an
inattentive state of mind. This demonstrates the systems and
methods of the present invention to characterize states of
attentiveness for the purpose to monitor the brain and nervous
system of a subject.

Example 18

To Monitor and Characterize States of Alertness
Ranging from Asleep to Awake

An additional use of the systems and methods of the
present invention is monitor sleep states. This was demon-
strated by a 48 year old male subject, interfacing with Neu-
roSky’s MindSet Pro headset (serial number NS-MSI1-
00273), sampling at 128 Sam/sec with 12 bit precision.
Traces were recorded on a SONY Viao (VGN-FZ1 OE) lap-
top PC using Neuroview 4.2.2 software. At the same time that
the data was being recorded, the session was being filmed
using a Sony HDV Handycam digital video tape recorder
mounted on a tripod.

The internal clocks of the Sony video camera and the Sony
VAIO laptop synchronized with an offset differential of 2
seconds, with the laptop being 2 seconds ahead. The subject
was tape recorded while going through the following resting
states during an afternoon nap: (1) Eyes Open awake; (2)
Eyes Closed awake; and (3) Eyes Closed asleep (as evidenced
by noises and twitches). The total recording time of the study
was approximately 12.5 minutes. The data files and testing
record file were transferred to the signal analyst.

The following day the EEG data was loaded into MATLAB
using custom-written proprietary software for spectral FET
analysis. Time averaged relative power spectra were gener-
ated from 0 to 30 Hz with log power on the y-axis for 60 sec
states of the data reflective of each of the observed awake
states listed above. The results can be seen in the PSD plots of
FIG. 31.730 shows the PSD for an Eyes Open awake state, in
comparison to an Eyes Closed awake state 740, finally com-
pared to an Eyes Closed asleep state with even less overall
powet.

Example 19

Photic Stimulation at Driving Frequerncy F Leads to
Brainwave Entrainment as a Monitoring Tool

Using the methods and system of the present invention, we
sought to demonstrate the ability to entrain the brain using
photic stimulation. Using a MindPlace Procyon AVS unit
with LED goggles, we programmed the goggles to flash the
LEOs at full intensity with Red=255, Green=255, Blue=255
amplitude for maximum light output via the USB port of a
Compaq Eva N620c laptop PC and the downloadable Pro-
cyon AVS software from the MindPiace.com website. A 45
year old male volunteer sat in a quiet room with the lights off.
Two minute traces were collected in each of the following
conditions at high photic stimulation intensity: EC no photic
stimulation, 10 Hz, 12 Hz, 14 Hz, 16 Hz, 18 Hz, and 20 Hz
photic stimulation for 2 minutes. fEEG data was collected at
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128 Sam/sec with a MindSet Pro headset using Neuroview
4.2.2 software on a Dell Inspiron laptop running Windows?.
Both eyes were stimulated simultaneously in phase in order to
assess the largest effect size possible.

Data was stored on the Dell laptop and then analyzed for
spectral content after data were loaded into MATLAB run-
ning proprietary BCILAB software. The software performed
standard Hanning windowing and Fast Fourier Transform of
the data. Power spectral density plots were generated in log
scale from 0 to 30 Hz.

One can see the results of the study in FIG. 25 for 10 Hzand
FIG. 26 for 12 Hz where there is a prominent peak in the PSD
at the stimulation frequency F 540 and 560 as well as the first
harmonic (2° F.) 550 and 570, evidence of some nonlinearity
in the system. The EC no photic stimulation state is plotted
below for comparison purposes.

The ability to measure a response to the photic stimulation
enables one to include this task into the battery of tasks to be
conducted for brain state and functional analysis. This could
include but is not limited to use in detecting, identifying, or
monitoring diseased brain states like Alzheimer’s disease or
Schizophrenia, detecting, identifying, or monitoring injured
brain states such as mild traumatic brain injury or stroke, or
detecting, identifying, or monitoring brains under the influ-
ence of both legal and illegal drugs in an emergency room
context where a patient presents with issues but is uncon-
scious or uncooperative or in a clinical trial process of drug
discovery in the pharmaceutical industry.

Example 20

Auditory Stimulation at Driving Frequency F Leads
to Brainwave Entrainment as a Monitoring Tool

Using the methods and system of the present invention, we
sought to demonstrate the ability to entrain the brain using
auditory stimulation. Using a Neuroprogrammer 3 (NP3)
software from Transparent Corp, we programmed sessions
where we could output pure isochronic tones, monaural beats
and binaural beats through the soundcard of a Dell Vostro
1520 laptop PC. A 45 year old male volunteer sat in a quiet
room with the lights off 90 second traces were collected in
each of the following conditions at 128 Sam/sec with 12-bit
dynamic range. Data was collected in both an Eyes Open and
Eyes Closed state for all conditions tested on a Dell Inspiron
laptop PC using the standard Bluetooth dongle and Neuro-
view 4.2.2 software.

Isochronic tones were output from the PC soundcard with
beat frequency ranging from 10 to 20 Hz in 2.5 Hz steps,
which corresponded to optimized pitch frequencies from the
program of from 147 Hz to 200 Hz. Parameters of the isoch-
ronic tones included square waves, 90 degree phase, sine
pitch, with 1-20 Hz corresponding to 100-200 Hz pitch. The
amplitude was put on full both at the Windows7 soundcard
driver as well as within the NP3 program. The sound was
relayed through the Bluetooth interface to the audio speakers
built into the MindSet Pro headsets.

Monaural beats were output from the PC soundcard with
beat frequency ranging from 10 to 20 Hz in 2.5 Hz steps,
which corresponded to optimized pitch frequencies from the
program of from 147 Hz to 200 Hz central frequency with
beat frequency symmetric. For example, a 20 Hz beat corre-
sponded to a central pitch of 200 Hz, with tone 1 and tone 2
corresponding to 190 Hz and 210 Hz respectively. The ampli-
tude was put on full both at the Windows7 soundcard driver as
well as within the NP3 program. The sound was relayed
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through the Bluetooth interface to the audio speakers built
into the MindSet Pro headsets.

Binaural beats were output from the PC soundcard with
beat frequency ranging from 10 to 20 Hz, which corre-
sponded to optimized pitch frequencies from the program of
from 10 Hz to 200 Hz. The amplitude was put on full both at
the Windows7 soundcard driver as well as within the NP3
program. The sound was relayed through the Bluetooth inter-
face to the audio speakers built into the MindSet Pro headsets.

Data was stored on the Dell Inspiron laptop and then ana-
lyzed for spectral content after data were loaded into MAT-
LAB running proprietary BCILAB software. The software
performed standard Hanning windowing and Fast Fourier
Transform of the data. Power spectral density plots were
generated in log scale from 0 to 30 Hz. Both 10 second sliding
window absolute power PSD and time averaged relative PSD
were produced.

One can see the results of a study in FIG. 33 for 15 Hz
Isochronic tones in an Eyes Closed state. The effect in the
PSD is more subtle than the photic stimulation.

Example 21
Cog Scope™ Non-Invasive Multi-Modal Assessment

Using the methods and system of the present invention, we
sought to demonstrate the ability to simultaneously record
EEG data while taking a computerized cognition test. In
particular, we loaded the CogState Research battery from
CogState Ltd. onto a Dell Vostro 1520 laptop PC (like FIG. 17
351). We configured the test to only administer the “Identifi-
cation” task as a proof of concept Attention task (FIG. 16 305)
demonstration that we could generate meaningful data from
both the cognitive test and the simultaneous EEG signals
(FIG. 16, where Cog 306 is, without limitation, the reaction
time of the individual trials). The Identification task asks the
test subject to press the D key if a black card is flipped and the
K key if a red card is flipped from a deck of playing cards on
a solid background, or to click the left mouse if a black card
is flipped or the right mouse button if a red card is flipped,
depending on the color of the next playing card which is
flipped over from a deck on the computer screen. Cards are
turned every few seconds and the response of the individual
monitored by the program for reaction time to the trial and
accuracy, among other things.

In addition, while the test was taking place, we simulta-
neously recorded EEG from a MindSet Pro to a Dell Inspiron
laptop PC via standard conditions listed in examples above.
The Identification task took approximately 105 seconds to
complete approximately 40 trials. The CogState Analysis
Guide recommends that one evaluate the log of the reaction
time for those correct trials of an individual. As one ages or
shows dementia, the ability to stay attentive decreases, and
therefore the average log 10 10 reaction time increases.

The schematic of the system can be seen in FIG. 17. The
two PCs were synchronized to within a second before the
study began at time.nist.gov 353. EEG data was stored on the
Dell Inspiron laptop 355 and then analyzed for spectral con-
tent after data were loaded into MATLAB running propri-
etary BCILAB software 357. The software performed stan-
dard Hanning windowing and Fast Fourier Transform of the
data. Power spectral density plots were generated in log scale
from 0 to 30 Hz. FIG. 18 is the time averaged relative PSD
during the Cog State™ Identification task.

The CogState data was analyzed according their research
manual. Results were uploaded to the DataPoint™ website
and raw data observed via the web portal. Raw data were
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copied to MS Excel with full detail as shown in FIG. 19 from
the study, including the elapsed time 365, reaction time 366,
key pressed 367, and card flipped 368. EEG data could be
added to the data table for construction of a summary data
table with the EEG biometric data from the spectral analysis
and the reaction time and accuracy data, as shown in FIG. 20.

The ability to simultaneously measure cognition task data,
both computerized and otherwise, and EEG data represents a
large advance. The tests take no more time than a straight
cognition test but now provide a whole new realm of biomet-
ric variables to construct classifiers from in combination with
the cognition data. This multi-modal classifier is an important
aspect of the present invention. This has application in
dementia testing with the CogState battery and concussion
testing with the CogSport battery.

Example 22

PASAT+fFEG Assessment of Cognition

Using the methods and system of the present invention, we
sought to demonstrate the ability to simultaneously record
functional EEG (fEEG) data while taking a second comput-
erized cognition test. In particular, we purchased the Paced
Auditory Serial Addition Test (PASAT) from the University
of Victoria, Dept. of Neuropsychology. The schematic of the
PasatScope™ system can be seen in FIG. 21. We loaded and
activated the PASAT software onto a Dell Vostro 1520 laptop
PC (FIG. 21 391). We configured the PASAT test as a second
proof of concept cognitive task demonstration that we could
generate simultaneous data from both a cognitive test and
EEG signals (FIG. 16, where Cog 306 is, without limitation,
the reaction time of the individual trials). The PASAT task
asks the test subject to listen carefully to a series of auditory
numbers spoken a fixed interval, say every three seconds. The
subject is to listen to each new number and indicate the sum of
the new number to the preceding number. Thus if the test
computer voice speaks “17”, “3”, then the test subject should
say “4” before the next number is spoken by the test computer
voice. If the computer voice says “4” next, the test subject
should add the “4” to the previous “3” and say “7”. A test
administrator sits next to the test subjects and records their
responses for later scoring off paper. We chose to automate
the process and utilized an Olympus VN-960PC Digital Voice
Recorder next to the laptop speaker to record both the com-
puter voice saying the numbers and the test subject’s
responses. In this system, the Monitor-1 390 is an audio
monitor in the form of the digital voice recorder. The data
from the voice recorder was recorded in HQ at 22,050 Sam/
sec and transferred to PC-1 391 after the test task was com-
pleted as .wav file. Audacity software (www.audacity.com)
was downloaded for free and the .wav opened as an element
of the analysis package 392. Using the cursor, one could
quantitatively measure the reaction time between each new
number spoken by the computer voice and the test subject’s
response. In this way, we have refined the scoring nature of
the PASAT by extracting reaction time information as well
accuracy information. This will enable analysis similar in
spirit to the CogScope example just above.

In addition, while the test was taking place, we simulta-
neously recorded EEG from a MindSet Pro to a Dell Inspiron
laptop PC-2 395 via standard conditions listed in examples
above. At speed 2.4, the PASAT task took approximately 105
seconds to complete the 60 trials. The PASAT software has
four possible speeds, indicated by 2.4, 2.0, 1.6 and 1.2 from
slowest to fastest. The PASAT Scoring portion of the program
takes the raw score correct out of a possible 60 and based on
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age range, calculates the z-score and percentile based on
published literature validating the instrument in a normative
sense. As one ages or shows dementia, the ability to correctly
add the scores, remember the previous and speak the response
is impaired. It is very difficult to do well as the speed moves
to 1.6 let alone 1.2. Another person sat by the test subject and
recorded to paper with pencil both the computer voice series
of test numbers as well as the test subject’s responses. This
enabled paper determination of the correct number of trials,
as shown in FIG. 23.

The schematic of the PasatScope system can be seen in
FIG. 21. The two PCs PC-1 391 and PC-2 395 were synchro-
nized to within a second before the study began at time.nist-
.gov 393. EEG data was stored on the Dell Inspiron laptop
395 and then analyzed for spectral content after data were
loaded into MATTAB running proprietary BCILAB software
397. The software performed standard Hanning windowing
and Fast Fourier Transform of the data. Power spectral den-
sity plots were generated in log scale 20 from 0 to 30 Hz. FIG.
22 is the time averaged relative PSD during the PASAT 405
versus a resting Eyes Open baseline 410. Notice again the
large amount of power during the cognitive task in compari-
son to a resting Eyes Open baseline.

The PASAT data was analyzed according their scoring
software functionality (FIG. 23). First the age range 420 was
selected. Then the individual raw scores out of 60 trials for
each speed ofthe 2.4 425,2.0 430 and 1.6 435 were input. The
PASAT software calculated the yellow boxes showing the Z
score 440 and percentile 445 from the published normative
data.

Rather than stop the analysis with the PASAT scoring
software, as is presently done in the field, we analyzed the
voice recording in Audacity 1.2.6, free Digital Audio Editor
software (audacity.sourceforge.netl). The digital recorded
audio .wav file was loaded into Audacity (FIG. 24 450). By
zooming in, one could isolate 12 seconds of recording and see
bursts of intensity that corresponded to either the computer
test administrator voice 451 or the test subject’s voice 452 in
the audio file. There were periods of silence 453 between the
two voices. One could deduce that the number “2” was spo-
ken by the computer administrator voice at 455, the number
“7” at 465, the 5 number “5” at 475, and the number “1” at
485. The test subject 452 responded “9” at 470, “12” at 480,
and “6” at 490. By measuring the periods of silence between
the last new number and the test subject’s response 500, 510,
520, we calculated the response time for each trial 1500, T2
510, T3 520. Using voice recognition algorithms, some of
which are now built into Windows Vista and Windows?, one
could automate the scoring as well, although we haven’t done
this yet. Nonetheless, we did measure the reaction times
between trials of new numbers and test subject’s responses.
Using the cursor bar, regions of silence between the last
number and the subject’s response were measured and
recorded in the table 530.

The ability to simultaneously measure cognition task data,
both computerized and otherwise, and EEG data represents a
large advance for not only the PASAT, but all other comput-
erized cognition tests. Since the simultaneous cognition+
fEEG tests take no more time than a straight cognition test,
but now provide a whole new realm of objective independent
biometric variables to construct classifiers from in combina-
tion with the cognition data. This multi-modal classifier
method is an important aspect of the present invention.

Example 23

Probing Pain Circuit Analysis with an Ice Cube in
Lieu of a Thermal Grill

Using the methods and system of the present invention, we
sought to demonstrate the ability to detect EEG differences
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while a volunteer was in a pain state much like the alternating
temperature conditions of the thermal grill. In this instance, a
45 year old male volunteer held either a room temperature
mini computer mouse as a control or a wet ice cube in his
hand, both left and right at different times, for 60 seconds. In
each instance, the room temperature computer mouse was
held first as a control, then the wet ice cube. Each condition,
mini-mouse and ice cube, right hand and left hand, Eyes Open
and Eyes Closed was conducted for a total of eight blocks of
data.

While the test was taking place, we simultaneously
recorded EEG from a MindSet Pro to a Dell Inspiron laptop
PC via standard conditions listed in examples above. The
computer was controlled by someone else in Manhattan via a
web interface GoToMeeting. The EEG data was analyzed for
spectral content after data were loaded into MATLAB run-
ning proprietary BCILAB software. The software performed
standard Hanning windowing and Fast Fourier Transform of
the data. Power spectral density plots were generated in log
scale from 0 to 30 Hz. FIG. 27 A and FIG. 278 are a pair of
time averaged relative PSD during the ice cube holding task
with Eyes Closed in the left hand. One can observe the promi-
nent alpha rhythm peak 580 in the room temperature mini
mouse task with is significantly diminished 590 when holding
an ice cube for 60 seconds. Additional features appear to be
quite different including low theta regional power 600
appearing elevated while holding an ice cube. This demon-
strates the alpha rhythm monitor approach to probing circuits.
It can be expanded to include many other circuit flows to
monitor the brain and nervous systemni.

Example 24

Use of Tongue Restraint and Visual Objects to
Minimize Dipolar Movement, Especially the Tip of
the Tongue and Eye Movement

Imagine an aspect of the systems and methods of the
present invention to include a bite-plate like device which
immobilizes the tongue to prevent tongue movement which
could create artifacts for the recorded EEG signals. A tongue
immobilizer would enable reduced artifacts and cleaner EEG
data. Similarly, it is important to provide instructions on
where the participant should be looking visually at all times
during the battery or data collection paradigm so that eye
movement is reduced to a minimum. Visual objects and tar-
gets are to be provided on the display screen at all times that
the participant has their eyes open so that their eyes are not
wandering around creating additional eye movement artifacts
in the recorded EEG signals. Tt will be difficult to reduce eye
blink completely, but by providing visual targets for the sub-
ject’s eyes to fix and focus on is a method of the present
invention to improve the signal quality recorded.

While the above description contains many specifics, these
specifics should not be construed as limitations on the scope
of the invention, but merely as exemplifications of the dis-
closed embodiments. Those skilled in the art will envision
many other possible variations that are within the scope of the
invention.

What is claimed:

1. A method to monitor a brain and nervous system of a

subject during cognitive challenge tasks, comprising:

a recording device recording an audio voice of a subject
and an audio voice of a test administrator conducting a
cognitive challenge task of the subject to create audio
voice signal data;
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transferring the audio voice signal data to a microproces-

sor;

digitally processing the audio voice signal data, using the

microprocessor, to quantitatively measure features of
theaudio voice response of the brain and nervous system
of the subject to the cognitive challenge task including
reaction times determined from periods of silence
between sequential audio voice prompts from the test
administrator and corresponding audio voice responses
of the subject in response to each respective audio voice
prompt from the test administrator during the cognitive
challenge task; and

applying a medical therapy for the subject based on

changes in the reaction times between administrations of
the cognitive challenge task.

2. The method of claim 1, wherein the cognitive challenge
task is the Paced Auditory Serial Addition Test (PASAT) task.

3. The method of claim 1, wherein the audio voice signal
data recorded in the recording step is recorded in a hand held
digital voice recorder or via a sound card with built in analog
to digital converters.

4. The method of claim 1, wherein the digital signal pro-
cessing step further measures the accuracy of a response
using automated audio voice recognition techniques.

5. The method of claim 1, wherein using the reaction times
to monitor the brain and nervous system of the subject com-
prises using the reaction times in at least one of the surveil-
lance of normal health and aging of the subject, the early
detection and monitoring of brain dysfunction of the subject,
monitoring of brain injury and recovery of the subject, moni-
toring disease onset in the subject’s brain, monitoring disease
progression and response to therapy for the subject, measur-
ing the discovery and optimization of treatment and drug
therapies of the subject, and the monitoring of illegal sub-
stances and their presence or influence on the subject while
driving, playing sports, or engaged in other regulated behav-
iors.

6. A system to monitor a brain and nervous system of a
subject during cognition challenge tasks, comprising:

means for conducting a cognitive challenge task of the

brain and nervous systen of a subject;

means for recording an audio voice response of a subject

and an audio voice of a test administrator conducting the
cognitive challenge task of the subject to create audio
voice signal data;

processing means for processing the audio voice signal

data to quantitatively measure features of the audio
voice response of the brain and nervous system of the
subject to the cognitive challenge task including reac-
tion times determined from periods of silence between
sequential audio voice prompts from the test adminis-
trator and corresponding audio voice responses of the
subject in response to each respective audio voice
prompt from the test administrator during the cognitive
challenge task; and

means for applying a medical therapy for the subject based

on changes in the reaction times between administra-
tions of the cognitive challenge task.

7. The system of claim 6, wherein the means for recording
the audio voice response comprises a digital voice recorder.

8. The system of claim 6, wherein the monitoring means
further determines accuracy of a brain and nervous system of
a subject in response to the cognitive challenge tasks using
automated audio voice recognition techniques.

9. The system of claim 6, wherein the cognitive challenge
task is the Paced Auditory Serial Addition Test (PASAT) task.
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10. The system of claim 6, wherein the cognitive challenge
task is a computerized cognition test.

11. The system of claim 6, wherein the monitoring means
uses the reaction times to monitor the brain and nervous
system of the subject during at least one of the surveillance of
normal health and aging of the subject, the early detection and
monitoring of brain dysfunction of the subject, monitoring of
brain injury and recovery of the subject, monitoring disease
onset in the subject’s brain, monitoring disease progression
and response to therapy for the subject, measuring the dis-
covery and optimization of treatment and drug therapies of
the subject, and the monitoring of illegal substances and their
presence or influence on the subject while driving, playing
sports, or engaged in other regulated behaviors.
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