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FUNCTIONAL NEAR INFRARED SPECTROSCOPY BASED
BRAIN COMPUTER INTERFACE

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims benefit under 35 U.S.C. §119(e) of Provisional U.S.
Patent Application No. 61/467,924, filed March 25, 2011, the contents of which is incorporated

herein by reference in its entirety.

BACKGROUND

[0002] The brain is an incredibly complex organ with many signals and chemical
interactions taking place at any given time. Most commonly, the brain is involved in the control
of the functions of the associated body. As such, the brain can be considered to interface with
the body and actions associated with the brain are expressed by the body. Research has been
done with the brain to determine the nature of the brain’s control over the body and efforts have
been made to interpret the signals in the brain with the hopes of controlling functions outside of
the body. To this end, brain computer interfaces have been postulated.

[0003] A brain computer interface is an interface which receives information
originating in the brain and transforms it into computer commands. A further definition may be
an interface that accepts voluntary commands from the brain of a patient or specimen without
requiring muscle movement. Brain computer interfaces have been the subject of several studies
with mixed results. Early attempts at brain computer interfaces have included invasive methods
of capturing voluntary signals from the brain of a specimen or patient. For example, electrodes
have been placed in activity centers in the brain and based on that activity, computers or other
devices have monitored those signals. Those signals can be converted into controls for
computing devices. Invasive methods, however, have many shortcomings because they involve
complex surgery or may otherwise pose unacceptable risk. In addition, these invasive methods
tend to be incorporated into many single unit recording devices such as Electrocortincography.

[0004] Other invasive methods include, for example Positron Emission Tomography,
where radioactive tracing elements are inserted into the blood stream of a patient. The gamma
radiation emanating from the radioactive material may provide an image of the brain and may be
used in one or more ways to measure brain activity and receive signals.

[0005] Non-invasive methods of measuring brain activity have also been considered.

For example, Electroencephalography (EEG) provides several electrodes on the scalp of an
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individual and the summation of the firing of many neurons in the brain may be detected by the
EEG.

[0006] More recently, the use of near infrared spectroscopy has been considered as a
non-invasive way to measure brain activation. Near infrared spectroscopy has been used in
human brain activation studies as a method for non-invasively assessing oxygenation changes in
the brain. A light source emitting at least in part in the near infrared rang of the electromagnetic
spectrum is positioned on the scalp of a patient and the photons that enter the tissue are either
absorbed or scattered. A detector monitors the tissue. A percentage of the photons follow a
relatively well-described pathway back to the surface of the scalp, where they can be measured
with the detector. Different types of tissue and associated attributes of the tissue may cause
changes in the absorption and/or scattering of the photons as they pass through the tissue. This
technique allows calculation of changes in the oxyhemoglobin and deoxyhemoglobin rates in the
tissue, which makes functional neuroimaging possible based on the information received at the
detector.

[0007] Brain activity measurement has been considered for use as a controller of
devices. However, the studies in this area have focused on, for example, Broca’s region (a
language processing region of the brain), providing a binary option for controlling a computer
based on the word ‘yes’ vs. the word ‘no.” In such an example, control of a computing device
may be related to brain activity, but the activity is intended to control language, and is picked off

in an ancillary manner and applied to computing.

SUMMARY

[0008] There are many problems associated with providing control over computer
functionality using signals from the brain. One of those problems includes training individuals
to actively up-regulate or down-regulate brain activity in such a way that a sensing device may
detect the change in brain activity. A related issue is to determine if up-regulation and down-
regulation of biomarkers can be volitional acts at all. Another problem is to properly correlate
changes in brain activity with computing functions, and to do so in a non-invasive way. A
further problem is finding, isolating and measuring biomarkers that may act as suitable brain
computer interface indicators. An additional problem is selecting a region or regions of the brain
that have the capacity for brain computer interfaces and that can be controlled at will by a
person. Finally, a problem exists because prior art brain computer interfaces have relied on
motor control function to control essentially unrelated computing tasks. This final problem is

exemplified by the work previously done in monitoring brain activity that has focused on regions
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of the brain that control specific functions. For example, when a test subject performs a specific
function, such as raising their arm, it is known that activation in a part of the brain related to
motor control will occur. The brain activation for raising their arm may then be detected and
used in a brain computer interface.

[0009] As a further example of correlating a motor control function with a computer
command, previous experimentation has been performed on Broca’s region of the brain, which is
a language processing region of the brain. The experiment involved monitoring this region, and
when the test subject spoke a word, such as, for example, ‘yes’, the output was distinct and could
be correlated with a first binary computer output. If, however, a person spoke gibberish, the
brain activity could be monitored and correlated with a different binary computer output. Again,
monitoring brain activity in this region required specific overt action by the person unrelated to
the computing function and that overt action was correlated with, in this instance, activity in
Broca’s region. Such experiments may also work if an individual merely visualizes moving the
word, thus recreating the signal in the brain, which may be used by a computing device in one or
more ways. In general, however, these experiments have not been done in real time, have not
utilized functional near infrared (fNIR), and have measured bulk oxygenated hemoglobin and
deoxygenated hemoglobin levels. The present disclosure provides solutions to some of the
above problems.

[0010] The present disclosure addresses some of the problems noted above. In one
embodiment of the present disclosure, fNIR can detect and output information related to
oxygenated hemoglobin and deoxygenated hemoglobin individually. To further explain this,
previous methods have made use of the combined bulk oxygenated hemoglobin and
deoxygenated hemoglobin levels. Here, however, fNIR can be utilized to separate out, as
specific biomarkers, oxygenated hemoglobin and deoxygenated hemoglobin individually. In
another embodiment, fNIR may be used to detect an event related optical signal (EROS),which
may be used to directly detect changes in the optical properties of the cell walls that occur as a
function of depolarization during neural activation in real time detection.

[0011] Disclosed herein are functional near infrared based brain computer interfaces
that may be used to train and test subjects to up-regulate and/or down-regulate neural activity
and the related markers in the brain. More specifically, test subjects may be trained to control
neural activity in specific regions of the brain, resulting in up-regulation or down-regulation of
deoxygenated hemoglobins and/or oxygenated hemoglobin, and/or direct changes in the event
related optical signal (EROS). This change in the biomarkers in the brain is not necessarily

related to a motor control function of the brain, such as moving one’s arm, performing a
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calculation or speaking a word. Rather, a user can be trained on a system to alter a condition
(level of oxygenation) in a portion of their brain through biofeedback information regarding the
level of oxygenation or neural activity in that portion of the brain.

[0012] In one embodiment, using fNIR and training, a user may be provided a binary
control in a computing environment using a brain control interface. For example, a user may be
coupled to a fNIR device that measures a biomarker in a portion of their brain. By up regulating
or down regulating the biomarker, a threshold may be passed thereby providing a O or 1 for
binary control. Thus, a brain interface may be provided for binary control of a computing
device. Alternatively, a user may be provided a two or three dimensional contfol in a computing
environment by using several areas of the brain to control, for example, up-down, left-right
directions and a selection function (e.g., the equivalent of a mouse “click.”

[0013] In another embodiment, a user may be provided continuous control in a
computing environment, or over an object using a brain interface control. For example, a user
may be coupled to an fNIR device that measures a biomarker in a portion of the brain. By up
regulating or down regulating the neural activity and/or a biomarker, a continuous action may
track the regulation. For example, a brain computer interface can be provided where a baseline
level of the biomarker is indicative of a full stop of, for example, a virtual car, and an increase in
the biomarker causes the virtual car to speed up in relation to the amount of the biomarker in the
portion of the brain being measured.

[0014] Also disclosed herein is a brain computer index for determining a scale
indicative of the change in biomarkers in the brain. In one embodiment, a test subject may have a
fNIR brain computer interface placed in association with their brain. One or more biomarkers
such as deoxygenated hemoglobin and/or oxygenated hemoglobin and/or EROS may be
measured, monitored, stored or otherwise determined by the fNIR brain based computer
interface. A feedback stimulus may then be provided to the person. In one embodiment, the
feedback may be in the form of a visual display auditory, or haptic signal. At the point in time
that the feedback stimulus is provided to the subject, the level of the biomarker in the monitored
region of the brain may be determined. One or more algorithms may be used to correlate this
reference point with a biomarker scale. The biomarker scale may then be used to determine an
expected threshold level in, for example, a binary brain control interface. The biomarker scale
may also be used in, for example, a continuous brain control interface and may correlate an
amount of change in the biomarker with an amount of change in the continuously controlled

computing function.
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[0015] Disclosed herein is a functional near infrared based brain measures for
personalized therapy. In one embodiment, a person may be trained to alter and regulate neural
activity and biomarkers, such as oxygenated hemoglobin and/or deoxygenated hemoglobin
and/or the EROS and in the cortical region of the brain. Further, a person may be trained to
regulate, increase, decrease or otherwise alter these biomarkers in regions of the brain specific to
particular functions, such as, for example, memory, concentration, pain avoidance, self control,
or any other known functions. Once a person is trained to alter the biomarkers, the regulation
can be utilized as a regular part of therapy.

[0016] Also disclosed herein is a functional near infrared brain based personalized
learning system. In one embodiment, a person may utilize a cortical {NIR monitoring system to
regulate biomarkers such as oxygenated hemoglobin and deoxygenated hemoglobin in a region
of the brain related to learning. The person may then be able to apply the ability to regulate the
region of the brain during specific tasks such as, for example, learning. This may lead to an
increase in the capability of learning by the individual.

[0017] In one embodiment, one or more near infrared emitters may emit near infrared
radiation on a portion of a cortical region. The radiation may be absorbed, transmitted, or
backscattered by various tissues associated with the cortical region. One or more detectors
receive the backscattered radiation from the portion of the cortical region. The amount and types
of radiation is associated with the event related optical signal and/or the amount of oxygenated
hemoglobin and the amount of deoxygenated hemoglobin and oxygenated hemoglobin in the
portion of the cortical region. The test subject may be provided feedback based on the neural
activity and/or amounts of deoxygenated hemoglobin and oxygenated hemoglobin. By
monitoring the feedback, a test subject may be trained to up-regulate or down-regulate the
activation of the cortical region.

[0018] In another embodiment, a computing device may also receive information
related to the biomarkers such as the amount of oxygenated hemoglobin and/or the amount of
deoxygenated hemoglobin and/or EROS in the test subject’s cortical region and may associate
one or more computing instructions with the information. As a first example, control over a
three dimensional space, such as a gaming environment may incorporate aspects of computer
brain computer interface to control one or more elements of the game.

[0019] 1In another embodiment, a fNIR system may detect oxygenation levels in one or
more portions of the cortical region and a user may be provided information reinforcing a change

in the oxygenation level of the portion of the cortical region, wherein the change is representative
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of an up-regulation and/or down-regulation of deoxygenated hemoglobin and/or oxygenated

hemoglobin in the specific portion of the cortical region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Figs. 1(a), 1(b) and 1(c) depict an example of a fNIR method for monitoring a
person’s brain.

[0021] Fig. 2 depicts a further example of {NIR including several possible photon
paths.

[0022] Figs. 3(a) and 3(b) depicts an experimental setup using a headband with both
NIR emitters and detectors and attaching the experimental setup to the forehead of a test subject.

[0023] Figs. 4(a) depicts an example setup of an fNIR brain control interface and 4(b)
depicts an example of a feedback mechanism in a rest and task state, where the feedback
mechanism in task state represents an aspect of a biomarker of a test subject.

[0024] Fig. 5 depicts a picture of a human brain with number regions, each depicting a
voxel, labeled 1-16.

[0025] f‘i g. 6 depicts an experimental result where a test subject was provided feedback
based on biomarkers in voxel 6 of the prefrontal cortex depicted in Fig. 5.

[0026] Fig. 7 depicts experimental results from each of the 16 voxels depicted in Fig. 5
showing a rest and a task state for a test subject.

[0027] Fig. 8 depicts an example method for training a person to control a computer
with a first portion of their cortex.

[0028] Fig. 9 depicts an example method for utilizing oxygenated hemoglobin and
deoxygenated hemoglobin independently.

[0029] Fig. 10 depicts an example maze in a top down view as described below .

[0030] Fig. 11. depicts a capture image of the three dimensional environment.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0031] As described herein, brain computer interfaces may be applied to any region in
the brain. It should be noted that the present disclosure applies also to the entire cortical region,
cortex, the prefrontal cortex, the dorsolateral prefrontal cortex, and the ventrolateral prefrontal
cortex. Itis envisioned that the brain can be monitored and feedback may be provided to a user
in many regions of the brain, including but not limited to the cortical region, the cortex,
prefrontal cortex, the dorsolateral prefrontal cortex, the motor control regions of the brain,

Broca’s region, or any other portion. It should further be noted that portions of the prefrontal
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cortex have been divided into International 10-20 sites, as well as Brodmann’s areas, and
arbitrarily assigned voxels, each of which may be considered regions defined for the purpose of
disclosure, several of which may be in the prefrontal cortex. Any region of the brain that may be
interrogated using fNIR may be considered as a region for implementing training, up-regulating,
down-regulating and as an area for providing feedback based on oxygenation levels. Further, the
training, up-regulating, down-regulating and providing feedback can be applied to other, deeper
sensing mechanisms in brain based technology.

[0032] Figs. 1(a)-(c) depict an example of a functional near infrared (fNIR) system for
monitoring a person’s brain, or more specifically, a portion of the cortical region. In one
embodiment of the present invention, fNIR is used in a brain computer interface as a non-
invasive method for studying functional activation of the brain by monitoring changes in the
hemodynamic properties and is based on the intrinsic optical absorption of both deoxygenated
hemoglobin (DH) and oxygenated hemoglobin (OH). fNIR has the ability to simultaneously
measure the concentration changes of deoxy-hemoglobin, oxy-hemoglobin and thus total
hemoglobin. In addition, the signal processing time of fNIR is less than other methods, such as
fMRI, so fNIR data can be processed in real time. Accordingly, feedback can be provided based
on fNIR methods in real time.

[0033] Fig. 2 is another depiction of f{NIR and the light path that {NIR may take in
passing through tissue in the brain of a test subject. Although not limiting, an example
experimental description of fNIR is now included. Typically, an optical apparatus for {NIR
Spectroscopy consists of at least one light source that shines light to the head and a light detector
that receives light after it has interacted with the tissue. Photons that enter tissue undergo two
different types of interaction: absorption and scattering. Primarily, most part of biological tissue
(including water) is relatively transparent to light in the near infrared range between 700 to 900
nm, largely because water, a major component of most tissues, absorbs very little energy at these
wavelengths. Moreover, the hemoglobin molecule is the dominant chromophore (light absorbing
molecule) in this range of the spectrum. This spectral band is often referred to as the ‘optical
window’ for the non-invasive assessment of brain activation. Absorption characteristics of
dominant chromophores according to light indicates and optical window between 700 nm to 900
nm.

[0034] There is an ever growing body of evidence that deoxy-hemoglobin (deoxy-Hb)
and oxyhemoglobin (oxy-Hb) are correlates of brain activation by oxygen consumption of
neurons thus, oxy- and deoxy-Hb, are strongly linked to tissue oxygenation and metabolism.

Fortuitously, the absorption spectra of oxy- and deoxy-Hb remain significantly different from
-7 -
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each other allowing spectroscopic separation of these compounds to be possible by using only a
few sample wavelengths. Once the photons are introduced into the human head, they are either
scattered by extra- and intracellular boundaries of different layers of the head (skin, skull,
cerebrospinal fluid, brain tissue, and so forth) or absorbed mainly by oxy- and deoxy-Hb. If a
photodetector is placed on the skin surface at a certain distance from the light source, it can
collect the photons that are scattered and thus have traveled along a “banana shaped path” from
the source to the detector.

[0035] In one embodiment, the fNIR device may be a continuous wave system. In
other embodiments, it may comprise a time resolved and/or frequency domain system.

[0036] Fig. 3 depicts an fNIR headband used in an experimental setup. In one
embodiment, the fNIR brain computer interface may comprise a flexible headband comprising
elements such as emitters, sensors, A/D converters, noise reduction elements, gyroscopes,
accelerometers, other signal processing circuitry and/or a control unit. In another embodiment, it
may be a rigid hat or helmet, a semiflexible band or the like. In general, the configuration of the
fNIR brain computing interface should be such that an emitter may provide infrared radiation to
the head of a test subject and such that a detector may receive information from the head of the
test subject. While there is envisioned a single unit comprising both emitters and detectors, such
a configuration is not necessary and each emitter and detector could be attached individually, in
groups, in a hat, in a band, in a helmet or in any other way known in the art. In addition, the
control unit and/or other elements may be included in the headband, hat or helmet, or it may be a
stand alone unit and attached wirelessly or via wires to the other elements of the brain computer
interface.

[0037] 1In an embodiment, the headband unit may contain one or more light emitting
devices, diodes, lasers, bulbs, light or the like. It may also comprise one or more detectors
capable of detecting at various wavelengths in the near infrared portion of the electromagnetic
spectrum. The detectors may be of any type known in the art including, but not limited to,
photodiodes, CMOS, CCD devices, or any other type of detector known in the art. In a further
embodiment, the light sources and detectors may be configured to have peak emission and
detection at around 730 nm and/or 850 nm, or other wavelengths within the near infrared portion
of the electromagnetic spectrum. As one example, multiple wavelengths may be used such that
the different absorption spectra of OH and DHcan be distinguished from each other.

[0038] In another embodiment, Event Related Optical Signals techniques may be used
instead of, or in combination with the oxygenated hemoglobin and the deoxygenated

hemoglobin. In such an example, one or more optical emitters and detectors may be configured
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to directly measure changes in the EROS signal to determine the firing rates of particular
neurons or regions of the brain. Oxygenation of the brain may include a secondary effect of
neural activity and firing, and measuring EROS may provide a more direct and precise manner of
detecting and determining brain activity by measuring changes in the spectra of light being
emitted from firing neurons. As such, for each of the embodiments described herein, optical
instruments may be used to determine the EROS instead of or in combination with the
oxygenation levels to provide for a brain interface control.

[0039] As can be seenin Figs. 1, and 2, the light source is at some angle to the forehead
of a test subject which may result in a curved path for near infrared radiation. Thus the
placement of the emitter and detectors may be configured such that brain imaging, and more
specifically, biomarker imaging related to the oxygenated hemoglobin and the deoxygenated
hemoglobin may occur.

[0040] In an embodiment, fNIR brain monitoring technology is used in brain computer
interfaces. For example, an {NIR device may receive information from a person’s brain
indicating the levels of one or more of DH and OH. As a first example, these levels can be
monitored, tracked, recorded and displayed in any manner known in the art. Further, the DH and
OH may be individually determined and monitored, thereby providing more information that
some of the prior art which relied on, or only determined the bulk concentration of both
oxygenated hemoglobin and deoxygenated hemoglobin. Further to this point the detector and
computer device described above may be able to detect various wavelengths of light and from
that data may be able to unravel both the OH and the DH levels individually. As such, the
individual OH level can be monitored, stored, tracked or used in any other way in a brain
computer interface independent of the DH. By the same token, the DH can be monitored, stored,
tracked or used in any other way in a brain computer interface independently of the OH.

[0041] Inanembodiment, feedback may be provided to a person that is having their
brain, or more specifically cortical region monitored. The person can then be instructed to
attempt to alter the feedback in one or more ways. By attempting to alter the feedback and being
able to receive real time updates indicating whether or not the feedback is being altered, a person
may learn to effectively alter the feedback at will, which in turn would mean that a person has
learned to alter the DH and OH levels in at least a portion of their cortical region.

[0042] Fig. 4(a) depicts an example of an experimental setup including fNIR, a
computing device and a feedback mechanism. The fNIR system 402 may be the fNIR system
described above with respect to Figs. 1, 2 and 3. The computing device 404 may be a computing

device comprising one or more processors, memories, disks, drives, I/O devices and the like.
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The computing device may control the operation of the fNIR 402 and may receive information
from fNIR 402. Information received from fNIR 402 may be converted as necessary and may be
interpreted in one or more way to, for example, determine OH and DH levels, and or to provide
feedback to a person.

[0043] The computing device may also include signal processing controls that may be
used in one or more ways to isolate signals using the information received from, for example, the
fNIR 402 detectors. The signal processing controls may be used to remove noise based on other
brain activity, or it may be used to remove noise based on motion of the test subjects head,
external light sources and the like. In one embodiment, the fNIR device may include a
gyroscope or an accelerometer which may be correlated with data received from the detectors to
remove noise based on motion of a test subject.

[0044] At404, feedback may be provided on a feedback device. The feedback device
may be a display, including but not limited to a television, a computer monitor, a touch screen, a
projector or any other type of display known in the art. The feedback may also be in the form of
audible feedback provided to a person, heat, pain, touch or any other manner of feedback known
in the art. The feedback is related to the information received by fNIR 402 and process by
computing device 404 and may be used in the training of a person to up-regulate OH and DH
levels in a portion of the cortical region, and may also be used in training a person to operate a
computing device using a brain computer interface.

[0045] Fig. 4(b) depicts an example of a continuous feedback display. In one
embodiment, a test subject is told to rest and shown the rest screen. The test subject may then be
shown the bar graph of Fig. 4(b) initially in an empty state (not shown). As the user increases
the amount of, for example, oxygenated hemoglobin or deoxygenated hemoglobin in the brain,
the bar may fill proportionally. Accordingly, a continuous control over a computing element
may be provided using a brain computer interface and therefore the person may also maintain
continuous control over the feedback and the amount of DH and/or OH in the measured portion
of the brain.

[0046] In Fig. 4(b), the specific task was lengthening a bar in a continuous manner.
This is merely one example of continuous control and many others exist. For example, any
function that may be controlled by a computing device in a continuous manner may be controlled
continuously using the DH and OH levels using a brain computer interface. As an example,
motion of an object, location, speed, acceleration, computer control of a mechanical device such
as a mechanical arm or limb, or any other type of control having a continuous spectrum may be

controlled using the brain control interface.
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[0047] Although Fig. 4(b) depicts a continuous control, it is not necessary that the
control be continuous. It is also possible to provide binary or step control over computing
functions based on one or more threshold levels of DH and OH in a monitored region of the
cortical region. For example, a binary 0 may be attributed to DH and/or OH levels below a
certain point and a binary 1 when DH and/or OH levels above a certain point. Further, any
number of threshold points may be attributed to DH and/or OH levels in a portion of the cortical
region.

[0048] It will be understood by one having ordinary skill in the art that a person may be
provided feedback about the neural activity via EROS or oxygenation levels in a portion of their
brain, and simultaneously, they may be able to control a computing function with the neural
activity, OH and DH levels in the portion of the brain. In one embodiment, a computer function
may be any computer function at all, including a yes/no response to a quéstion provided to a
user. A O or 1 binary input related to any aspect of software, hardware or circuitry, or any other
computing function. It will be further understood that while feedback may be provided
simultaneous with binary or continuous control over a computing function, the feedback is not
necessary. For example, in another embodiment, a person may have been trained to up-regulate
and/or down-regulate OH, and DH levels in one or more portions of the brain and then may be
able to control in a binary or continuous fashion a computing function without feedback. In a
further embodiment, the person may be able to up-regulate and/or down-regulate neural activity,
HbO and HbR levels without feedback and without controlling a computer at all, yet the
regulation may provide therapeutic benefits if a person learns to control this functionality.

[0049] Each individual may have a different base line for a particular biomarker, and
each person may have maximums or hemodynamic response times. Accordingly, in one
embodiment, a brain computer interface index is used to account for the differences in chemistry
and physiology associated with each individual. A non-limiting experimental example of this is
included below.

[0050] In an embodiment, data was performed at real-time during an experiment in
order to calculate the oxygenation changes in the prefrontal cortex of a subject at real-time and to
generate visual feedback. First, the raw optical intensity values in two NIR wavelengths (730
nm and 850 nm) at each sampling instance (that were sampled by the COBI Studio) were
received through TCP/IP protocol at 2 Hz frequency. Next, modified beer lambert law was
applied to calculate oxy- and dexoy-Hb concentration changes. The rest and task period

beginning and end time information was utilized at real-time to identify if the received optical
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data is part of a rest period or if in task period, oxygenation values were used to generate a
feedback index.

[0051] Oxygenation changes during task periods (based on respective rest period) was
used to calculate a bar size (visual cue of Fig. 4) and update the visual display accordingly. Size
of the bar was modeled as a linear transformation of the oxygenation changes of channel 6 that
corresponds to a voxel location close to Fpl in the international 10-20 system. Bar size was
employed to deliver feedback about regional brain activity with respect to the beginning of the
task.

[0052] Let Bar(t) represent the bar size (in screen pixels) at time t, and tO is the
beginning time of the task period when first sample is received just after rest period (Equation
4.1). Let OxyHb(t) and Deoxy-Hb(t) represent the oxy-Hb and dexoy-Hb concentration changes
at time t. Let “Width’ signify the screen width, which is the maximum possible bar size in screen
pixels.

[0053] BaseMin(t) is the moving average of the last k oxygenation changes (oxy-Hb
and dexoy -Hb difference) scaled by a constant (1-a) at time t (Equation 4.2). BaseMin function
basically, indicates the target oxygenation level when bar size is at minimum level. Similarly, if
the scaling constant is (1+a), that would indicated the target oxygenation level for maximum bar
level. Thus, the range of the bar is the BarRange function as shown in (Equation 4.3, with a
scaling coefficient of 2a. (Equation 4.1 essentially indicates that bar size at any time t is
calculated by the difference of the current oxygenation to the initial target minimum divided by
the target range. So, by using k=1 and o= 1.5, at time tO the bar size would is 50%; that is the
half the screen width. The parameter o is a conversion parameter that selects how sensitive bar
movement is to the oxygenation changes. Selecting large values would make the target BarRange
larger and thus, much larger oxygenation changes would be required to complete the bar task. In

the current study, a= 1.5 was used for all subjects.

OxyHb(t) — DeoxyHb(t) — BarMin(t,)

Bar(t) = « Width
ar(t) BarRange(ty) e

(EQUATION 4.1)

BarMin(t) = == Y& (OxyHb(t — i) — DeoxyHb(t — )

k

(EQUATION 4.2)
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BarRange(t) = %?—Zif‘xl (OxyHb(t — i) — DeoxyHB(t — i))

(EQUATION 4.3)

[0054] Fig. 5 depicts a brain having a series of regions or voxels depicted on the
prefrontal cortex which relate to the placement of fNIR source-detector pairs. Voxel placement
is typically described in relation to the International 10-20 method of placement, or in terms of
underlying Brodmann areas. Voxel names or numbers are therefore arbitrary, relative to any
given study. In an embodiment, a first voxel may be selected for use in a fNIR brain control
interface. For example, although the headband discussed above with respect to Fig. 4 may be
able to measure the output from all 16 voxels in Fig. 6, a person may be provided feedback on
only one voxel, or on two, or on any number of voxels. Accordingly, a person may be trained to
up-regulate DH and/or OH in a particular localized region of the brain.

[0055] In an experimental example, the levels of DH and OH were measured using
fNIR in voxel 6 as defined in Fig. 5 placed adjacent to Fp1/AF7 of a number of test subjects.
The subjects each had the fNIR device attached, and were shown the feedback depicted in Fig. 4.
The feedback was based on the DH and OH levels in voxel 6. Each of the individuals provided
feedback of the DH and OH level in voxel 6 was trained to up-regulate the DH and OH levels in
that particular voxel. In addition, the up regulation was localized to a large degree, meaning that
the amount of up regulation in voxel 6 had the most significant amount of change and the change
did not carry over to the other voxels. Experimental results of this are provided in Figs. 6, and 7.

[0056] Fig. 6 depicts an experimental result where a test subject was provided feedback
based on biomarkers in voxel 6, of the prefrontal cortex depicted in Fig. 5. As can be seen, the
region of the brain associated with voxel 6 has the highest levels of DH and OH in the prefrontal
cortex. In addition, a rest state of the brain of the test subject is shown, but because feedback
was provided from voxel 6, the prefrontal cortex learned to up-regulate the DH and OH in that
localized portion of the brain.

[0057] Fig. 7 depicts experimental results from each of the 16 voxels depicted in Fig. 5
showing a rest and a task state for a test subject. Atrest, it can be seen that the concentration of
DH is steady or nearly steady across each of the voxels. Upon providing a test subject with the
bar graph and instructing them to fill it, test subject effort results in an increase in the
concentration levels of DH which indicates a significant, intentional increase in the oxygenation

level.
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[0058] Fig. 8 depicts an example method for training a person to control a computer
with a first portion of their prefrontal cortex. At step 802 the emitting near infrared radiation
from one or more emitters onto the cortex may take place. As noted above, an emitter
configured to emit on a portion of the cortex may be any emitter known in the art and may emit
in the near infrared wavelength region. Furthermore, the emitter may emit across a broad range
of wavelengths. The emitter may have peak wavelengths such that the penetration depth in
tissue of the near infrared radiation may be at a peak, or such that the absorption, reflection,
backscatter and the like of any biomarker may be at a peak or otherwise optimized.

[0059] Inthe embodiment described in Fig. 8, the light may be emitted on a first
portion of the cortex. It should be understood that the first portion of the cortex may be any
portion including but not limited to the brain, the entire cortex, the prefrontal cortex, one or more
voxels, equal to the second portion or any other portion known in the art. With regard to the
second portion of the cortex, the second portion may be any portion of the cortex including but
not limited to the whole cortex, the prefrontal cortex, one or more voxels, the first portion or any
other portion known in the art. Step 802 may include means for emitting near infrared radiation
from one or more emitters onto a first portion of the cortex.

[0060] At step 804 first radiation from the second portion of the cortex may be received
at a detector, the first radiation including information indicative of a first oxygenated hemoglobin
level and indicative of a first deoxygenated hemoglobin level of the first portion of the prefrontal
cortex. As noted above, the radiation received may be related to the near infrared radiation
emitted at step 802. The radiation received at the detector may include radiation that is reflected,
emitted, scattered or transmitted by or through any tissue, organ, interface or composition in the
brain. In one embodiment, the information received may be indicative of the level of certain
biomarkers, including but not limited to OH and DH. This information may be used in any
number of ways, including but not limited to sending it to a computing device, providing
feedback to a user, instructing a computing device and the like. Step 804 may include means for
receiving at a detector, first radiation from a second portion of the cortices, said first radiation
including information indicative of a first oxygenated hemoglobin level and indicative of a first
deoxygenated hemoglobin level of the second portion of the cortex.

[0061] At step 806, first feedback may be provided to the person, the feedback based on
the first oxygenated hemoglobin level and the first deoxygenated hemoglobin level of the portion
of the prefrontal cortex. The feedback provided to the person may be in any form known in the
art. For example, the feedback could be a display on a computer screen. In the experimental

example noted above, the feedback was in the form of a continuous bar graph. The feedback
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could also be a binary display, or any other suitable representation. The feedback could also be
audible, based on touch, heat, pain or any other sense. The feedback is related to the amount of
OH and DH as determined by detecting the radiation from the prefrontal cortex and may be
provided in a closed loop real time basis. Step 806 may include means for providing first
feedback based on the first oxygenated hemoglobin level and the first deoxygenated hemoglobin
level of the second portion of the cortex to the first person.

[0062] At step 808, second radiation from the second portion of the cortex, said second
radiation including information indicative of a second oxygenated hemoglobin level and
indicative of a second deoxygenated hemoglobin level of the second portion of the cortex. As
noted above with respect to step 804, the radiation may be of any type providing an indication of
DH and OH in the cortex. Step 808 may include means for receiving at a detector, second from
the second portion of the cortex, said second radiation including information indicative of a
second oxygenated hemoglobin level and indicative of a second deoxygenated hemoglobin level
of the second portion of the cortex.

[0063] At step 810, second feedback can be provided to the person based on the second
oxygenated hemoglobin level and the second deoxygenated hemoglobin level of the portion of
the cortex. There is first and second feedback sent at different points in time, or, in one
embodiment, in real time. Accordingly, a person would be able to tell if the levels of DH and
OH were changing and how they are changing. Accordingly, a person can be trained to regulate
these levels and change them at will with the feedback. Step 810 may include means for
providing second feedback based on the second oxygenated hemoglobin level and the second
deoxygenated hemoglobin level of the portion of the cortex to the first person.

[0064] Fig. 9 depicts an example method for utilizing oxygenated hemoglobin and
deoxygenated hemoglobin independently. In previous works, the indicators in hemodynamic
studies have relied on bulk hemoglobin indicators. In one embodiment, fNIR may be used to
distinguish the individual markers, thereby creating a more rich data set for determining
properties of upregulation and the like.

[0065] At step 902, and emitter may emit at least two wavelengths of near infrared
radiation from one or more emitters onto the prefrontal cortex. This may be any of the emitters
noted above. Step 902 may comprise means for emitting at least two wavelengths of near
infrared radiation from one or more emitters onto the prefrontal cortex.

[0066] At step 904, a detector may receive radiation from the cortex, said radiation
including information indicative of an oxygenated hemoglobin level and indicative of a

deoxygenated hemoglobin level of the portion of the cortex. As noted above the portion of the
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cortex may be any portion. Step 904 may comprise means for receiving at a detector, radiation
from the cortex, said radiation including information indicative of an oxygenated hemoglobin
level and indicative of a deoxygenated hemoglobin level of the portion of the cortex.

[0067] At step 906, levels of oxygenated hemoglobin and deoxygenated hemoglobin
may be determined, wherein the level of deoxygenated hemoglobin is determined independently
from the level of oxygenated hemoglobin. Here, the bulk hemoglobin, or the combination of
both oxygenated hemoglobin and deoxygenated hemoglobin is not necessarily calculated.
Instead, each of the biomarkers may be determined and used in any way to calculate other
values, provide feedback and the like. Step 906 may comprise means for determining the levels
of oxygenated hemoglobin and deoxygenated hemoglobin, wherein the level of deoxygenated
hemoglobin is determined independently from the level of oxygenated hemoglobin.

[0067] With regard to each of the means for the various elements described above, they
may be used in any combination without limitation. The various combinations may also include
additional means for determing the EROS, means for determining neural activity and the like.

[0068] Although not limited to the following, included herein is a description of NIR
in brain control interfaces, which, in one embodiment may be used in a three dimensional
gaming environment. Fig. 10 depicts an example maze in a top down view as described below
and Fig. 11 is a capture image of the three dimensional environment.

[0069] Using brain computer interface (BCI) devices, users can interact with computers
in new ways other than the current computer control mechanisms (gaming controller, keyboard,
mouse and joystick). However, BCI also presents inherent challenges so that a new paradigm and
unique protocols are required by specific BCI systems due to the uncertainty in the functioning
of both the brain activity monitoring devices and performing mental tasks by the subject along
with the latency of brain signals that are measured. One approach is to integrate BCI in video
games and integrate the challenges of using BCI within the gameplay. In traditional video games,
the challenge to the user is simply the designed game mechanics. BCI based gameplay does not
only involve the game mechanics based challenges, but also mastering the use of the BCI device
itself. BCI may be added to current gaming platforms as a new or additional means of control
for controlling, as one example, an avatar in a video game.

[0070] In one embodiment, a protocol was developed where users would need to
engage with the bar task to accomplish their ultimate goal within task and as such fNIR-BCI
would subserve their ultimate goal. To address this purpose, the game included spatial navigation
task that would require participants to navigate within a 3D virtual environment with traditional

keyboard buttons and their ultimate aim would be to reach exit locations. However, the gamer
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would need to engage with NIR-BCI to interact with certain objects within this virtual
environment. Since the ultimate aim was to navigate to exit locations, we selected doors as
interactive objects that need to be opened only by fINIR-BCI and to be able to proceed,
participants needed to successfully activate the fNIR-BCI. Although doors were selected, any
other interactive object could have been selected. Integrating a Task protocol for control of
interactive objects within this virtual environment where they have an ultimate aim of navigating
to exit location and use the fNIR BCI to accomplish sub-goals and proceed that serves their
ultimate aim.

[0071] During the experiment, fNIR sensor pad was positioned over the forehead of the
participants while they were sitting in front of a computer screen and keyboard. Every 500ms,
raw fNIR signals of 16 voxels (2 wavelength and 1 dark current=48 channels) were sampled by
COBI Studio at the data acquisition computer and sent through wired network to the Protocol
Computer.

[0072] The fNIR-BCI Server software on the Protocol-Computer received the raw fINIR
signals, calculated the oxygenation changes at real-time using modified Beer Lambert Law and
transformed oxygenation changes to a number between 0 to 100, called fNIR-BCI index as
described above. fNIR-BCI index is transmitted to the game at real-time through TCP/IP
networking. The visual feedback (bar) for the fNIR-BCI was only visible when user approaches
and stays in close proximity to interactive object (door). The visual feedback appeared vertical
on the right hand side of the screen with a height close to screen height similar to bar-size control
task. Critical event times such as activation of interactive objects were transmitted back to
software through TCP/IP protocol for calculation of rest and task periods for online processing of
fNIR signals.

[0073] The bar-size-control task was integrated within software for control of
interactive objects in a 3D virtual environment. Within this maze task, doors were interactive
objects. By increasing the fNIR-BCI index above a threshold, the action associated with the
interactive object (i.e. opening door) was triggered. A virtual maze environment, called Arena,
was designed to have 5 doors. First door is the entrance door and others are labeled A through D.
Start position is just in front of the entrance door and exit (end regions) are behind each A, B, C
and D doors. To navigate the 3D environment from beginning to end, users need to open two
doors.

[0074] Learned self-regulation of cerebral dynamics can be utilized for a range of
applications. One of the potential future directions for this fNIR BCI is to investigate the effect

of fNIR neurofeedback training on cognitive abilities (i.e., learning/adaptation assessments as a
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function of the type and amount of practice along with feedback frequency and type of
feedback). There is growing evidence in the literature that neurofeedback training has a positive
effect on cognitive abilities. This fNIR-BCI could be helpful for use with older adults or in
clinical populations where the decline in cognitive abilities can be curtailed with such training.

[0075] Moreover, fNIR-neurofeedback can be used in clinical populations for
therapeutic applications of various psychiatric conditions. It has been shown that neurofeedback
training can help regulate emotion networks in the brain and help improve perceived pain.
Moreover, fNIR-neurofeedback may help stroke or Traumatic Brain Injury patients to exercise
select brain regions for stimulating growth, neural and cognitive plasticity.

[0076] In another embodiment, a fNIR device may be integrated with an
electroencephalography (EEG) system to provide control within a BCI computer environment or
over a device. EEG s a technique that measures voltage fluctuations resulting from ionic current
flows within the neurons of the brain during neural activity. An EEG system may comprise a
device designed to measure and record these voltage fluctuations and allows time resolution at
the level of one millisecond or faster, although spatial resolution may be poor. In this
embodiment, signal from both an EEG system and an fNIR system may be integrated to provide
greater precision in control of the BCI device.

[0077] In another embodiment, a fNIR device may be integrated with an
electrooculagraph (EOG) and/or an eye tracker device to provide control within a BCI computer
environment or over a device. EOG is a technique for measuring the resting potential of the
retina, which allows the measurement of eye movements. In this embodiment, a signal from an
EOG system may be integrated with an fNIR system to provide greater precision in control of the
BCI device. The EOG system would allow tracking of eye-movements, for example, on a
computer screen, with additional control (e.g., a selection device such as a "mouse-click") being
provided through the signal from the fNIR device.

[0078] Finally, a simplified sensor and hardware system can be developed to have very
low-cost, be very portable and wireless for deployment in the multimedia/gaming industry. We
have already demonstrated that this paradigm can be deployed in gaming settings with new
control mechanisms. Such a system can be used for entertainment applications for healthy
populations and it can also be used for therapeutic applications (such as ADHD, PSTD,

depression, anxiety and autism spectrum disorders).
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What is Claimed:

1. A system for interfacing with a computing device comprising:

one or more near infrared sources configured to emit infrared radiation on a first portion
of a cortical region;

one or more detectors configured to receive infrared radiation indicative of a level of
oxygenated hemoglobin and a level of deoxygenated hemoglobin of a second portion of the
cortical region;

the computing device configured to provide feedback to the person based on one or more
of the level of oxygenated hemoglobin and the level of deoxygenated hemoglobin in the second
portion of the cortical region; and

the computing device configured to correlate that a change in the levels of oxygenated

hemoglobin and deoxygenated hemoglobin with a change in the feedback.

2. The system of claim 1 wherein the feedback is visual feedback.

3. The system of claim 1 wherein the feedback is a real time representation of deoxygenated

hemoglobin in the second portion of the cortical region.

4, The system of claim 1 wherein the display is further configured to provide a prompt to
the person for initiating an up-regulation of deoxygenated hemoglobin in the second portion of

the cortical region.

5. The system of claim 1 wherein the computing device is configured to determine that the
level of deoxygenated hemoglobin and oxygenated hemoglobin in the cortical region indicates a

level of concentration by a person.

6. The system of claim 1 wherein the computing device is configured to determine that a
change in the levels of oxygenated hemoglobin and deoxygenated hemoglobin indicates a

person’s intent to alter the feedback.

7. The system of claim 1 further comprising the computer configured to correlate the level

of deoxygenated hemoglobin and/or oxygenated hemoglobin with a binary computing function.
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8. The system of claim 1 further comprising the computer configured to correlate the level
of deoxygenated hemoglobin and/or oxygenated hemoglobin with a continuous computing

function.

9. A system for interfacing with a computing device comprising:

one or more near infrared sources configured to emit infrared radiation on a first portion
of a cortex of a person;

one or more detectors configured to receive infrared radiation indicative of a level of
oxygenated hemoglobin and a level of deoxygenated hemoglobin of a second portion of the
cortex; and

the computing device configured to provide continuous feedback to the person based on
one or more of the level of oxygenated hemoglobin and the level of deoxygenated hemoglobin in
the second portion of the cortex; and

the computer device configured to correlate one or more of the level of oxygenated
hemoglobin and the level of deoxygenated hemoglobin in the second portion of the cortex with a

computing instruction.
10. The system of claim 9 wherein the feedback is visual feedback.

11. The system of claim 9 wherein the feedback is a real time representation of deoxygenated

hemoglobin the in second portion of the cortex.

12, The system of claim 9 wherein the display is further configured to provide a prompt to
the person for initiating an up-regulation of deoxygenated hemoglobin in the second portion of

the cortex.

13. The system of claim 9 wherein the computing device is configured to determine that the
level of deoxygenated hemoglobin and oxygenated hemoglobin in the cortex indicates a level of

concentration by a person.

14. The system of claim 9 wherein the second portion of the cortex is a portion of the

prefrontal cortex.

15.  The system of claim 9 wherein the computer function is a binary computing function.

-20-



WO 2012/135068 PCT/US2012/030453

16.  The system of claim 9 wherein the computer function is a continuous computing
function.
17. A method for training a person to control a computer with a first portion of their cortical

region comprising:

emitting near infrared radiation from one or more emitters onto a first portion of the
cortical region;

receiving at a detector, first radiation from a second portion of the cortical region, said
first radiation including information indicative of a first oxygenated hemoglobin level and
indicative of a first deoxygenated hemoglobin level of the second portion of the cortical region;

providing to the person, first feedback based on the first oxygenated hemoglobin level
and the first deoxygenated hemoglobin level of the portion of the cortical region;

receiving at a detector, second radiation from the second portion of the cortical region,
said second radiation including information indicative of a second oxygenated hemoglobin level
and indicative of a second deoxygenated hemoglobin level of the second portion of the cortical
region; and

providing second feedback to the person based on the second oxygenated hemoglobin

level and the second deoxygenated hemoglobin level of the second portion of the cortical region.

18. The method of claim 17 wherein first feedback and the second feedback are visual
feedback.
19. The method of claim 17 wherein providing to the person first feedback further comprises

simultaneously determining a brain interface index of oxygenation levels, said brain interface

index of oxygenation levels configured to provide a reference.

20. The method of claim 19 wherein the brain interface index of oxygenation levels is further

configured to provide one or more thresholds.

21.  The method of claim 20, wherein the brain interface index comprises a predetermined

dynamically adjusted scaling constant.

22. The method of claim 17 further comprising providing cortical region oxygenated

hemoglobin and deoxygenated hemoglobin based binary control over a computing function.
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23. The method of claim 17 further comprising providing cortical region oxygenated

hemoglobin and deoxygenated hemoglobin based continuous control over a computing function.

24. A method for determining the activation level of a portion of the cortex of a person, the
method comprising:

emitting at least two wavelengths of near infrared radiation from one or more emitters
onto the cortex;

receiving at a detector, radiation from the cortex, said radiation including information
indicative of an oxygenated hemoglobin level and indicative of a deoxygenated hemoglobin level
of the portion of the cortex; and

determining the levels of oxygenated hemoglobin and deoxygenated hemoglobin,
wherein the level of deoxygenated hemoglobin is determined independently from the level of

oxygenated hemoglobin.
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emitting near infrared
radiation from one or more
emitters onto a first portion
of the cortex
802

Y
receiving at a detector, first radiation from a second portion of the cortex, said first
radiation including information indicative of a first oxygenated hemoglobin level
and indicative of a first deoxygenated hemoglobin level of the second portion of the

cortex
804

Y

providing first feedback based on the first oxygenated hemoglobin level and the first
deoxygenated hemoglobin level of the second portion of the cortex to the first
person
806

Y

receiving at a detector, second radiation from the second portion of the cortex, said
second radiation including information indicative of a second oxygenated
hemoglobin level and indicative of a second deoxygenated hemoglobin level of the

second portion of the cortex
808

A

providing second feedback based on the second oxygenated hemoglobin level and
the second deoxygenated hemoglobin level of the second portion of the cortex to the
first person
810

Fig. 8
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infrared radiation from one or more
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902

l

receiving at a detector, radiation from the prefrontal cortex, said radiation
including information indicative of an oxygenated hemoglobin level and
indicative of a deoxygenated hemoglobin level of the portion of the
prefrontal cortex
904

determining the levels of oxygenated hemoglobin and deoxygenated
hemoglobin, wherein the level of deoxygenated hemoglobin is determined
independently from the level of oxygenated hemoglobin
906
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