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Present, to a subject, visual stimuli in a plurality of sectors of a visual
field of a subject, in which for each sector the presented visual stimuli
includes an optical effect flickering at a selected frequency.

184
™

Acquire electroencephalogram (EEG) signals from one or more
electrodes in contact with the head of the subject.

186
N

Process the acquired EEG signals to extract multifocal steady-state
visual-evoked potentials (MfSSVEP) data associated with the subject's
EEG signal response to the presented visual stimuli.

188
N

Produce a quantitative assessment of the visual field of the subject
based on the MfSSVEP data

FIG. 1B
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\

Form a spatial visual stimulus display having multiple regions or sectors
at different spatial locations, where for each region, the particular region
includes an optical effect (light flickering) that changes at a unique
frequency with respect to at least a proximate region or any other region
of the visual stimulus display.

FIG. 1C

\

Analyze the mfSSVEP data with respect to the designated frequencies
mapped to the spatial regions of the visual stimulus display, including
comparing the mfSSVEP signal at the particular designated frequencies
to a predetermined threshold, or in relation to other mfSSVEP signal(s),
to determine if the signal falls below the predetermined threshold or is
substantially lower with respect to a comparative mfSSVEP signal.

FIG. 1D

190
N
Determine if the presence of a visual field defect based on the
guantitative assessment if the mfSSVEP signal for a particular frequency
falls below the predetermined threshold or substantially lower than the
comparative signal(s) from other mfSSVEP data at that particular
frequency, in which the visual field deficiency is determined to be in the
region of the visual stimulus display associated with the spatial location
to which that frequency is mapped.

FIG. 1E
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PORTABLE BRAIN ACTIVITY SENSING
PLATFORM FOR ASSESSMENT OF VISUAL
FIELD DEFICITS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This patent document claims the benefits and pri-
ority of U.S. Provisional Patent Application No. 61/981,145,
entitled “PORTABLE BRAIN ACTIVITY SENSING
PLATFORM FOR ASSESSMENT OF VISUAL FIELD
DEFICITS”, filed on Apr. 17, 2014. The entire content of the
aforementioned patent application is incorporated by refer-
ence as part of the disclosure of this application.

TECHNICAL FIELD

[0002] This patent document relates to systems, devices,
and processes that use brain machine interface (BMI) tech-
nologies.

BACKGROUND

[0003] Electroencephalography (EEG) is the recording of
electrical activity exhibited by the brain using electrodes
positioned on a subject’s scalp, forming a spectral content of
neural signal oscillations that comprise an EEG data set. For
example, the electrical activity of the brain that is detected
by EEG techniques can include voltage fluctuations, e.g.,
resulting from ionic current flows within the neurons of the
brain. In some contexts, EEG refers to the recording of the
brain’s spontaneous electrical activity over a short period of
time, e.g., less than an hour. EEG can be used in clinical
diagnostic applications including epilepsy, coma, encepha-
lopathies, brain death, and other diseases and defects, as well
as in studies of sleep and sleep disorders. In some instances,
EEG has been used for the diagnosis of tumors, stroke and
other focal brain disorders

SUMMARY

[0004] Disclosed are electroencephalogram (EEG)-based
brain sensing methods, systems, and devices for visual-field
examination by using high-density EEG to associate the
dynamics of multifocal steady-state visual-evoked potentials
(mfSSVEP) with visual field defects. In some aspects, the
disclosed techniques integrate mfSSVEPs into a portable
platform using wireless EEG and a head mounted display,
demonstrating ability to assess potential visual field deficits,
e.g., in conditions such as glaucoma.

[0005] In one aspect, a system for monitoring brain activ-
ity associated with visual field of a user includes a sensor
unit to acquire electroencephalogram (EEG) signals includ-
ing one or more electrodes attached to a casing wearable on
the head of a user; visual display unit including a display
screen to present visual stimuli to the user in a plurality of
sectors of a visual field, in which the presented visual stimuli
includes an optical flickering effect at a selected frequency
mapped to each sector of the visual field, the visual stimuli
configured to evoke multifocal steady-state visual-evoked
potentials (mfSSVEP) in the EEG signals exhibited by the
user acquired by the sensor unit; and a data processing unit
in communication with the sensor unit and the visual display
unit to analyze the acquired EEG signals and produce an
assessment of the user’s visual field.

[0006] Inone aspect,a method for examining a visual field
of a subject includes presenting, to a subject, visual stimuli

Feb. 9,2017

in a plurality of sectors of a visual field of a subject, in which
for each sector the presented visual stimuli includes an
optical flickering effect at a selected frequency; acquiring
electroencephalogram (EEG) signals from one or more
electrodes in contact with the head of the subject; processing
the acquired EEG signals to extract multifocal steady-state
visual-evoked potentials (mfSSVEP) data associated with
the subject’s EEG signal response to the presented visual
stimuli; and producing a quantitative assessment of the
visual field of the subject based on the MfSSVEP data.

[0007] In one aspect, a portable system for monitoring
brain activity associated with visual field of a user includes
a brain signal sensor device to acquire electroencephalogram
(EEQG) signals including one or more electrodes attached to
a casing wearable on the head of a user; a wearable visual
display unit to present visual stimuli to the user and struc-
tured to include a display screen and a casing able to secure
to the head of the user, in which the wearable visual display
is operable to present the visual stimuli in a plurality of
sectors of the user’s visual field, such that for each sector the
presented visual stimuli includes an optical flickering effect
at a selected frequency, and in which the visual stimuli are
configured to evoke multifocal steady-state visual-evoked
potentials (mfSSVEP) in the EEG signals exhibited by the
user acquired by the brain signal sensor device; a data
processing unit in communication with the brain signal
sensor device and the wearable visual display unit to provide
the visual stimuli to the wearable visual display unit and to
analyze the acquired EEG signals and produce an assess-
ment of the user’s visual field; and an electrooculogram
(EOG) unit including one or more electrodes to be placed
proximate the outer canthus of each of the user’s eyes to
measure corneo-retinal standing potential (CRSP) signals, in
which the one or more electrodes of the EOG unit are in
communication with the data processing unit to process the
acquired CRSP signals from the one or more electrodes to
determine movements of the user’s eyes.

[0008] The subject matter described in this patent docu-
ment can be implemented in specific ways that provide one
or more of the following features. For example, by removing
the subjectivity inherent to standard perimetry, the disclosed
portable platform for assessing functional loss can facilitate
detection and monitoring of visual field loss in glaucoma,
the leading cause of blindness in the world. The disclosed
portable platform uses high-density EEG recording and
mfSSVEP that can provide improved signal-to-noise ratios,
increasing reproducibility and diagnostic accuracy, e.g., as
compared to existing FEG-based methods for objective
perimetry, such as mfVEP. As a portable platform that could
be used for testing in unconstrained situations, the disclosed
methods can allow for much broader and more frequent
testing of patients, e.g., as compared to existing perimetric
approaches. For example, this could reduce the number of
office visits necessary for patients at risk or diagnosed with
glaucoma, significantly decreasing the economic burden of
the disease. In addition, by allowing more frequent testing,
the disclosed methods can facilitate the discrimination of
true deterioration from test-retest variability, e.g., resulting
in earlier diagnosis and detection of progression. The dis-
closed portably-implemented and objective methods for
visual field assessment can also allow screening for visual
loss in underserved populations. The disclosed technology is
non-invasive and can be implemented without direct physi-
cal contact with an eye of the individual subject being
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assessed, and thereby avoid causing any discomfort or risk
of injury through inadvertent application of force or transfer
of harmful chemical or biological material to the eye.
[0009] Those and other features are described in greater
detail in the drawings, the description and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1A shows a diagram of an exemplary system
to implement the techniques of the disclosed technology.
[0011] FIGS. 1B-1E show diagrams of an exemplary
method to examine visual field defects using the disclosed
technology.

[0012] FIG. 1F shows diagrams depicting an exemplary
implementation using multifocal steady-state visual-evoked
potentials (mfSSVEP) for assessment of visual field defects.
[0013] FIG. 2 shows images of an exemplary EEG setup
used in exemplary implementations of the disclosed tech-
niques.

[0014] FIG. 3A shows data plots depicting exemplary
CONTROL-DEFICIT comparisons, in which the exemplary
data represents the SSVEP frequency with the lowest signal-
to-noise-ratio versus other frequencies.

[0015] FIG. 3B shows data plots depicting a BLOCK-
CONTROL comparison in mfSSVEP profiles from a repre-
sentative subject.

[0016] FIG. 4 shows an image of an exemplary portable
device of the disclosed portable, objective mfSSVEP-based
visual field assessment platform.

[0017] FIGS. 5A and 5B show images of an exemplary
wearable, wireless 64-channel dry EEG system.

[0018] FIGS. 6A and 6B show an image and a diagram of
an exemplary head-mounted display system and presenta-
tion layout to present an exemplary mfSSVEP stimulation,
respectively.

DETAILED DESCRIPTION

[0019] Optic neuropathy refers to optic nerve damage that
can result in significant and irreversible loss of visual
function and disability. One example is glaucoma. Glau-
coma is associated with a progressive degeneration of retinal
ganglion cells (RGCs) and their axons, resulting in a char-
acteristic appearance of the optic disc and a concomitant
pattern of visual field loss. Loss of visual function in
glaucoma is generally irreversible, and without adequate
treatment the disease can progress to disability and blind-
ness. The disease can remain relatively asymptomatic until
late stages and, therefore, early detection and monitoring of
functional damage is paramount to prevent functional
impairment and blindness.

[0020] Tt is estimated that glaucoma affects more than 70
million individuals worldwide with approximately 10%
being bilaterally blind, which makes it the leading cause of
irreversible blindness in the world. However, as the disease
can remain asymptomatic until it is severe, the number of
affected individuals is likely to be much larger than the
number known to have it. Population-level survey data
indicate that only 10% to 50% of the individuals are aware
they have glaucoma.

[0021] Visual dysfunction appears to be a strong predictor
of cognitive dysfunction in subject in a number of clinical
neuroscience disorders. For example, the functional deficits
of glaucoma and Alzheimer’s Disease include loss in low
spatial frequency ranges in contrast sensitivity, and are
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similar in both diseases. Pattern masking has been found to
be a good predictor of cognitive performance in numerous
standard cognitive tests. Some tests found to correlate with
pattern masking include Gollin, Stroop-Work, WAIS-PA,
Stroop-Color, Geo-Complex Copy, Stroop-Mixed and
RCPM, for example. Losses in contrast sensitivity at the
lowest spatial frequency also was predictive of cognitive
losses in the seven tests. For example, AD subjects have
abnormal word reading thresholds corresponding to their
severity of cognitive impairment and reduced contrast sen-
sitivity in all spatial frequencies as compared to normal
subjects.

[0022] Assessment of functional loss in the disease has
traditionally been made using standard automated perimetry
(SAP). SAP is the current standard for assessment of visual
field loss. Visual field assessment with SAP requires con-
siderable subjective input from the patient, and for some
patients it is very difficult, or even impossible, to obtain
reliable visual field measures. SAP is also limited by large
test-retest variability and a large number of tests are usually
necessary in order to discriminate true disease progression
from noise, even for reliable test-takers. For example, SAP
testing is limited by subjectivity of patient responses and
large variability, frequently requiring a large number of tests
for effective detection of change over time. These tests are
generally conducted in clinic-based settings and, due to
limited patient availability and health care resources, an
insufficient number of tests are frequently acquired over
time, resulting in delayed diagnosis and detection of disease
progression. The requirements for highly trained techni-
cians, cost, complexity, and lack of portability of SAP
testing also preclude its use for screening of visual field loss
in underserved populations. For example, because SAP,
testing is generally performed in a clinic-based setting and
requires highly trained technicians, this limits the availabil-
ity of this testing resource, which frequently results in
patients not undergoing the necessary number of tests to
allow detection of disease progression over time, and
thereby resulting in late diagnosis or delayed detection of
progression. Perimeters are also usually expensive and not
easily transportable, which has largely impeded the use of
the SAP technique for screening or assessment of visual field
loss in remote settings and in underserved populations.
Neurological disorders, e.g., such as macular degeneration,
diabetic retinopathy, optic neuritis, papilledema, anterior
ischemic optic neuropathy, and tumor, can be diagnosed and
tracked by SAP.

[0023] Objective assessment of visual field damage in
glaucoma has been attempted with the use of visual evoked
potential (VEP) and multifocal VEP techniques. However,
these VEP techniques have been limited by relatively low
signal to noise ratio and have shown limited potential to
assess visual field losses in the disease. For example, the
conventional pattern VEP is predominantly generated by
cortical elements receiving projections from the central
retina, where the central 2° of visual field contributes 65%
of the response. Therefore, conventional VEP possesses a
limited ability to reflect field loss in non-central areas, such
as those that can occur with glaucoma. While multifocal
VEP techniques cab allow many areas of the retina to be
stimulated simultaneously and separate responses from each
part of the visual field to be obtained, individual differences
in the anatomy of the visual cortex lead to considerable
inter-individual variability of responses in normal subjects,
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making it difficult the identification of mfVEP abnormalities
in diseased patients. Further, existing mfVEP recording
techniques can only be performed with non-portable devices
in clinic- or laboratory-based settings, requiring cumbet-
some setup for placement of electrodes (e.g., data collection
requires skin preparation and gel application to ensure good
electrical conductivity between sensor and skin), and such
procedures are time consuming and uncomfortable for the
patient.

[0024] The present technology includes methods, systems,
and devices that acquire, process, and/or utilize steady-state
visually evoked potentials (SSVEP) for monitoring, track-
ing, and/or diagnosing various paradigms in cognitive func-
tion (e.g., visual attention, binocular rivalry, working
memory, and brain rhythms) and clinical neurosciernce (e.g.,
aging, neurodegenerative disorders, schizophrenia, ophthal-
mic pathologies, migraine, autism, depression, anxiety,
stress, and epilepsy), particularly for SSVEPs generated by
optical stimuli.

[0025] Disclosed are electroencephalogram (FEG)-based
brain sensing methods, systems, and devices for visual-field
examination by using high-density EEG to associate the
dynamics of multifocal steady-state visual-evoked potentials
(mfSSVEP) with visual field defects. In some aspects, the
disclosed techniques integrate mfSSVEPs into a portable
platform using wireless EEG and a head mounted display
capable of assessing potential visual field deficits. In some
implementations, for example, the disclosed technology can
be applied to diagnose and track neurological disorders, e.g.,
such as macular degeneration, diabetic retinopathy, optic
neuritis, papilledema, anterior ischemic optic neuropathy,
and/or tumors.

[0026] For example, in contrast to the transient event-
related potentials elicited during a conventional VEP or
mfVEP examination, the present technology utilizes rapid
flickering stimulation to produce a brain response charac-
terized by a “quasi-sinusoidal” waveform whose frequency
components are constant in amplitude and phase, e.g., the
so-called steady-state response. In some embodiments, for
example, the portable platform integrates a wearable, wire-
less, high-density dry EEG system and a head-mounted
display allowing users to routinely monitor the electrical
brain activity associated with visual field stimulation. The
present technology includes brain-computer interfaces using
dry EEG sensor arrays, wearable/wireless data acquisition
and signal processing hardware and software. These inter-
faces can monitor and record non-invasive, high spatiotem-
poral resolution brain activity of unconstrained, actively
engaged human subjects.

[0027] For example, the disclosed technology can be
applied for ophthalmologic diagnosis of neurological com-
plications, in particular that of major ocular pathologies
including glaucoma, retinal anomalies and of sight, retinal
degeneration of the retinal structure and macular degenera-
tion, diabetic retinopathy, optic neuritis, optical neuroma, or
degenerative diseases, e.g., such as Parkinson’s disease,
Alzheimer’s disease, non-Alzheimer’s dementia, multiple
sclerosis, ALS, head trauma, diabetes, or other cognitive
disorders, e.g., such as dyslexia. More broadly, the present
technology can be used to characterize inappropriate
responses to contrast sensitivity patterns, and disorders
affecting the optical nerve and the visual cortex.

[0028] Similarly, the disclosed technology can be used for
multiple sclerosis (MS). It is known that MS affects neurons
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and that the effect comes and goes with time. There is
apparent recovery of the cells at least in early stages of the
disease. One would therefore expect the diagnosed areas of
loss in the visual field to move around the visual field over
time, and perhaps to recovery temporarily. As the disease
progresses to the point where there is a lot of loss on the
retina, the areas of loss will remain lost and will not show
temporary recovery. The retina and brain do parallel pro-
cessing to determine relative position of adjacent objects. In
the case of dyslexia, for example, this processing somehow
gets reversed and the subject mixes up the order of letters in
words or even the order of entire words. This too could show
up as an apparent ganglion cell loss. Again, the apparent loss
could be from the ganglion cells or from the feedback to the
lateral geniculate nucleus. The disclosed technology
includes portable platforms that can be used for accurate and
convenient screening of many neuro-degenerative diseases,
e.g., including Alzheimer’s, non-Alzheimer’s dementia, Par-
kinson’s, multiple sclerosis, macular degeneration, ALS,
diabetes, dyslexia, head trauma, and others.

[0029] The present technology utilizes electroencephalo-
gram (EEG)-based brain sensing methods, systems, and
devices for visual-field examination by using high-density
EEG to associate the dynamics of multifocal steady-state
visual-evoked potentials (mfSSVEP) with visual field
defects, in which the use of rapid flickering stimulation can
produce a brain response characterized by a “quasi-sinusoi-
dal” waveform whose frequency components are constant in
amplitude and phase, the so-called steady-state response.
Steady-state VEPs have desirable properties for use in the
assessment of the integrity of the visual system. For
example, the disclosed techniques are faster than mfVEP,
less susceptible to artifacts produced by blinks and eye
movements, to electromyographic noise contamination and
may present better signal to noise (SNR) ratio. mfSSVEP is
a form of steady-state visual-evoked potentials which reflect
a frequency-tagged oscillatory EEG activity modulated by
the frequency of periodic visual simulation higher than 6 Hz.
Different from the ordinary SSVEP, the mfSSVEP is a signal
of multi-frequency tagged SSVEP, e.g., which can be elic-
ited by simultaneously presenting multiple continuous,
repetitive black/white reversing visual patches flickering at
different frequencies. Based on the nature of mfSSVEP, a
flicker sector(s) corresponding to a visual field deficit(s) will
be less perceivable or unperceivable and thereby will elicit
aweaker SSVEP, e.g., as compared to the brain responses to
other visual stimuli presented at normal visual spots.

[0030] The disclosed methods, systems, and devices for
visual-field examination using mfSSVEP data includes the
formation of a spatial visual stimulus display having mul-
tiple regions or sectors at different spatial locations, where
for each region, the particular region includes an optical
effect (e.g., light flickering) that changes at a unique fre-
quency with respect to at least a proximate region or any
other region of the visual stimulus display. For example, the
visual stimulus display can include twenty regions each
presenting its respective optical effect at a different fre-
quency between 8.0 Hz and 11.8 Hz (e.g., 8.0 in sector 1, 8.2
in sector 2, 8.4 in sector 3, . . ., 11.8 in sector 20). For
example, the optical effect can be a light modulating
between an ON and OFF state at the designated frequency
for the particular region. The brain response to the visual
stimuli, e.g., as measured by at least one electrode placed on
or near the head or multiple electrodes arranged in an
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arrangement to improve spatiotemporal resolution of the
EEG signals, are acquired and processed to produce and
evaluate mfSSVEP data with respect to a frequency spec-
trum including the designated frequencies mapped to the
spatial regions of the visual stimulus display. The processing
includes comparing the mfSSVEP signal at the particular
frequencies to a predetermined threshold, or in relation to
other mfSSVEP signals, to determine if the signal falls
below the predetermined threshold or is substantially lower
with respect to a comparative mfSSVEP signal. Determina-
tion of a mfSSVEP signal below the threshold or substan-
tially lower than a standard at that particular frequency
corresponds to a visual field deficiency to the spatial location
on the visual stimulus display to which that frequency is
mapped, and indicative of a visual field defect of the user in
that specific region.

[0031] In some implementations, for example, the dis-
closed techniques include using SSVEP and brain-computer
interfaces (BCIs) to bridge the human brain with computers
or external devices. By detecting the SSVEP frequencies
from the non-invasively recorded EEG, the users of SSVEP-
based brain-computer interface can interact with or control
external devices and/or environments through gazing at
distinct frequency-coded targets. For example, the SSVEP-
based BCI can provide a promising communication carrier
for patients with disabilities due to its high signal-to-noise
ratio over the visual cortex, which can be measured by EEG
at the parieto-occipital region noninvasively. Methods,
devices and systems of the disclosed technology can imple-
ment wireless SSVEP data acquisition and processing.
Methods, devices and systems of the disclosed technology
can include a noninvasive platform for continuously moni-
toring high temporal resolution brain dynamics without
requiring conductive gels applied to the scalp. An exemplary
system can employ dry microelectromechanical system
EEG sensors, low-power signal acquisition, amplification
and digitization, wireless telemetry, and real-time process-
ing. In addition, the present technology can include analyti-
cal techniques, such as independent component analysis,
which can improve detectability of SSVEP signals.

[0032] Exemplary implementations of the disclosed mul-
tifocal techniques to SSVEP (mfSSVEP) are described in
this patent document. The exemplary results of such imple-
mentations demonstrate detection of localized and periph-
eral field losses, as well as show successful implementations
of a portable objective method of assessment of visual field
loss in opto-neurological diseases, e.g., such as glaucoma,
amblyopia, age-related macular degeneration, and optic neu-
ritis.

[0033] Diagnosis and detection of progression of neuro-
logical disorders remain challenging tasks. For example, a
validated portable objective method for assessment of visual
field loss would have numerous advantages compared to
currently existing methods to assess functional loss in the
disease. An objective EEG-based test would remove the
subjectivity and decision-making involved when performing
perimetry, potentially improving reliability of the test. A
portable and objective test could be done quickly at home
under unconstrained situations, decreasing the required
number of office visits and the economic burden of the
disease. In addition, a much larger number of tests could be
obtained over time. This would greatly enhance the ability of
separating true deterioration from measurement variability,
potentially allowing more accurate and earlier detection of
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progression. In addition, more precise estimates of rates of
progression could be obtained. Even if the spatial resolution
of mfSSVEP does not provide a higher resolution than SAP
techniques, the increased number of tests available for
analysis over time can still provide more reliable assessment
of visual field defects. The exemplary visual field assess-
ment methods can be used for screening in remote locations
or for monitoring patients with the disease in underserved
areas, as well as for use in the assessment of visnal field
deficits in other conditions.

[0034] There are few if any currently available reliable
and effective portable methods for assessment of functional
loss in such disorders. The disclosed technology includes a
portable platform that integrates a wearable, wireless EEG
dry system and a head-mounted display system that allows
users to routinely and continuously monitor the electrical
brain activity associated with visual field in their living
environments, e.g., representing a transformative way of
monitoring disease progression, e.g., such as in glaucoma. In
addition, such devices provide an innovative and potentially
useful way of screening for the disease. The disclosed
technology includes portable brain-computer interfaces and
methods for sophisticated analysis of EEG data, e.g., includ-
ing capabilities for diagnosis and detection of disease pro-
gression. For example, the disclosed methods, systems, and
devices can be implemented to improve screening, diagnosis
and detection of disease progression and also enhance
understanding of how the disease affects the visual path-
ways.

[0035] FIG. 1A shows a diagram of an exemplary portable
EEG-based system 100 of the disclosed technology to
implement the methods described in this patent document.
The EEG-based system 100 integrates a wearable, wireless,
high-density dry EEG sensor unit 111 and a visual display
unit 112 (e.g., such as a head-mounted display) in data
communication with a data processing unit 120 allowing
users to routinely monitor the electrical brain activity asso-
ciated with visual field stimulation. The data processing unit
120 can include various modules or units of the disclosed
system for processing data extracted from the subject, e.g,,
via the EEG unit 111, based on stimulus of the subject via
the visual display unit 112.

[0036] The visual display unit 112 can include an output
unit that can include various types of display, speaker, and/or
printing interfaces, e.g., which can be used to implement a
visual stimulus technique. For example, the output unit can
include cathode ray tube (CRT), light emitting diode (LED),
or liquid crystal display (LCD) monitor or screen, among
other visual displays, as a visual display. In some examples,
the output unit can include various types of audio signal
transducer apparatuses or other sensory inducing appara-
tuses to implement the sensory stimuli.

[0037] The data processing unit 120 can include a proces-
sor 121 that can be in communication with an input/output
(I/O) unit 122, an output unit 123, and a memory unit 124.
The data processing unit 120 can be implemented as one of
various data processing systems, such as a personal com-
puter (PC), laptop, and mobile communication device. In
some implementations, the data processing unit 120 can be
included in the device structure that includes the wearable
EEG sensor unit 111. To support various functions of the
data processing unit 120, the processor 121 can be included
to interface with and control operations of other components
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of the data processing unit 120, such as the I/O unit 122, the
output unit 123, and the memory unit 124.

[0038] The memory unit 124 can store information and
data, e.g., such as instructions, software, values, images, and
other data processed or referenced by the processor 121.
Various types of Random Access Memory (RAM) devices,
Read Only Memory (ROM) devices, Flash Memory devices,
and other suitable storage media can be used to implement
storage functions of the memory unit 124. The memory unit
124 can store data and information, which can include
subject stimulus and response data, and information about
other units of the system, e.g., including the EEG sensor unt
111 and the visual display unit 112, such as device system
parameters and hardware constraints. The memory unit 124
can store data and information that can be used to implement
the portable EEG-based system 100.

[0039] The I/O unit 122 can be connected to an external
interface, source of data storage, or display device. Various
types of wired or wireless interfaces compatible with typical
data communication standards can be used in communica-
tions of the data processing unit 120 with the EEG sensor
unit 111 and the visual display unit 112 and/or other units of
the system, e.g., including, but not limited to, Universal
Serial Bus (USB), IEEE 1394 (FireWire), Bluetooth, IEEE
802.111, Wireless Local Area Network (WLAN), Wireless
Personal Area Network (WPAN), Wireless Wide Area Net-
work (WWAN), WiMAX, IEEE 802.16 (Worldwide
Interoperability for Microwave Access (WiMAX)), 3G/4G/
LTE cellular communication methods, and parallel inter-
faces, can be used to implement the I/0 unit 122. The I/O
unit 122 can interface with an external interface, source of
data storage, or display device to retrieve and transfer data
and information that can be processed by the processor 121,
stored in the memory unit 124, or exhibited on the output
unit 123.

[0040] In some implementations of the system 100, the
data processing unit 120 can include an output unit 123 that
can be used to exhibit data implemented by the data pro-
cessing unit 120. The output unit 123 can include various
types of display, speaker, or printing interfaces to implement
the output unit 123. For example, the output unit 123 can
include cathode ray tube (CRT), light emitting diode (LED),
or liquid crystal display (LCD) monitor or screen as a visual
display to implement the output unit 123. In other examples,
the output unit 123 can include toner, liquid inkjet, solid ink,
dye sublimation, inkless (e.g., such as thermal or UV)
printing apparatuses to implement the output unit 123; the
output unit 123 can include various types of audio signal
transducer apparatuses to implement the output unit 123.
The output unit 123 can exhibit data and information, such
as the system data in a completely processed or partially
processed form. The output unit 123 can store data and
information used to implement the disclosed techniques.
[0041] FIG. 1A also shows a block diagram of the pro-
cessor 121 that can include a central processing unit (CPU)
125 and/or a graphic processing unit (GPU) 126, or both the
CPU 125 and the GPU 126. The CPU 125 and GPU 126 can
interface with and control operations of other components of
the data processing unit 120, such as the I/O unit 122, the
output unit 123, and the memory unit 124.

[0042] FIG. 1B shows a diagram of an exemplary method
180 to examine visual field defects using the disclosed
technology, e.g., such as including the system 100. The
method 180 includes a process 182 to present, to a subject,

Feb. 9,2017

visual stimuli in a plurality of sectors of a visual field of a
subject, in which for each sector the presented visual stimuli
includes an optical effect (e.g., light flickering) at a selected
frequency. The method 180 includes a process 184 to
acquire EEG signals from one or more electrodes in contact
with the head of the subject. The method 180 includes a
process 186 to data process (e.g., analyze) the acquired EEG
signals to extract mfSSVEP data associated with the sub-
ject’s BEEG signal response to the presented visual stimuli.
The method 180 includes a process 188 to produce a
quantitative assessment of the visual field of the subject
based on the MfSSVEP data.

[0043] In some implementations of the method 180, for
example, the quantitative assessment produced by the pro-
cess 188 can provide an indication if there is a presence of
a visual field defect in the user’s visual field. In some
implementations, for example, the process 188 can include
a process to determine the presence of the visual field defect
in a sector having a mfSSVEP signal below a predetermined
threshold. In some implementations, for example, the visual
stimuli presented by the process 182 can include multiple
and repetitive optical effects flickering at the selected fre-
quency in the corresponding sector of the visual field of the
subject.

[0044] In some implementations of the method 180, for
example, as shown in FIG. 1C, the process 182 includes a
process 181 to provide the visual stimuli to the visual display
unit 112 (e.g., including a wearable visual display unit) from
the data processing unit 120, in which the providing can
include generating the visual stimuli (e.g., produce and/or
assign an optical flickering effect of the visual stimuli at a
selected frequency associated with each sector of the visual
field); and/or supplying a previously generated visual
stimuli. In some implementations of the process 181, the
process 181 to provide the visual stimuli includes forming a
spatial visual stimulus display having multiple regions or
sectors at different spatial locations, where for each region,
the particular region includes an optical effect (e.g., light
flickering) that changes at a unique frequency with respect
to at least a proximate region or any other region of the
visual stimulus display.

[0045] In some implementations of the method 180, for
example, as shown in FIG. 1D, the process 188 can include
a process 189 to analyze the mfSSVEP data with respect to
a frequency spectrum including the designated frequencies
mapped to the spatial regions of the visual stimulus display,
in which the analyzing can include comparing the mfSSVEP
signal at the particular frequencies to a predetermined
threshold, or in relation to another mfSSVEP signal or other
mfSSVEPs (e.g., including from an averaged population or
individual group of mfSSVEP data with respect to that
particular frequency), to determine if the signal falls below
the predetermined threshold or is substantially lower with
respect to a comparative mfSSVEP signal.

[0046] In some implementations of the method 180, for
example, as shown in FIG. 1E, the method can include a
process 190 to determine if the presence of a visual field
defect based on the quantitative assessment, e.g., if the
mfSSVEP signal for a particular frequency falls below the
predetermined threshold or substantially lower than the
comparative signal(s) from other mfSSVEP data at that
particular frequency, in which the visual field deficiency is
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determined to be in the region of the visual stimulus display
associated with the spatial location to which that frequency
is mapped.

[0047] Exemplary Implementations of mfSSVEP Tech-
niques for Assessment of Visual Field Loss

[0048] Exemplary implementations were performed using
an exemplary mfSSVEP technique for assessment of visual
field loss. FIG. 1F shows diagrams depicting an exemplary
implementation using multifocal steady-state visual-evoked
potentials (mfSSVEP) for assessment of visual field defects.
As shown in the diagrams of FIG. 1F, by presenting multiple
frequency-tagged flickering (alternating black/white) sec-
tors in the monocular visual field, a sector(s) corresponding
to a visual field deficit(s) would be less perceivable, if not
totally unperceivable, and thereby would have a weaker
SSVEP signal, e.g., compared to the brain responses to other
visual stimuli presented at normal visual spots. For example,
as illustrated in the diagrams of FIG. 1F, if the visual deficit
exists exactly within the 9 Hz visual sector, the 9 Hz SSVEP
amplitude tends to deteriorate to some extent compared to
other SSVEP frequencies.

[0049] Five healthy participants (e.g., 4 males and 1
female) with normal or corrected-to-normal vision partici-
pated in the exemplary implementations. The EEG data were
recorded using a 128-channel BioSemi ActiveTwo EEG
system (e.g., from Biosemi, Inc.) according to a modified
10-20 international system, as depicted in the images of FIG.
2. FIG. 2 shows images of an exemplary EEG setup used in
exemplary implementations of the disclosed mfSSVEP
visual field loss analysis techniques. The visual experiment
was conducted inside a dark, soundproof shielded room.
Visual stimuli were presented on a 19" CRT monitor in front
of the participants at a distance of 50 cm with a refresh rate
of 140 Hz and a resolution of 800x600 pixels. To test the
monocular visual field, the left eye was occluded and the
participant was instructed to maintain fixation of the right
eye at the center of the mfSSVEP stimulation screen
throughout the entire experiment. In one exemplary imple-
mentation, for example, the modified 10-20 international
system configuration of electrodes included 19 channels of
electrodes arranged over parietal and occipital areas such as
Pz, PO3, POz, PO4, O1, Oz, and O2. In some implemen-
tations, for example, the EEG electrode configurations of the
EEG unit 111 can include a single electrode placed on the
head or neck of the patient, e.g., such as on head over the
occipital region of the brain. For example, the single elec-
trode channel configuration can include 1 channel—Oz. In
some implementations, for example, the EEG electrode
configuration of the EEG unit 111 can include 2 electrode
channels (e.g., 2 channels—O1 and O2); or in other imple-
mentations, for example, as few as 3 channels (e.g., 3
channels—O1, O2 and Oz); or in other implementations, for
example, as few as 4 channels (e.g., 4 channels—POz, O1,
02 and Oz); or in other implementations, for example, as
few as 8 channels (e.g., 8 channels—POS5, PO3, POz, PO4,
PO6, 01, 02 and Oz).

[0050] In these exemplary implementations, a layout of
visual stimuli was designed to include 20 sectors in three
concentric rings (e.g., subtending 6°, 15°, and 25° of the
visual field). All sectors flickered concurrently at different
frequencies ranging from 8 to 11.8 Hz with a frequency
resolution of 0.2 Hz. To test the exemplary mfSSVEP visual
field loss analysis technique, a visual field loss (DEFICIT)
condition was mimicked by replacing the 9 Hz sector (e.g.,

Feb. 9,2017

the 0-45° patch in the middle ring as shown in the diagram
of FIG. 1F) with a black patch, in contrast to the CONTROL
condition in which all 20 sectors flickered concurrently.
Each participant underwent an experiment including five
4-min sessions with a minute inter-session rest to avoid
visual fatigue. Each session repeated the visual sequence of
a 1-min CONTROL condition and a 1-min DEFICIT con-
dition twice. Each condition contained at least ten 5-s visual
trials interleaved with 1-s rest, and in some implementations,
each condition included 100 trials of 5 seconds per trial.
[0051] The exemplary dataset for each participant con-
tained 100 5-s DEFICIT and CONTROL trials (e.g., 10
trialsx2 conditionsx5 sessions) for analysis. FIG. 3A shows
data plots depicting the CONTROL-DEFICIT comparison
for five participants, in which the exemplary red line of the
plots represent the SSVEP frequency with the lowest signal-
to-noise-ratio versus other frequencies (e.g., represented by
the gray lines). FIG. 3B shows data plots depicting a
BLOCK-CONTROL comparison in mfSSVEP profiles from
a representative subject. The exemplary empirical results
showed that four of five participants consistently exhibited
a significant deterioration of the 9 Hz ssVEP amplitude in
the DEFICIT condition, e.g., as compared to the CONTROL
condition. The inconsistency from a participant (S3) was
likely attributed to the absence of gaze-attentive fixation to
the visual stimulus during the experiment, according to his
self-report after the experiment.

[0052] These exemplary results demonstrated that visual
field deficits mimicked by disabling the 9 Hz sector did
result in a significant SSVEP attenuation at the correspond-
ing frequency. The exemplary results of these implementa-
tions suggest that the dynamics of mfSSVEP amplitude is
capable of serving as an objective biomarker to assess
potential visual field deficits.

[0053] Exemplary Embodiments and Implementations of
a Portable, Objective mfSSVEP-Based Visual Field Assess-
ment Platform of the Disclosed Technology

[0054] As shown in the block diagram of FIG. 1A, the
disclosed technology includes a portable, objective mfSS-
VEP-based visual field assessment platform, e.g., which
includes and integrates a wearable, wireless dry EEG system
and a head-mounted display. The portable devices and
systems can acquire and process measurements of reliable
mfSSVEP signals that are quantitatively associated with
visual field integrity of a subject.

[0055] The exemplary platform can quantitate the integ-
rity of monocular visual fields by the characterization of
mfSSVEP signal data. For example, by integrating a light-
weight, wearable, and wireless multi-channel EEG system
and a head-mounted display, the disclosed portable platform
can allow assessment of visual field integrity in uncon-
strained situations and outside clinic environment. FIG. 4
shows an image of an exemplary portable EEG unit 111 of
the disclosed portable, objective mfSSVEP-based visual
field assessment platform. Exemplary characteristics of the
exemplary EEG unit shown in FIG. 4 include easy-to-use
and environment-free, which can avoid the burden of setting
up laboratory EEG recording, enabling routine visual-field
assessment or screening for visual field loss in non-clinic
environments. Exemplary implementations using the exem-
plary portable devices and systems of the disclosed tech-
nology demonstrated that the strength of mfSSVEP signals
is informative to serve as an objective indicator to reflect
possible deficits in a monocular visual field.
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[0056] Inexemplary implementations using the exemplary
portable system platform, the following methods were pet-
formed. An exemplary wearable, wireless high-density EEG
unit of the portable system platform was employed, e.g.,
featuring dry and non-prep electrodes and wireless telemetry
to sample EEG signals at 250 Hz, as depicted in FIGS. 5A
and 5B. FIG. 5A shows a side view image and FIG. 5B
shows a back view image of an exemplary wearable, wire-
less 64-channel dry EEG unit. Unlike a conventional and
cumbersome EEG experiments, for example, users of the
exemplary portable system can easily put on the wearable
EEG unit by themselves in their living environments. For
example, the exemplary portable system can in some
embodiments employ a 64-channel high-density EEG, while
in other embodiments can employ a reduced number of
channels to provide an optimal configuration or montage for
portably detecting mfSSVEP, e.g., outside of a non-office
based environment. The exemplary portable system can
employ advanced signal processing methods, e.g., such as
spatial filtering and artifact removal, to improve signal-to-
noise ratio of mfSSVEP from high-density recording.
[0057] An exemplary head-mounted display unit of the
portable system platform utilized an Oculus Rift goggle
(Oculus VR, Inc.) to deliver the mfSSVEP stimulation, as
depicted in FIGS. 6A and 6B. FIG. 6A shows an image of
the exemplary head-mounted display unit to present the
mfSSVEP stimulation, and FIG. 6B shows a diagram of the
exemplary layout of the mfSSVEP stimulation presentation.
The exemplary head-mounted display unit provides an inex-
pensive solution with a good image resolution of 1280800,
and also provides a whole-eye coverage allowing a con-
trolled environment for visual-field assessment. The mobil-
ity can be obtained by communicatively connecting the
exemplary head-mounted display unit to one or more mobile
communication devices, e.g., such as a laptop as shown in
the image of FIG. 6 A, or other mobile devices. For example,
tablets, smartphones, or wearable computing devices can
also be communicatively connected to the exemplary head-
mounted display unit. In the exemplary implementations, for
example, the same layout of the mfSSVEP stimulation was
used as in other exemplary implementations, e.g., including
20 sectors in three rings (e.g., subtending 6°, 15°, and 25° of
the visual field) flickering at frequencies from 8 to 11.8 Hz
with a frequency resolution of 0.2 Hz were used (as shown
in the diagram of FIG. 6B). For example, subjects can be
tested under different experimental conditions, by varying
testing parameters similarly to those previously described
exemplary implementations. For example, a visual field loss
condition can be mimicked by using black patches to replace
different sectors on the visual field and evaluate mfSSVEP
signal loss compared to a control condition.

[0058] The example portable system can be used for
acquisition of mfSSVEP signals to obtain such data. For
example, exemplary techniques such as independent com-
ponent analysis (ICA) and differential canonical correlation
analysis can be implemented successfully for blind source
separation and to enhance detectability of SSVEP signals.
[0059] Exemplary EOG-Guided Methods to Assess Eye-
Gaze During Testing with the Exemplary Portable Platform
[0060] Electrooculogram (EOG) methods of the disclosed
technology can be utilized to successfully identify fixation
losses and allow identification of unreliable mfSSVEP sig-
nals to be removed from further analyses. For example, from
the earlier implementations of an mfSSVEP technique for
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assessment of visual field loss, the strength of mfSSVEP in
one of the five participates failed to accurately reflect the
mimicked visual deficit, as depicted previously in FIG. 3A.
The reason, for example, may be attributed to the absence of
proper gaze fixation during the examination based on the
patient’s self-report. In order to assure matching of SSVEP
signals to corresponding visual field locations, subjects need
to remain fixating on the central target location during the
testing. Due to the short duration of testing trials, this can be
achieved in most subjects, yet, the disclosed technology
includes a mechanism to identify and exclude unreliable
EEG signals produced by fixation losses. This is especially
relevant in portable testing that may be performed without
supervision.

[0061] In some embodiments, for example, the disclosed
portable mfSSVEP systems can include an EOG unit. In one
example embodiment, the EOG unit can include two or more
dry and soft electrodes to be placed proximate the outer
canthus of a subject’s eyes (e.g., one or more electrodes per
eye) to measure corneo-retinal standing potentials, and are in
communication with a signal processing and wireless com-
munication unit of the EOG unit to process the acquired
signals from the electrodes and relay the processed signals
as data to the data processing unit 120 of the portable system
100. In some implementations, the electrodes of the EOG
unit can be in communication with the EEG unit 111 or
visual display unit 112 to transfer the acquired signals from
the outer canthus-placed electrodes of the EOG unit to the
data processing unit 120.

[0062] For example, in order to remove unreliable EEG
signals occurring from fixation losses, the disclosed tech-
niques can concurrently monitor subjects’ electrooculogram
(EOG) signals to evaluate the gaze fixation. By placing the
dry and soft electrodes of the EOG unit to the outer canthus
of the eyes, the electric field changes associated with eye
movements, e.g., such as blinks and saccades, can be moni-
tored. There is a linear relationship between horizontal and
vertical EOG signals and the angle of eye rotation within a
limited range (e.g., approximately 30°). This relationship
can be used in determining the exact coordinates of eye
fixations on a visual display. In some implementations, a
calibration sequence can be used at the start of recording to
determine the transformation equations. Accordingly, for
example, an EOG-guided mfSSVEP analysis can be imple-
mented to automatically exclude the EEG segments where
the subjects do not gaze at the center of the stimulation. To
record EOG signals, four prefrontal electrodes can be
switched to record the EOG signals, e.g., since mfSSVEP
signals are presumably weak in the prefrontal regions. In one
example in which the EOG unit includes four electrodes,
two electrodes can be placed below and above the right eye
and another two will be placed at the left and right outer
canthus. The EOG unit can be used to assess the accuracy of
the portable mfSSVEP system by identifying potentially
unreliable EEG signals induced by loss of fixation. For
example, the data processing unit 120 can process the
acquired signals from the EOG unit electrodes with the EEG
data acquired from the EEG unit 111 to identify unreliable
signals, which can then be removed from the analysis of
visual field integrity. For example, the data processing unit
120 can execute analytical techniques to provide signal
source separation. Additionally, or alternatively, for
example, the disclosed portable mfSSVEP systems can
include an eye tracking unit to monitor losses of fixation,
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e.g., and can further provide a reference standard. For
example, the eye tracking unit can be included, integrated,
and/or incorporated into the visual display unit 112 (e.g.,
exemplary head-mounted display), for example.

[0063] Exemplary Implementations to Evaluate the
Reproducibility of Measurements Obtained with the Exem-
plary Portable Platform

[0064] Exemplary implementations can be performed to
evaluate the reproducibility of measurements obtained with
the exemplary portable platform in evaluating its ability to
detect visual field loss in patients with glaucoma compared
to healthy control subjects. The disclosed portable systems
can provide reproducible intra- and inter-visit mfSSVEP
signals. mfSSVEP signals in patients with glaucomatous
visual field loss will be significantly different than those in
healthy control subjects. For example, to have clinical
applicability, measurements obtained with portable systems
need to be reproducible and be able to detect visual field
losses in patients with glaucoma. Good reproducibility is a
fundamental requirement in order to allow detection of
change over time. If a test is to be used for screening,
diagnosis, and/or detection of glaucoma progression, an
initial step is demonstrating that a portable system is able to
distinguish patients with glaucomatous field loss from
healthy individuals.

[0065] Exemplary implementations were conducted to
demonstrate the reproducibility and diagnostic accuracy
studies. Such implementations included participation of a
group of 10 healthy and 10 glaucomatous subjects. These
subjects had not been tested previously with the system. The
subjects underwent five sessions of testing per visit for five
different visits, spaced at intervals of approximately 1 week
apart. Reproducibility measures were obtained, e.g., includ-
ing coeflicients of variation and intraclass correlation coef-
ficients for the relevant measurements obtained by the
portable system. For diagnostic accuracy evaluation, for
example, tests of an additional sample of 20 healthy and 20
glaucomatous subjects were performed, e.g., totaling 30
subjects in each group. Glaucomatous subjects were shown
to have repeatable abnormal visual field defects on SAP
(SITA 24-2). For example, assessment of diagnostic accu-
racy was performed using receiver operating characteristic
(ROC) curves.

[0066] The sample size for this experiment provided 83%
power to detect a minimum difference of 0.25 in ROC curve
area compared to chance.

EXAMPLES

[0067] The following examples are illustrative of several
embodiments of the present technology. Other exemplary
embodiments of the present technology may be presented
prior to the following listed examples, or after the following
listed examples.

[0068] In an example of the present technology (example
1), a system for monitoring brain activity associated with
visual field of a user includes a sensor unit to acquire
electroencephalogram (EEG) signals including one or more
electrodes attached to a casing wearable on the head of a
user; visual display unit including a display screen to present
visual stimuli to the user in a plurality of sectors of a visual
field, in which the presented visual stimuli includes an
optical flickering effect at a selected frequency mapped to
each sector of the visual field, the visual stimuli configured
to evoke multifocal steady-state visual-evoked potentials
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(mfSSVEP) in the EEG signals exhibited by the user
acquired by the sensor unit; and a data processing unit in
communication with the sensor unit and the visual display
unit to analyze the acquired EEG signals and produce an
assessment of the user’s visual field.

[0069] Example 2 includes the system as in example 1, in
which the produced assessment of the user’s visual field is
a quantitative assessment that indicates if there is a presence
of a visual field defect in the user’s visual field.

[0070] Example 3 includes the system as in example 1, in
which the one or more electrodes of the sensor unit include
dry electrodes operable to acquire the EEG signals without
a conductive gel interfaced between the electrodes and the
user.

[0071] Example 4 includes the system as in example 1, in
which the one or more electrodes includes a single electrode
channel Oz.

[0072] Example 5 includes the system as in example 1, in
which the one or more electrodes include a plurality of the
electrodes that are arranged at particular locations on the
head of the subject according to the international 10-20
system.

[0073] Example 6 includes the system as in example 1, in
which the system is portable to enable the user to operate the
system in the user’s living environment and on a routine or
continuous basis.

[0074] Example 7 includes the system as in example 1, in
which the selected frequency of the optical flickering effect
for a particular sector is at a different frequency with respect
to the optical flickering effect at a proximate sector or with
respect to the optical flickering effects in the other sectors of
the visual field.

[0075] Example 8 includes the system as in example 7, in
which the visual stimuli includes multiple and repetitive
optical effects flickering at the selected frequency in the
corresponding sector of the visual field of the user.

[0076] Example 9 includes the system as in example 7, in
which the visual stimuli is presented in 20 sectors in three
concentric rings including subtending 6°, 15°, and 25° of the
visual field.

[0077] Example 10 includes the system as in example 7, in
which the selected frequencies of the flickerings of the
visual stimuli are greater than 6 Hz.

[0078] Example 11 includes the system as in example 1,
further including an electrooculogram (EOG) unit including
one or more electrodes to be placed proximate the outer
canthus of each of the user’s eyes to measure corneo-retinal
standing potential (CRSP) signals, in which the one or more
electrodes of the EOG unit are in communication with the
data processing unit to process the acquired CRSP signals
from the one or more electrodes to determine movements of
the user’s eyes.

[0079] Example 12 includes the system as in example 1, in
which the visual display unit is configured to be wearable
over the user’s eyes for the user to view the presented visual
stimuli on the display screen.

[0080] Example 13 includes the system as in example 12,
further including an eye tracking device including a camera
employed in the wearable visual display unit and in com-
munication with the data processing unit, in which the
camera is operable to record images of the user’s eyes.
[0081] In an example of the present technology (example
14), a method for examining a visual field of a subject
includes presenting, to a subject, visual stimuli in a plurality



US 2017/0035317 Al

of sectors of a visual field of a subject, in which for each
sector the presented visual stimuli includes an optical flick-
ering effect at a selected frequency; acquiring electroen-
cephalogram (EEG) signals from one or more electrodes in
contact with the head of the subject; processing the acquired
EEG signals to extract multifocal steady-state visual-evoked
potentials (mfSSVEP) data associated with the subject’s
EEG signal response to the presented visual stimuli; and
producing a quantitative assessment of the visual field of the
subject based on the MfSSVEP data.

[0082] Example 15 includes the method as in example 14,
in which the quantitative assessment provides an indication
if there is a presence of a visual field defect in the user’s
visual field.

[0083] Example 16 includes the method as in example 15,
in which the producing the quantitative assessment includes
determining the presence of the visual field defect in a sector
having a mfSSVEP signal below a predetermined threshold.

[0084] Example 17 includes the method as in example 14,
in which the visual stimuli includes multiple and repetitive
optical effects flickering at the selected frequency in the
corresponding sector of the visual field of the subject.

[0085] Example 18 includes the method as in example 14,
in which the one or more electrodes are included in a sensor
unit wearable on the subject’s head and include a single
electrode channel Oz positioned over the occipital region of
the head of the subject when the sensor unit is worn by the
user.

[0086] Example 19 includes the method as in example 14,
in which the one or more electrodes are included in a sensor
unit wearable on the subject’s head such that the electrodes
are arranged at particular locations on the sensing unit to be
positioned on the head of the subject when the sensor unit is
worn by the user.

[0087] Example 20 includes the method as in example 14,
in which the one or more electrodes include dry electrodes
operable to acquire the EEG signals without a conductive
gel interfaced between the electrodes and the subject.

[0088] Example 21 includes the method as in example 14,
further including monitoring movements of the user’s eyes
to determine instances associated with the user gazing away
from the center of the visual field.

[0089] Example 22 includes the method as in example 14,
in which the monitoring the movements of the user’s eyes
includes using an electrooculogram (EOG) unit including
one or more electrodes placed proximate the outer canthus
of each of the user’s eyes to measure corneo-retinal standing
potential (CRSP) signals.

[0090] Example 23 includes the method as in example 14,
in which the monitoring the movements of the user’s eyes
includes using an eye tracking system.

[0091] Example 24 includes the method as in example 14,
in which the selected frequency of the optical flickering
effect for a particular sector is presented at a different
frequency with respect to the optical flickering effect at a
proximate sector or with respect to the optical flickering
effects in the other sectors of the visual field.

[0092] Example 25 includes the method as in example 14,
further including forming a spatial visual stimulus display
having the plurality of the sectors at different spatial loca-
tions on the spatial visual stimulus display, in which, for
each sector, the sector includes the optical flickering effect
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that changes at a designated frequency with respect to at
least a proximate sector ot the other sectors of the visual
stimulus display.

[0093] Example 26 includes the method as in example 14,
in which the producing the quantitative assessment includes
analyzing the mfSSVEP data with respect to the designated
frequencies that are mapped to the sectors at the different
spatial locations on the spatial visual stimulus display, in
which the analyzing includes quantitatively comparing an
mfSSVEP signal value at a particular frequency of the
designated frequencies to a threshold value, and determining
the presence of a visual field defect in the sector to which the
particular frequency is mapped if the mfSSVEP signal value
is less than the threshold value.

[0094] In an example of the present technology (example
27), a portable system for monitoring brain activity associ-
ated with visual field of a user includes a brain signal sensor
device to acquire electroencephalogram (EEG) signals
including one or more electrodes attached to a casing
wearable on the head of a user; a wearable visual display
unit to present visual stimuli to the user and structured to
include a display screen and a casing able to secure to the
head of the user, in which the wearable visual display is
operable to present the visual stimuli in a plurality of sectors
of the user’s visual field, such that for each sector the
presented visual stimuli includes an optical flickering effect
at a selected frequency, and in which the visual stimuli are
configured to evoke multifocal steady-state visual-evoked
potentials (mfSSVEP) in the EEG signals exhibited by the
user acquired by the brain signal sensor device, a data
processing unit in communication with the brain signal
sensor device and the wearable visual display unit to provide
the visual stimuli to the wearable visual display unit and to
analyze the acquired EEG signals and produce an assess-
ment of the user’s visual field; and an electrooculogram
(EOG) unit including one or more electrodes to be placed
proximate the outer canthus of each of the user’s eyes to
measure corneo-retinal standing potential (CRSP) signals, in
which the one or more electrodes of the EOG unit are in
communication with the data processing unit to process the
acquired CRSP signals from the one or more electrodes to
determine movements of the user’s eyes.

[0095] Example 28 includes the system as in example 27,
in which the data processing unit is included in a computing
device including a laptop or desktop computer; a mobile
communication device including a smartphone, a tablet, or
a wearable computing device; or a network computer sys-
tem.

[0096] Example 29 includes the system as in example 27,
in which the produced assessment of the user’s visual field
is a quantitative assessment that indicates if there is a
presence of a visual field defect in the user’s visual field.

[0097] Example 30 includes the system as in example 27,
in which the one or more electrodes of the brain signal
sensor device include dry electrodes operable to acquire the
EEG signals without a conductive gel interfaced between the
electrodes and the user.

[0098] Example 31 includes the system as in example 27,
in which the one or more electrodes includes a single
electrode channel Oz,

[0099] Example 32 includes the system as in example 27,
further including an eye tracking device including a camera
employed in the wearable visual display unit and in com-
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munication with the data processing unit, in which the
camera is operable to record images of the user’s eyes.
[0100] Example 33 includes the system as in example 27,
in which the visual stimuli includes multiple and repetitive
optical effects flickering at the selected frequency in the
corresponding sector of the visual field of the user, and in
which the selected frequencies of the flickerings of the
visual stimuli are greater than 6 Hz.

[0101] Example 34 includes the system as in example 27,
in which the wearable visual display unit is operable to form
a spatial visual stimulus display on the display screen having
the plurality of the sectors at different spatial locations on the
spatial visual stimulus display, in which, for each sector, the
sector includes the optical flickering effect that changes at a
designated frequency with respect to at least a proximate
sector or the other sectors of the visual stimulus display.
[0102] Example 35 includes the system as in example 34,
in which the data processing unit is operable to produce the
quantitative assessment by analyzing the mfSSVEP data
with respect to the designated frequencies that are mapped
to the sectors at the different spatial locations on the spatial
visual stimulus display, in which the analyzing includes
quantitatively comparing an mfSSVEP signal value at a
particular frequency of the designated frequencies to a
threshold value, and determining the presence of a visual
field defect in the sector to which the particular frequency is
mapped if the mfSSVEP signal value is less than the
threshold value.

[0103] Implementations of the subject matter and the
functional operations described in this patent document can
be implemented in various systems, digital electronic cir-
cuitry, or in computer software, firmware, or hardware,
including the structures disclosed in this specification and
their structural equivalents, or in combinations of one or
more of them. Implementations of the subject matter
described in this specification can be implemented as one or
more computer program products, i.e., one or more modules
of computer program instructions encoded on a tangible and
non-transitory computer readable medium for execution by,
or to control the operation of, data processing apparatus. The
computer readable medium can be a machine-readable stor-
age device, a machine-readable storage substrate, a memory
device, a composition of matter effecting a machine-read-
able propagated signal, or a combination of one or more of
them. The term “data processing apparatus™ encompasses all
apparatus, devices, and machines for processing data,
including by way of example a programmable processor, a
computer, or multiple processors or computers. The appa-
ratus can include, in addition to hardware, code that creates
an execution environment for the computer program in
question, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating
system, or a combination of one or more of them.

[0104] A computer program (also known as a program,
software, software application, script, or code) can be writ-
ten in any form of programming language, including com-
piled or interpreted languages, and it can be deployed in any
form, including as a stand-alone program or as a module,
component, subroutine, or other unit suitable for use in a
computing environment. A computer program does not
necessarily correspond to a file in a file system. A program
can be stored in a portion of a file that holds other programs
or data (e.g., one or more scripts stored in a markup language
document), in a single file dedicated to the program in
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question, or in multiple coordinated files (e.g., files that store
one or more modules, sub programs, or portions of code). A
computer program can be deployed to be executed on one
computer or on multiple computers that are located at one
site or distributed across multiple sites and interconnected
by a communication network.

[0105] The processes and logic flows described in this
specification can be performed by one or more program-
mable processors executing one or more computer programs
to perform functions by operating on input data and gener-
ating output. The processes and logic flows can also be
performed by, and apparatus can also be implemented as,
special purpose logic circuitry, e.g., an FPGA (field pro-
grammable gate array) or an ASIC (application specific
integrated circuit).

[0106] Processors suitable for the execution of a computer
program include, by way of example, both general and
special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a
processor will receive instructions and data from a read only
memory or a random access memory or both. The essential
elements of a computer are a processor for performing
instructions and one or more memory devices for storing
instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices
for storing data, e.g., magnetic, magneto optical disks, or
optical disks. However, a computer need not have such
devices. Computer readable media suitable for storing com-
puter program instructions and data include all forms of
nonvolatile memory, media and memory devices, including
by way of example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices. The pro-
cessor and the memory can be supplemented by, or incor-
porated in, special purpose logic circuitry.

[0107] While this patent document contains many specif-
ics, these should not be construed as limitations on the scope
of any invention or of what may be claimed, but rather as
descriptions of features that may be specific to particular
embodiments of particular inventions. Certain features that
are described in this patent document in the context of
separate embodiments can also be implemented in combi-
nation in a single embodiment. Conversely, various features
that are described in the context of a single embodiment can
also be implemented in multiple embodiments separately or
in any suitable subcombination. Moreover, although features
may be described above as acting in certain combinations
and even initially claimed as such, one or more features from
a claimed combination can in some cases be excised from
the combination, and the claimed combination may be
directed to a subcombination or variation of a subcombina-
tion.

[0108] Similarly, while operations are depicted in the
drawings in a particular order, this should not be understood
as requiring that such operations be performed in the par-
ticular order shown or in sequential order, or that all illus-
trated operations be performed, to achieve desirable results.
Moreover, the separation of various system components in
the embodiments described in this patent document should
not be understood as requiring such separation in all
embodiments.

[0109] Only a few implementations and examples are
described and other implementations, enhancements and
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variations can be made based on what is described and
illustrated in this patent document.

What is claimed is:

1. A system for monitoring brain activity associated with
the visual field of a user, comprising:

a sensor unit to acquire electroencephalogram (EEG)
signals including one or more electrodes attached to a
casing wearable on the head of a user;

a visual display unit including a display screen to present
visual stimuli to the user in a plurality of sectors of a
visual field, wherein the presented visual stimuli
includes an optical flickering effect at a selected fre-
quency mapped to each sector of the visual field, the
visual stimuli configured to evoke multifocal steady-
state visual-evoked potentials (mfSSVEP) in the EEG
signals exhibited by the user acquired by the sensor
unit; and

a data processing unit in communication with the sensor
unit and the visual display unit to analyze the acquired
EEG signals and produce an assessment of the user’s
visual field.

2. The system of claim 1, wherein the produced assess-
ment of the user’s visual field is a quantitative assessment
that indicates if there is a presence of a visual field defect in
the user’s visual field.

3. The system of claim 1, wherein the one or more
electrodes of the sensor unit include dry electrodes operable
to acquire the EEG signals without a conductive gel inter-
faced between the electrodes and the user.

4. The system of claim 1, wherein the one or more
electrodes includes a single electrode channel Oz.

5. The system of claim 1, wherein the one or more
electrodes include a plurality of the electrodes that are
arranged at particular locations on the head of the subject
according to the international 10-20 system.

6. The system of claim 1, wherein the system is portable
to enable the user to operate the system in the user’s living
environment and on a routine or continuous basis.

7. The system of claim 1, wherein the selected frequency
of the optical flickering effect for a particular sector is at a
different frequency with respect to the optical flickering
effect at a proximate sector or with respect to the optical
flickering effects in the other sectors of the visual field.

8. The system of claim 7, wherein the visual stimuli
includes multiple and repetitive optical effects flickering at
the selected frequency in the corresponding sector of the
visual field of the user.

9. The system of claim 7, wherein the visual stimuli is
presented in 20 sectors in three concentric rings including
subtending 6°, 15°, and 25° of the visual field.

10. The system of claim 7, wherein the selected frequen-
cies of the flickerings of the visual stimuli are greater than
6 Hz.

11. The system of claim 1, further comprising:

an electrooculogram (EOG) unit including one or more
electrodes to be placed proximate the outer canthus of
each of the user’s eyes to measure corneo-retinal stand-
ing potential (CRSP) signals, wherein the one or more
electrodes of the EOG unit are in communication with
the data processing unit to process the acquired CRSP
signals from the one or more electrodes to determine
movements of the user’s eyes.
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12. The system of claim 1, wherein the visual display unit
is configured to be wearable over the user’s eyes for the user
to view the presented visual stimuli on the display screen.

13. The system of claim 12, further comprising:

an eye tracking device including a camera employed in

the wearable visual display unit and in communication
with the data processing unit, wherein the camera is
operable to record images of the user’s eyes.

14. A method for examining a visual field of a subject,
comprising:

presenting, to a subject, visual stimuli in a plurality of

sectors of a visual field of a subject, wherein for each
sector the presented visual stimuli includes an optical
flickering effect at a selected frequency;

acquiring electroencephalogram (EEG) signals from one

or more electrodes in contact with the head of the
subject;

processing the acquired EEG signals to extract multifocal

steady-state visual-evoked potentials (mfSSVEP) data
associated with the subject’s EEG signal response to
the presented visual stimuli; and

producing a quantitative assessment of the visual field of

the subject based on the MfSSVEP data.

15. The method of claim 14, wherein the quantitative
assessment provides an indication if there is a presence of a
visual field defect in the user’s visual field.

16. The method of claim 15, wherein the producing the
quantitative assessment includes determining the presence
of the visual field defect in a sector having a mfSSVEP
signal below a predetermined threshold.

17. The method of claim 14, wherein the visual stimuli
includes multiple and repetitive optical effects flickering at
the selected frequency in the corresponding sector of the
visual field of the subject.

18. The method of claim 14, wherein the one or more
electrodes are included in a sensor unit wearable on the
subject’s head and include a single electrode channel Oz
positioned over the occipital region of the head of the subject
when the sensor unit is worn by the user.

19. The method of claim 14, wherein the one or more
electrodes are included in a sensor unit wearable on the
subject’s head such that the electrodes are arranged at
particular locations on the sensing unit to be positioned on
the head of the subject when the sensor unit is worn by the
user.

20. The method of claim 14, wherein the one or more
electrodes include dry electrodes operable to acquire the
EEG signals without a conductive gel interfaced between the
electrodes and the subject.

21. The method of claim 14, further comprising;

monitoring movements of the user’s eyes to determine

instances associated with the user gazing away from the
center of the visual field.

22. The method of claim 14, wherein the monitoring the
movements of the user’s eyes includes using an electroocu-
logram (EOG) unit including one or more electrodes placed
proximate the outer canthus of each of the user’s eyes to
measure corneo-retinal standing potential (CRSP) signals.

23. The method of claim 14, wherein the monitoring the
movements of the user’s eyes includes using an eye tracking
system.

24. The method of claim 14, wherein the selected fre-
quency of the optical flickering effect for a particular sector
is presented at a different frequency with respect to the
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optical flickering effect at a proximate sector or with respect
to the optical flickering effects in the other sectors of the
visual field.

25. The method of claim 14, further comprising:

forming a spatial visual stimulus display having the
plurality of the sectors at different spatial locations on
the spatial visual stimulus display, wherein, for each
sectot, the sector includes the optical flickering effect
that changes at a designated frequency with respect to
at least a proximate sector or the other sectors of the
visual stimulus display.

26. The method of claim 14, wherein the producing the
quantitative assessment includes analyzing the mfSSVEP
data with respect to the designated frequencies that are
mapped to the sectors at the different spatial locations on the
spatial visual stimulus display, wherein the analyzing
includes quantitatively comparing an mfSSVEP signal value
at a particular frequency of the designated frequencies to a
threshold value, and determining the presence of a visual
field defect in the sector to which the particular frequency is
mapped if the mfSSVEP signal value is less than the
threshold value.

27. A portable system for monitoring brain activity asso-
ciated with visual field of a user, comprising:

a brain signal sensor device to acquire electroencephalo-
gram (EEG) signals including one or more electrodes
attached to a casing wearable on the head of a user;

a wearable visual display unit to present visual stimuli to
the user and structured to include a display screen and
a casing able to secure to the head of the user, wherein
the wearable visual display is operable to present the
visual stimuli in a plurality of sectors of a visual field,
such that for each sector the presented visual stimuli
includes an optical flickering effect at a selected fre-
quency, and wherein the visual stimuli are configured to
evoke multifocal steady-state visual-evoked potentials
(mfSSVEP) in the EEG signals exhibited by the user
acquired by the brain signal sensor device;

a data processing unit in comnunication with the brain
signal sensor device and the wearable visual display
unit to provide the visual stimuli to the wearable visual
display unit and to analyze the acquired EEG signals
and produce an assessment of the user’s visual field;
and

an electrooculogram (EOG) unit including one or more
electrodes to be placed proximate the outer canthus of
each of the user’s eyes to measure corneo-retinal stand-
ing potential (CRSP) signals, wherein the one or more
electrodes of the EOG unit are in communication with
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the data processing unit to process the acquired CRSP
signals from the one or more electrodes to determine
movements of the user’s eyes.

28. The system of claim 27, wherein the data processing
unit is included in a computing device including a laptop or
desktop computer; a mobile communication device includ-
ing a smartphone, a tablet, or a wearable computing device;
or a network computer systen.

29. The system of claim 27, wherein the produced assess-
ment of the user’s visual field is a quantitative assessment
that indicates if there is a presence of a visual field defect in
the user’s visual field.

30. The system of claim 27, wherein the one or more
electrodes of the brain signal sensor device include dry
electrodes operable to acquire the EEG signals without a
conductive gel interfaced between the electrodes and the
user.

31. The system of claim 27, wherein the one or more
electrodes includes a single electrode channel Oz.

32. The system of claim 27, further comprising:

an eye tracking device including a camera employed in

the wearable visual display unit and in communication
with the data processing unit, wherein the camera is
operable to record images of the user’s eyes.

33. The system of claim 27, wherein the visual stimuli
includes multiple and repetitive optical effects flickering at
the selected frequency in the corresponding sector of the
visual field of the user, and wherein the selected frequencies
of the flickerings of the visual stimuli are greater than 6 Hz.

34. The system of claim 27, wherein the wearable visual
display unit is operable to form a spatial visual stimulus
display on the display screen having the plurality of the
sectors at different spatial locations on the spatial visual
stimulus display, wherein, for each sector, the sector
includes the optical flickering effect that changes at a des-
ignated frequency with respect to at least a proximate sector
or the other sectors of the visual stimulus display.

35. The system of claim 34, wherein the data processing
unit is operable to produce the quantitative assessment by
analyzing the mfSSVEP data with respect to the designated
frequencies that are mapped to the sectors at the different
spatial locations on the spatial visual stimulus display,
wherein the analyzing includes quantitatively comparing an
mfSSVEP signal value at a particular frequency of the
designated frequencies to a threshold value, and determining
the presence of a visual field defect in the sector to which the
particular frequency is mapped if the mfSSVEP signal value
is less than the threshold value.
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