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Systems, processes and devices for real-time brain monitor-
ing to generate and control an interface of a display device
with a visual representation of a Brain Value Index for
entropy, a connectivity map and treatment guidance. Sys-
tems, processes and devices for real-time brain monitoring
capture sensor data, process the data and dynamically update
the interface in real-time.
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SYSTEM, PROCESS, AND DEVICES FOR
REAL-TIME BRAIN MONITORING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of and priority
to U.S. provisional application No. 62/303,635 filed Mar. 4,
2016 and U.S. provisional application No. 62/365,506 filed
Jul. 22, 2016, the contents of which are hereby incorporated
by reference.

FIELD

[0002] The improvements generally relate to the field of
monitoring patients using sensors and computing devices.

INTRODUCTION

[0003] Consciousness can be considered an emergent
property of dynamic interactions of brain matter and fluc-
tuating patterns of cellular interactions. An optimal number
of interacting brain networks is required for consciousness
to exist. Neurophysiologic recording of these dynamic inter-
actions can be quantified and in turn both conscious and
altered states of consciousness can be quantified. Patients
with brain related disorders may have different levels of
consciousness.

SUMMARY

[0004] In accordance with an aspect, there is provided a
system for real-time brain monitoring. The system has a
plurality of sensors for acquisition of (near) real-time raw
sensor data for monitoring a patient’s brain, each sensor
corresponding to a channel. The system has a collector
device coupled to the plurality of sensors for pre-processing
the real-time raw sensor data. The system has a server with
an acquisition unit to receive sensor data from the collector
device. The server has a processor to compute, using the
sensor data, a connectivity matrix having connectivity val-
ues, a connectivity value for each pair of channels, and a
real-time brain value index corresponding to a real-time
brain state of the patient. The server has a presentation unit
to generate visual elements for an interface in real-time, the
visual elements representing the real-time brain value index
to depict the brain state of the patient and a connectivity map
for the connectivity matrix, the connectivity map visually
indicating the channels monitored by the sensors and a
connecting line between a pair of channels representing a
strength of connection between the pair of channels, the
server system having a display controller to issue control
commands to update the interface using the generated visual
elements. The system has a display device to display and
update the interface with the visual elements based on the
issued control commands from the server.

[0005] In some embodiments, the server computes, for
each pair of channels, a phase synchronization value for an
angle between the respective pair of channels using the
sensor data for the respective pair of channels, wherein
entries of the connectivity matrix are the phase synchroni-
zation values the pairs of channels.

[0006] In some embodiments, the server generates a bool-
ean connectivity matrix based on the connectivity matrix,
such that an entry of the boolean connectivity matrix is 0 if
a corresponding connectivity value is lower than a threshold
value, and 1 if a corresponding connectivity value is higher
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than the threshold value, wherein the server computes the
threshold value from sensor data for a normal adult with
eyes open, wherein a connected channel is defined as an
entry that is 1, wherein the server generates the brain value
index using the boolean connectivity matrix.

[0007] In some embodiments, the brain value index may
be computed based a total number of possible pairs of
channels given a specific channel montage N=Nc!/p!(Nc-
p)!, Nc being a number of channels, p being a number of
connected pairs of channels, p being calculated using a
threshold value and the connectivity values of the connec-
tivity matrix.

[0008] In accordance with one aspect, there is provided a
system for real-time brain monitoring having a plurality of
sensors for acquisition of (near) real-time raw sensor data
for a patient’s brain; a collector device coupled to the
plurality of sensors for pre-processing the real-time raw
sensor data; a server for processing the real-time raw sensor
data to compute a connectivity matrix for brain entropy, a
real-time brain value index and treatment guidance, the
server system having a display controller to issue control
commands to continuously update an interface in real-time,
the brain value index corresponding to a real-time brain
state; and a display device having the interface to generate
and update a visual representation of the real-time brain
value index and the treatment guidance based on the issued
control commands from the server.

[0009] Insome embodiments, the treatment guidance trig-
gers treatment for organ donation upon detecting that the
patient is a candidate for organ donation.

[0010] In some embodiments, the server computes the
connectivity matrix for brain entropy.

[0011] In some embodiments, the treatment guidance pro-
vides a monitoring state, an intervention state and a resus-
citate state.

[0012] Insome embodiments, the display device provides
feedback data to refine or update the processing by the
server.

[0013] In some embodiments, the server computes phase
synchronization for each channel pair angle, where the
entries of the connectivity matrix are values for each pair
combination.

[0014] In some embodiments, the server computes the
connectivity matrix as a Boolean connectivity matrix where
the entries are, 0 if a corresponding index is lower than a
threshold, and 1 if higher, where the server computes a
threshold from the average of indices of normal adults with
eyes open, where connected channels are defined as entries

[0015] In some embodiments, the brain value index or
functionality index or brain viability index (BVI) calculation
may be defined using a total number of possible connections
given a specific channel montage as N=Nc!/p!(Nc-p)! (Nc
is 8 to 12) where Nc is the number of channels or electrodes,
and where p (the number of connected pairs of channels) is
calculated for that instance using a threshold value, wherein
the server system computes an entropy value associated of
the p values and calculates a normalized entropy to a value
between 0 and 1.

[0016] In some embodiments, the server implements
machine learning to compute the brain value index based on
historical data for the patient or other patients.
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[0017] In some embodiments, the server implements
machine learning to generate recommended treatments as
part of the treatment guidance based on historical data for
the patient or other patients.

[0018] In some embodiments, the real-time raw sensor
data is linked with a patient identifier and time indicia.
[0019] In accordance with another aspect, there is pro-
vided a processing device for real-time brain monitoring
having a network interface for acquisition of real-time raw
sensor data for a patient’s brain; a server for processing the
real-time raw sensor data to compute a connectivity matrix
for brain entropy, a real-time brain value index and treatment
guidance, the server system having a display controller to
issue control commands to an interface, the brain value
index corresponding to a real-time brain state; a storage
device for storing computed real-time brain value indices;
and a display device having the interface to generate and
update a visual representation of the real-time brain value
index and the treatment guidance based on the issued control
commands from the server.

[0020] In accordance with another aspect, there is pro-
vided a process for real-time brain monitoring involving
acquiring real-time raw sensor data for a patient’s brain from
a plurality of sensors; pre-processing the real-time raw
sensor data; processing, at a server, the real-time raw sensor
data to compute a connectivity matrix for brain entropy, a
real-time brain value index and treatment guidance, the
server system having a display controller to issue control
commands to an interface, the brain value index correspond-
ing to a real-time brain state; generating and updating, on a
display device having the interface, a visual representation
of the real-time brain value index and the treatment guidance
based on the issued control commands from the server.
[0021] In various further aspects, the disclosure provides
corresponding systems and devices, and logic structures
such as machine-executable coded instruction sets for imple-
menting such systems, devices, and methods.

[0022] In this respect, before explaining at least one
embodiment in detail, it is to be understood that the embodi-
ments are not limited in application to the details of con-
struction and to the arrangements of the components set
forth in the following description or illustrated in the draw-
ings. Also, it is to be understood that the phraseology and
terminology employed herein are for the purpose of descrip-
tion and should not be regarded as limiting.

[0023] Many further features and combinations thereof
concerning embodiments described herein will appear to
those skilled in the art following a reading of the instant
disclosure.

DESCRIPTION OF THE FIGURES

[0024] In the figures,

[0025] FIG. 1 is a diagram of a system for real-time brain
monitoring according to some embodiments;

[0026] FIG. 2 is a diagram of a system for real-time brain
monitoring according to some embodiments;

[0027] FIG. 3 is a flow chart diagram of a process for
real-time brain monitoring according to some embodiments;
[0028] FIG. 4 is an example interface with a visual rep-
resentation for real-time brain monitoring according to some
embodiments;

[0029] FIG. 5 is an example interface with a visual rep-
resentation for real-time brain monitoring according to some
embodiments;

Feb. 28,2019

[0030] FIGS. 6 A and 6 B show example graphs where
entropy decreases from baseline (near the top of the curve)
to lower right during a seizure;

[0031] FIGS. 7 A and 7 B show an example graph for a
person without epilepsy;

[0032] FIG. 8 is a graph of Brain Value Index and Heart
Rate Entropy;
[0033] FIG. 9 is an example interface with a visual rep-

resentation providing a graph for a connectivity map (left),
functionality index (right top) or normalized entropy, and
raw EEG signals per channel (right bottom) according to
some embodiments;

[0034] FIG. 10 is an example hardware arrangement of
sensors to acquire EEG data;

[0035] FIG. 11A is an example interface with visual rep-
resentations as described herein;

[0036] FIG. 11B is an example interface with visual rep-
resentations as described herein;

[0037] FIG. 12 is an example interface with visual repre-
sentations as described herein;

[0038] FIG. 13 is an example interface with visual repre-
sentations as described herein;

[0039] FIG. 14 is an example graph relating to a patient
with a concussion as described herein;

[0040] FIG. 15 is an example graph relating to a patient
with a concussion as described herein;

[0041] FIG. 16 is an example interface with visual repre-
sentations as described herein;

[0042] FIG. 17 is an example graph relating to a patient
with epilepsy as described herein;

[0043] FIG. 18 is an example graph relating to a patient
with epilepsy as described herein;

[0044] FIG. 19 is an example interface with visual repre-
sentations as described herein;

[0045] FIG. 20 is an example graph relating to a patient
with a migraine as described herein;

[0046] FIG. 21 is an example graph relating to a patient
with a migraine as described herein;

[0047] FIG. 22 is an example interface with visual repre-
sentations as described herein;

[0048] FIG. 23 is an example interface with visual repre-
sentations as described herein;

[0049] FIG. 24 is an example interface with visual repre-
sentations as described herein;

[0050] FIG. 25 is an example interface with visual repre-
sentations as described herein;

[0051] FIG. 26 is an example interface with visual repre-
sentations as described herein;

[0052] FIG. 27 is an example graph relating to a patient as
described herein;

[0053] FIG. 28 is an example graph comparing brain value
index values to heart rate data as described herein,

[0054] FIG. 29 is an example graph comparing brain value
index values to heart rate data as described herein; and
[0055] FIG. 30 is an example interface with a visual
representation for brain value index values as described
herein.

DETAILED DESCRIPTION

[0056] Embodiments described herein relate to systems,
processes and devices for real-time brain monitoring using
sensors and signal processing rules. As an example, the
real-time monitoring may detect different brain states of a
patient for different use cases. Example use cases include
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brain wave signal pattern detection for patients of a specific
age range, migraines, epilepsy, concussions, comatose or
other brain injury. The systems, processes and devices for
real-time brain monitoring may use sensors to acquire
neurological or brainwave signal data and process the signal
data to compute a real-time, changing brain state index or
brain value index. The system may automatically suggest
treatment for the purposes of recovery based on the brain
value index.

[0057] FIG. 1 shows an example system for real-time
brain monitoring. The system may include sensors 102
coupled to a patient for real-time brain state monitoring. The
sensors 102 may include electroencephalography (EEG)
sensors (e.g. electrodes) to record electrical activity of the
brain when placed on the scalp of the patient, for example.
The sensors 102 may generate brainwave signal data for the
patient. The sensors 102 measure voltage fluctuations result-
ing from spontaneous electrical activity, neural oscillations
or brainwaves over a period of time. Accordingly, the
brainwave signal data may be time coded. Sensors 102 may
also include other types of biological sensors to generate
additional biological or physiological data signals such as
heart rate, temperature, and so on. The sensors 102 data
feeds include time codes that can be cross-referenced to
timecodes of other data feeds.

[0058] The system includes a collector device 104 coupled
to the sensors 102 for pre-processing the real-time raw
sensor data. A server system 100 processes the real-time raw
sensor data to compute a connectivity matrix, a real-time
brain value index, treatment guidance and other data. The
server system 100 has a display controller to issue control
commands to a display device 106 to continuously update an
interface in real-time. The brain value index (BVI) can
correspond to a real-time brain state. The display device 106
has an interface to generate and update a visual representa-
tion of the real-time BVI and the treatment guidance based
on the issued control commands from the server.

[0059] Sensor 102 can refer to an electrode for gathering
physiological information from a patient or control subject.
Sensors 102 can refer to channels and are located on a
portion of a patient’s brain. In some instances, sensor 102,
electrode and channel may be used interchangeably.
Example sensors 102 can include an EKG (heart rate), EEG
(brainwave) and other bio-signal devices. Montage can refer
to a specific arrangement of EEG electrodes on the scalp.
For example, there can be the international 10-20 montage
of 10 to 20 electrodes or a subset of these.

[0060] Insome embodiments, the sensors 102 canbe EEG
sensors to acquire raw EEG data from the patient. The
sensors 102 include electrodes to record electrical activity of
a brain of the patient as brainwave signals or raw EEG data.
The sensors 102 can be placed at different locations on a
patient’s scalp or head to capture the brainwave signals. The
EEG data can refer to the recording of electrical activity of
a brain (e.g. brainwave signals) captured by the sensors 102
over a period of time. As noted, a sensor 102 includes an
electrode configured to capture brainwave activity. The
electrode can be referred to as an EEG channel. The sensors
102 can include multiple EEG channels to capture brain-
wave signals. The electrodes can be positioned on different
locations of the patient’s scalp and head to represent differ-
ent channels. The EEG channels can refer to different
locations on the patient. The sensors 102 can involve dif-
ferent EEG channels or a different arrangement or layout of
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positions of electrodes on the patient’s scalp and head. The
sensors 102 provide an electrode network or array that
evolves depending on the desired number of EEG channels
and the position of the EEG channels relative to the patient’s
scalp or head. Different parts of the brain serve different
functions and placement of the electrodes on different parts
of the brain can capture brainwave data signals that corre-
spond to different cognitive functions. In some embodi-
ments, the sensors 102 are configured for acquisition of
(near) real-time raw sensor data for a patient’s brain (e.g.
brainwave signal data).

[0061] Insome embodiments, the system includes a wear-
able device with particular sensor 102 or electrode place-
ments to standardize the positioning of sensors 102 or
electrodes to access brainwave signal data at specific brain
locations that serve specific brain functions. The wearable
device can have attachments for electrodes at particular
positions and the electrodes can be removably attached to
the wearable device at the different positions to provide a
variety of attachment options and configurations for posi-
tioning the electrodes. By way of example, electrode place-
ments can capture brainwave data signals representing activ-
ity at the prefrontal cortex and frontal lobe. A location or site
of an electrode or EEG channel can be identified or refer-
enced by a letter for the lobe and a number for the hemi-
sphere location. For example, the letters F, T, C, P and O
stand for frontal, temporal, central, parietal, and occipital
lobes, respectively. Even numbers can refer to electrode
positions on the right hemisphere, whereas odd numbers
refer to those on the left hemisphere. A “z” (zero) can refer
to an electrode placed on the midline. Example EEG chan-
nels can include T3, F7, F8, T4, T5, 01, O2, T6. In addition
to these combinations, the letter codes A, Pg and Fp can
identify the earlobes, nasopharyngeal and frontal polar sites
respectively. Two anatomical landmarks can be used for the
positioning of the EEG electrodes. One landmark is the
nasion which is a depressed area between the eyes, just
above the bridge of the nose and another landmark is the
inion, which is the lowest point of the skull from the back
of the head and is normally indicated by a prominent bump.

[0062] For ease of application, particularly in an intensive
care setting where patients are in a recumbent position,
embodiments described herein can employ a coronal EEG
montage which combines both ease of application to the
scalp and provides important information from frontal,
temporal and occipital lobes. The frontal and temporal
regions are particularly vulnerable in all types of brain
injury. This montage coupled to server system 100 can
provide information on functioning within a hemisphere
when examining relationships between frontal and occipital
electrodes. This also provides information on functioning
across hemispheres when the relationship between pairs of
electrodes is examined: F7 and F8, T3 and T4, and so on.
The eight electrode montage can be processed in real-time
and results in 28 possible electrode pairs (N=Nc!/p!(Nc-p)!.
Where p is the number of connected pairs and Nc is the
number of electrodes or sensors 102 in the system (8 in this
example). For this example there can be 14 different func-
tionality or Brain Value Indices, the number being con-
strained by the number of electrodes and the arrangement, as
will be explained herein. Fewer electrodes can result in
fewer indices. More electrodes can result in more indices.
For example, more electrodes, such as the 144 channels of
magenetoencephalography (MEG) produce 10296 possible
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pairs. They can be processed retrospectively using the
processes described herein to calculate the phase synchrony,
connectivity and entropy indices.

[0063] FIG. 10 shows an example hardware setup for
sensors 102. The sensors 102 or electrodes can be arranged
as a subset of the international 10-20 montage for EEG
electrode placement. The montage is coronal in that when
looking down at the head of the subject, the right side of the
head from the nose (Nasion) to the back of the head (Inion)
is identified by even numbers and the left side of the head,
by odd numbers. The electrodes thus follow the circumfer-
ence of the head in the horizontal plane. The letters corre-
spond to the lobes that underlie the electrodes: Frontal, (F),
Temporal (T) and Occipital (O). The ground (G) electrode is
in the middle of the forehead and the reference electrode is
placed on either ear. For this example, the right ear may be
used for the ground. The eight electrodes are numbered
starting with 0 that corresponds to T3 which is left anterior
temporal and the numbers continue across the front of the
head to the right anterior temporal electrode. The numbering
resumes starting with the left posterior temporal electrode
(T5) and continues across the back of the head to the right
posterior temporal electrode. Accordingly, the electrodes
correspond to EEG channels T3, F7, F8, T4, T5, 01, 02, T6.
[0064] In some embodiments, the real-time raw sensor
data is linked with a patient identifier and time indicia. For
example, the recording can be automatically saved with a
file name of “DATE-TIME-LENGTH.bin” When the
recording is stopped, a study code or patient identifier can be
added to the file.

[0065] Referring back to FIG. 1, a collector device 104 is
coupled to the sensors 102 for pre-processing the real-time
raw sensor data or brainwave signal data, The sensors 102
provide raw sensor data (e.g. raw EEG data) to the collector
device 104. The collector device 104 is configured to
pre-process the sensor data, such as by filtering out noise, to
generate filtered brainwave signal data. As further examples,
the collector device 104 may implement pre-processing for
artifact reduction, reduction of volume conduction and ref-
erence electrode removal, for example. The collector device
104 connects to a server system 100 via network 150 to
transmit the brainwave data collected from sensors 102. In
some example embodiments, server system 100 may be
directly connected to sensors 102 to directly receive the raw
sensor data or brainwave signal data to provide a stand-alone
solution.

[0066] The server system 100 is configured to process the
real-time raw sensor data or brainwave signal data to com-
pute a connectivity matrix for brain entropy, a real-time
brain value index (BVI) and treatment guidance. The brain
value index can also be referred to as a functionality index
or brain viability index. The brain value index can corre-
spond to a real-time brain state of a patient.

[0067] The server system 100 is configured to compute,
using the sensor data, a connectivity matrix having connec-
tivity values, a connectivity value for each pair of channels.
The server system 100 is configured to generate visual
elements in real-time that represent the real-time brain value
index to depict the brain state of the patient and a connec-
tivity map for the connectivity matrix. The connectivity map
visually depicts the channels and a connecting line between
a pair of channels representing the strength of connection
between the pair of channels. The connectivity map may
show multiple connecting lines between channel pairs.
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[0068] Sensors 102 can include different types of sensors
to capture different biological and brainwave data. Sensors
102 correspond to different channels. The server system 100
processes the sensor data using processing rules to detect
patterns and evaluate cortical and subcortical activity in
conscious and unconscious states. The server system 100
computes a connectivity matrix for brain entropy to evaluate
the number of “connections” between areas of the brain and
the associated entropy and complexity. Conscious states
may result from higher entropy and complexity that are
dependent on the number of configurations of connected
pairwise combinations computed from the raw signals. The
number of pairwise channel connection combinations sets a
limit on the number of possible configurations.

[0069] As channels may be connected or not connected,
entropy and complexity can be maximized when the number
of connected channel configurations is equal to half of all
possible channel configurations. Maximal entropy occurs
when the individual is processing sensory inputs in a normal
manner (e.g. awake with open eyes). Half of the number of
configurations of interactions may represent the most prob-
able distribution of energy and is associated with conscious
awareness. These results encapsulate three main theories of
cognition: the metastability of brain states, the global work-
space theory and the information integrated theory. Con-
sciousness may represent thus an optimal channel for
accessing sources of free energy and is an emergent property
of the distribution of energy (information) in the nervous
system. Too much connectivity or too little connectivity may
indicate abnormal brain states.

[0070] Server system 100 computes the Brain Value Index
(BVI) using the connectivity matrix in some embodiments.
The connectivity matrix includes values corresponding to
connections between different channel pairs which are cal-
culated using the sensor data. BVI may be used interchange-
ably herein with normalized entropy and functionality index.
[0071] Referring to FIG. 11A there is shown an example
interface 1100 with a BVI marker 1104 visually depicted
along a curve 1102 as a portion of a graphical display. The
BVI marker 1104 can move along the curve 1102 to different
positions in response to BVI values computed in real-time
by server system 100.

[0072] Server system 100 can generate a visual element
for an interface 1100 that depicts an inverted U-shaped curve
1102 to plot the number of connected channels against
entropy or BVI values. In this example, the x-axis represents
the number of connected channels normalized on a scale of
0 to 100, with 100 indicating that all possible channels are
connected, 0 indicating that no channels are connected, and
50 indicating that half of the number of channels are
connected. The maximum BVI value is at the centre of the
curve 1102 which can occur when half of the channels are
connected. The BVI values can go down when more or less
than half of the number of possible channels are connected.
The U-shaped curve 1102 reflects this proportional relation-
ship between the number of connected channels and the BVI
value. Server system 100 can generate a visual element for
a BVI marker 1104 at a position along the U-shaped curve
1102 to indicate the real-time BVI value on interface 1100.
[0073] The BVI values can be used for market research
with clinicians, for example. In statistical thermodynamics,
entropy is a measure of the number of microscopic configu-
rations that a thermodynamic system can have when in a
state as specified by certain macroscopic variables. In the
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case of brain function, entropy can be the number of
connections between neuronal networks in a specific brain
state, where the alert, awake state with eyes open represents
a connection set and is the total information contained
within functional neuronal networks. For example, normal-
ized entropy can be computed based on the BVI (e.g. regular
entropy) value divided by the maximum entropy (at the peak
of a curve 1102), and multiplied by 100. This can provide the
clinically useful 0 to 100 values along the axes of the
inverted U-shaped curve 1102. For the maximum entropy,
the BVI will be 100 and the number of connected channels
will be 50.

[0074] Referring to FIG. 30 there is shown a graphical
representation of the inverted U-shaped curve 3002 that
plots the number of connections against the BVI values.
Different regions or positions along the curve can corre-
spond to different brain states and conditions. The interface
can assist a clinician to identify brain states by generating a
specific visual representation of data. The brain value index
is plotted against the number of connections shown in the
connectivity matrix in some embodiments. The position of
the BVI marker along the curve 3002 corresponds to dif-
ferent brain states, such as the examples shown. This trans-
formation of a complex data set of raw brainwave signals
provides a clear visualization for a clinician.

[0075] In some embodiments, the server 100 computes a
connectivity matrix from the brainwave data. The connec-
tivity matrix is used by the server system 100 in order to
compute the BVI values. In some embodiments, the server
100 computes phase synchronization for each channel pair
angle. The entries of the connectivity matrix are values for
each pair combination. The server 100 can use the entries to
generate a visual connecting line between channel pairs in
the connectivity map.

[0076] Connectivity is a function of phase synchrony
values computed by server 100, also known as the R index,
and can be an integer between 0 and 1, for example. Phase
synchrony (synchronization) evaluates the connectivity
between 2 oscillating signals, such as the EEG waveform
output from 2 channels. It is an integer value between 0 and
1. Server 100 can calculate phase synchrony using the
Hilbert as follows: R=I{c"®)| where AO is the phase
difference (or angle) between two signals. The value can be
dependent on the length of time specified for the calculation
(1 second running window for our device) and the frequency
of the signal (3 Hz for our device).

[0077] Server 100 can generate a connectivity map for an
interface of a display that indicates the channels and con-
necting lines between channel pairs based on the strength of
connection between a respective channel pair.

[0078] Referring back to FIG. 11A there is shown a
connectivity map 1106 as part of interface 1100. The con-
nectivity map 1106 visually depicts an arrangement of
channels. In some embodiments, server system 100 is con-
figured to generate connecting lines between channels of the
connectivity map 1106 to indicate the strength of the con-
nection between channels. For example, a lighter line can
indicate a weaker connection (e.g. lower connectivity value)
than a darker line. The connectivity map values may be
computed using the sensor data. Accordingly, the connecting
line changes visually depending on the strength of the
connection. The interface 1100 can also include a listing of
connectivity map values. Each channel pair can have a
corresponding connectivity map value. A list of values may
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be displayed as visual elements 1108 and may range
between 0 and 1. The raw EEG data may also be displayed
for each channel.

[0079] For example, the connectivity map 1106 can be a
graphical depiction of the 8 electrodes (channels) represent-
ing the strength of the connectivity (e.g. phase synchroni-
zation) between each of the possible channel pairs. The
threshold of a phase synchrony value can be 0.45, for
example. The threshold can be calculated by server 100
using sensor data from normal adult subjects in the awake
state with eyes open. Four levels of connectivity strength are
defined by the following ranges and illustrated with con-
necting lines of different colours and thicknesses. The
example connecting lines are shown as light grey and 1 point
thickness defines connectivity between a pair of electrodes
with a phase synchrony value of 0.45 to <0.6; Medium grey
and 1.5 point thickness for a phase synchrony value of 0.6
to <0.8; Dark grey and 2 point thickness for a phase
synchrony value of 0.8 to <0.9; and black with a 3 point
thickness for a phase synchrony value 0of 0.9 to 1.0<0.6. This
is an example visual representation.

[0080] The server 100 computes the connectivity matrix
by calculating entropy from the phase synchrony values for
each electrode pair. The server 100 can also compute a
boolean matrix such that each electrode pair’s phase syn-
chrony is compared to the threshold (0.45) and assigned a
“0” if it 1s below the threshold or “1” if it is above the
threshold. This threshold generates a simplified view of the
complex data while still giving clinically useful discernible
output.

[0081] In some embodiments, the server computes the
connectivity matrix as a boolean connectivity matrix where
the entries are, 0 if a corresponding index is lower than a
threshold, and 1 if higher, where the server computes a
threshold from the average of indices of normal adults with
eyes open, where connected channels are defined as entries
1. The threshold of the phase synchronization (R) can be
generated from averaging the mean phase synchrony value
for control subjects at 3 Hz over 10 second epochs in the
alert state with eyes open.

[0082] The server system 100 calculates a Brain Value
Index (BVI) or Functionality Index or “normalized entropy”
using connectivity values for the channel pairs of the total
number of possible connections. Phase synchronization is
calculated for each pair of channels and a “connectivity”
matrix S is obtained, whose entries are the average values of
the synchrony index for each pair combination. From this
one, a boolean connectivity matrix B is calculated, with 0
entry if the corresponding synchrony index is lower than a
threshold, and 1 if higher. We define two channels “con-
nected” if the corresponding entry in matrix B is 1. Then we
use the combinations of connected channels as a ‘complex-
ity” measure. The total number of possible pairs of channels
given a specific channel montage is N=Nc!/p!(Nc-p)! where
p is the rumber of connected pairs and Nc is the total number
of channels or electrodes in the recording system, such as
144-146 in case of MEG sensors, between 19 and 28 in case
of scalp EEG and 8 channels in an example prototype. The
channel numbers are specified, below, in each case. For
instance, in example MEG recordings there may be Nc=144,
thus N=10296 possible pairs of connected sensors. For each
subject server system 100 calculates p (the number of
connected pairs of channels) in the different behavioural
stages, using the threshold of the synchrony index of 0.45
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based on the average phase synchronization of normal adults
in the alert state with eyes open, and estimate the number of
possible combinations of those p pairs, C, using the binomial
coeflicient again: C=N!/p!(N-p)!. These calculations repre-
sent the combinatorial problem: given a maximum total of N
pairs of connected signals, in how many ways our experi-
mental observation of p connected pairs (that is, the number
of 1’s in matrix B) can be arranged. The entropy and
Lempel-Ziv complexity associated with those p values are
then computed by server 100. In the final step, each entropy
value is divided by the maximal entropy value (e.g. 50 for
a normal adult) and then multiplied by 100. A normal brain
needs to synchronize (measured by the phase synchrony
values). If the brain is too connected then it may be over
excited and if not connected at all then may be non-
responsive. Examples visual representations of different
brain states are shown in FIG. 30.

[0083] The possible values for the Brain Value Index are
constrained by the number of channels and configuration of
electrodes. In the 8 channel example prototype there can be
14 different values of the brain value index (rounded to
whole numbers): 22, 37, 49, 59, 67, 74, 81, 84, 90, 94, 96,
98, 99, 100. There are 28 possible connections or channel
pairs. There may be half the number of BVI values, or 14.
For the example with 8 channels, the normalized entropy can
be 1 of 14 possible values on either side of the curve. A
further possible value is the maximum entropy value (centre
of the curve), which is also a unique value. That is, there are
14 other unique values (in addition to the maximum entropy
value) on each side of the centre point. Accordingly, for this
example, there can be 29 total values. There is also a 0 value
when there are 0 connections.

[0084] The BVI values are based on the total number of
possible connections for a given number of channels. In the
example with 8 channels there are 28 possible connections
(plus 1 for the ‘no connection case’). For each ‘number of
connections’ at a given point in time, server 100 can
calculate the Brain Value Index, which only depends on the
number of connections, so this is why there are only 15
possible normalized entropy values in this example since the
curve is symmetric.

[0085] An approximation for entropy S or Brain Value
Index can be represented as:

Entropy(N)=C*log(C/(C-N))-N*log(N/(C-N))

[0086] where

[0087] C=the maximum number of total pairs of connec-

tions

[0088] N=the number of active connections

[0089] log=the natural logarithm

[0090] The normalized entropy can be represented as:
nomalizedEntropy=100* Entropy/maxEntropy

[0091] where maxEntropy is:

maxEntrepy=Entropy(C/2)
or

maxEntrapy=C*log(C/{(C-(C2)-(C2) log((C2)Y
(C-(C2)

[0092] A different number of electrodes can generate
different set of possible values for the Brain Value Index. For
example, they can be intermediate values on the curve.
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[0093] The server system 100 has a display controller to
issue control commands to continuously update an interface
at a display device 106 in real-time. The display device 106
has an interface to generate and update a visual representa-
tion of the real-time brain value index and the treatment
guidance based on the issued control commands from the
server system 100. In some example embodiments, the
collector device 104 and server system 100 may couple to
display device 106 to control rendering on display device
106 and provide visualizations of the brainwave data from
the sensors 102, brain value index and connectivity matrix.
Feedback data received in response to the display on display
device 106 of the visualizations of the brainwave data from
the sensors 102 may also be used to refine collector device
104 processes, for example.

[0094] The server system 100 processes the brainwave
data for real-time brain monitoring. The server system 100
connects to display device 106 to control rendering on
display device 106 and provide visualizations of data in
real-time as interface elements of an interface. Feedback
data may be received at display device 106 which may be
used for machine learning or training to refine server system
100 processing rules, for example. The server system 100
may be remote or local to other components to provide
remote input, remote monitoring or remote viewing in
various embodiments. The server system 100 may integrate
anonymized sensor data from other patients with similar
treatments or conditions for machine learning and bench-
marking. The server system 100 may integrate historical
data for the patient for machine learning and benchmarking.
In some embodiments, the server system 100 can access a
cloud storage device that correlates patient data.

[0095] The server system 100 is configured for real-time
brain monitoring and generates output data to update an
interface on a display device 106 with interface elements to
provide visual representations of the output data and a
treatment guide for the patient. Accordingly, the server
system 100 provides discernible effects at least at the inter-
face of display device 106. For example, the treatment guide
can indicate or recommend the patient as a potential organ
donor based on the computed brain state being within an
organ donation threshold or range. For example, organ
donation happens in an intensive care unit (ICU) and occurs
for certain patients when recovery is not expected, for
example. Currently the primary pathway by which a patient
becomes an organ donor is through brain death. This rep-
resents a small percentage of patient deaths. Donation after
cardiac death can increase the number of available organs
for transplantation. Determination of the time of death is
critical to satisfy the dead donor rule, while maximizing
organ viability after cardiac death because of lack of blood
flow with a non-beating heart. Organ donation may be
determined using the organ donation threshold or range that
is configured to detect when recovery is not expected based
on the brain value index computed using brainwave signals
of the patient. Currently, for organ donation after cardiac
death, the potential donor, ie the patient is identified and then
observed and monitored with a cardiac monitor in the
operating room until the cardiac arrest occurs. The time of
observation is not predictable and varies with individual
patients.

[0096] FIG. 25 provides an example of patient data that
illustrates how the system 100 can be used in organ donation
after cardiac death. Cardiac arrest has focused on the
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changes in heart rhythm. Brain changes occur prior to
cardiac arrest. Being able to better monitor cardiac arrest
patients who have been resuscitated or those at risk for
cardiac death would benefit both the patient and the organ
donation programs. The interface 2500 provides a graphical
display of EEG data signals (slow waves), Functionality
Index (22 on the left side of the curve) or BVI marker 2502
and Connectivity Map (T5 and O1 only) 2504 of a patient
who was being monitored in a coma with an EEG sensor
hardware device. The original EEG recording used 19
channels, so the 8 channels corresponding to the prototype
device can be extracted to be processed and displayed. This
EEG pattern and Functionality Index preceded the patient’s
subsequent cardiac arrest by 2 minutes. Consistent function-
ality index below 37 has been associated with patient death
and would be a trigger for either resuscitation or preparation
for organ donation.

[0097] The server system 100 processes the brainwave
data to identify or detect features or patterns of optimal (or
suboptimal) brain organization that allows for adequate
processing of sensory stimuli and that may guide the emer-
gence of cognition and consciousness. The server system
100 processes the brainwave data to identify or detect
indicators of conscious and unconscious states of a patient’s
brain. As an example, normal wakeful states may be char-
acterised by greater number of possible configurations of
interactions within a patient’s brain network. The greater
number of interactions within a patient’s brain network
(information exchange) can represent highest entropy values
and the brainwave data can indicate a probable distribution
of information and energy. The server system 100 processes
the brainwave data to identify or detect interactions within
the brain network or lack thereof.

[0098] Consciousness arises from the organization of mat-
ter and may be considered an emergent property of the brain
organization. Neurophysiologic recordings of brain activity
(e.g. brainwave signals captured by EEG sensors) can show
persistent fluctuating patterns of cellular interactions within
a patient’s brain network. This variability in fluctuating
patterns of cellular interactions indicates a range of brain
states. A brain has different configurations of connections of
widely distributed networks that exchange information, and
support the flexibility needed to process sensory inputs and
cognition. Fluctuations in brain coordinated activity and
metastable dynamics may be captured by EEG sensors as
brainwave signals and used clinically to evaluate brain
function. There may be certain general organization of cell
ensembles that may be optimal for processing of sensory
inputs (i.e. conscious awareness). An organising principle is
the tendency toward maximal or more probable distribution
of energy/matter. Brain organization may be a manifestation
of the tendency towards a widespread distribution of energy
or maximal information exchange. The server system 100
processes the brainwave data to implement real-time brain
monitoring to evaluate and understand brain function and
the interactions within the brain network.

[0099] The server system 100 captures brain waves signals
using sensors 102. The server system 100 computes a (near)
real-time brain value index to determine and evaluate a brain
state. The server system 100 defines boundaries or ranges of
values for the brain value index in order to define different
brain states. That is, a particular brain state is associated with
a range of values for the brain value index.
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[0100] The server system 100 implements real-time brain
monitoring by processing the brainwave signals captured by
sensors 102 to compute the brain value index as an assess-
ment of the patient’s brain state.

[0101] Insomeembodiments, the server system 100 moni-
tors brain function using sensors 102 and generates an
interface on display device 106 to provide a visual repre-
sentation of treatment guidance and an indicator for the
real-time, changing brain value index. The server system
100 controls and updates the interface on display device 106
in real-time to update the visual representation of the brain
value index and treatment guidance. The treatment guidance
may include an indication or recommendation to continue
the current treatment (monitor mode), re-evaluate the patient
and adjust treatment (intervention mode), urgently intervene
(resuscitation mode). The treatment guidance may also
indicate if the patient is deemed or determined to be a
candidate for organ donation based on the brain value index.
These are illustrative example treatment guides and visual
representations for the interface. The server system 100
integrates the brainwave data with other biological data such
as brain and heart variability measures (e.g. received from
sensors 102) with machine learning rules to provide indi-
vidualized patient monitoring using the real-time, changing
brain value index and treatment guidance. The interface on
display device 106 may provide a graphical display of
treatment guidance and the real-time brain value index for a
patient may be self-referential with real-time updates.
[0102] In some embodiments, the server system 100
implements machine learning to compute the brain value
index based on historical data for the patient or other
patients. In a first step, a classifier algorithm is created by
system 100. Each patient has a series of Functionality Index
values and a known outcome (eg. A dichotomous outcome
of alive or dead). The output from the training set is used
with a test set of new patient data. Patient outcome based on
new recordings would be predicted based on accumulation
of Functionality Index values.

[0103] The interface provides a real-time indication of
different brain states determined based on the real-time,
changing brain value index computed by processing brain-
wave signals, along with treatment guidance for the different
brain states. The interface can provide an indication of the
brain value index using a graph representing ranges of brain
function and with an indicator along the graph representing
the real-time brain value index.

[0104] In some embodiments, the server system 100 gen-
erates treatment guidance for display at interface of display
device 106. For example, the treatment guidance can pro-
vide an indication of a monitoring state, an intervention state
and a resuscitate state in relation to the computed brain value
index. In some embodiments, the display device 106 pro-
vides feedback data to refine or update the processing by the
server system 100.

[0105] In some embodiments, the server system 100
implements machine learning to generate recommended
treatments as part of the treatment guidance based on
historical data for the patient or other patients. In some
embodiments, the server system 100 may generate recom-
mendations as part of the treatment guidelines based on
historical data for the patient or other patients in similar
conditions. For example, there may have been a recent
successful treatment of a patient with a particular brain state
using a specific treatment process that can be recommended
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to another patient with a similar brain state detected using
the real-time brain value index. The server system 100 may
continue the real-time brain monitoring using the sensors
102 during treatment to assess the patient response to
treatment. This assessment may be used to refine or generate
treatment recommendations for the patient or other patients
with similar brain states. For example, for a range of BVI
values between 1 to 100: 86 to 100 can be conscious. 59 to
81 can be reassessment; and Persistent below 49 can be
immediate attention.

[0106] The display device 106 may be remote from the
location of the patient to enable remote monitoring of the
real-time brain state of the patient. The display device 106
may also be local to the patient or there may be both a
remote display device 106 and local display device 106. For
example, the server system 100 may generate an alert to call
for a secondary opinion to review and monitor the patient by
an additional remote display device 106. As another
example, server system 100 may use a remote display device
106 that automatically generates and displays alerts in
response to detecting specific real-time brain states, such as
a seizure. The server system 100 may transmit alert notifi-
cations for the generated alerts.

[0107] FIG. 2 shows another example system for real-time
brain monitoring. Server system 100 may include a network
interface 222 to receive sensor data (e.g. brainwave data)
from sensors 102 over network 250. As an illustrative
example, server system 100 may couple to multiple sets of
sensors 102 for real-time brain monitoring of multiple
patients.

[0108] Acquisition unit 230 receives raw sensor data from
sensors 102. In some embodiments, acquisition unit 230
receives raw sensor data (including brainwave data, EEG
data) data from sensors 102 in real-time or near real-time.
Acquisition unit 230 saves acquired sensor data into the data
file. The sensor data can be time coded and linked to a
patient identifier. In simulation mode, acquisition unit 230 is
configured to play back acquired EEG data from data file as
a visual representation of the EEG data on display device
106. The acquisition unit 230 is configured to play back
sensor data acquired from different sensors 102 from tab
delimited data files.

[0109] Processing unit 232 interacts with phase synchro-
nization unit 218 and index unit 220 to transform raw sensor
data to generate and update connectivity matrix data (and
connectivity map) and brain value index data. For example,
the screenshot of interface 2600 shown in FIG. 26 can relate
to a patient with concussion and The Connectivity Map
Values 2606 (extrene left hand side panel), show the phase
synchrony value for each of the 28 channel pairs. The top
one (0,1) shows a value of 0.29, for example. This value
represents the connectivity between channel 0 (T3) and
channel 1 (F7). As this value is below the example 0.45
threshold, it does not appear on the Connectivity Map 2604
to the right of the values. In contrast, the pairing of 0 and 3
(T4) [third pairing from the top] shows a value of 0.77 and
it is shown on the connectivity map as a dark grey line 2608
of 2 point thickness. The Functionality Index is then calcu-
lated as previously described, with each channel pair evalu-
ated as being below (assigned “0”) or above (assigned “17)
the threshold. At this instant 22 of the 28 pairs have a value
below the 0.45 threshold and 6 pairs have a value above.
These values are updated every second and displayed as
EEG waveforms, integer values, Connectivity Map 2604
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and Functionality Index graphs (with BVI marker 2602).
The functional networks within the brain thus show a low
entropy value which is represented by the 49 on the left side
of the inverted “U” curve 2608, corresponding with fewer
connections.

[0110] Presentation unit 234 generates visual representa-
tions of the brain value index, sensor data, and connectivity
matrix or map on interface of display device 106. Presen-
tation unit 234 processes control commands to update the
visual representations and control sensors 102 for capturing
brainwave data. For example, presentation unit 234 interacts
with display device 106 or sensors 102 to implement device
control commands (e.g. start/stop) and determine device
statuses. Presentation unit 234 generates visual representa-
tions for raw EEG data visualization, connectivity map
visualization, and brain value index visualization on inter-
face of display device 106.

[0111] Each set of sensor data from sensors 102 may be
tagged with a patient identifier to distinguish between sensor
data captured from different patients. The sensor data from
sensors 102 may be tagged with a time identifier (e.g. time
codes) to distinguish between sessions of sensor data from
the same patient. In some example embodiments, sensors
102 may provide data directly to server system 100. In some
example embodiments, sensors 102 may provide data indi-
rectly to server system 100 via collector device 104. Col-
lector device 104 may couple to one or more sets of sensors
102 for pre-processing of the raw sensor data and provide
the pre-processed sensor data or brainwave data to the server
system 100. Collector device 104 may couple to a local,
external data storage device 212 to store the pre-processed
sensor data or brainwave data. Display device 106 may
couple to sensors 102, collector device 104 and server
system 100 to display visual representations of the raw
sensor data, pre-processed sensor data, or brain value index
data for the real-time brain monitoring and treatment guid-
ance as part of a graphical user interface of display device
106, for example.

[0112] Server system 100 may also couple to central data
storage device 216 to provide data for the real-time brain
monitoring and receive other aggregated brainwave data
(from e.g. cloud server) for machine learning and refinement
of the process for real-time brain monitoring. For example,
central data storage device 216 may provide a data reposi-
tory of historical brainwave data collected from the same
patient or other patients which may be used as part of the
process for real-time brain monitoring. The central data
storage device 216 may also store raw sensor data (from
sensors 102, 202) and pre-processed sensor data (from
collector device 104) to provide a central repository of all
data for system 100.

[0113] A translation unit 214 may implement translation,
re-formatting or processing of raw sensor data (from sensors
102, 202) and pre-processed sensor data (from collector
device 104) for storage. The central data storage device 216
may serve one health care facility or multiple health care
facilities and may receive data from multiple server systems
100, sensors 102 and collector devices 104. The central data
storage device 216 may provide a big data platform for
machine learning and correlation detection for treatment
guidance. The central data storage device 216 may provide
data storage for review of individual patient trajectories. In
some example embodiments, the central data storage device
216 may provide data storage for multiple patients. The
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central data storage device 216 may implement big data
processing using k-means clustering and related classifica-
tion techniques and state space representation.

[0114] Server system 100 may also include various func-
tional hardware components for real-time brain monitoring.
For example, server system 100 may include a phase syn-
chronization unit 218 configured to calculate a connectivity
matrix and an index unit 220 configured to compute the
real-time, brain state index and treatment guidance as
described herein. The server system 100 may also include
local memory or data storage device 224. The network
interface 222 may transmit control commands to display
device 106 to generate and update its interface. The network
interface 22 may also transmit control commands to actuate
treatment related machines to trigger treatment or interven-
tion for patient based on the computed brain state index.
[0115] FIG. 3 shows a flow chart of a process for real-time
brain monitoring.

[0116] At 302, the server system 100 may trigger a real-
time brain monitoring session initialization process. The
initialization process may involve calibration of sensors 102,
202 and collector device 104. For the initialization process,
the server system 100 may calculate all variables that do not
change throughout the session. Specifically, this session
initialization step is performed to optimize real-time signal
processing by pre-computing otherwise redundant, ongoing
computations. This step also sets up all local memory and
resource allocation for real-time signal processing.

[0117] At 304, the server system 100 may trigger a sensor
acquisition process (e.g. EEG or brainwave data acquisition)
to acquire data from sensors 102 or collector device 104. The
sensor acquisition process may be implemented by a com-
bination of one or more of sensors 102 collector device 104
and server system 100. As an illustrative example embodi-
ment, sensors 102 may include a wearable device or headset
with eight to twelve dry electrodes to acquire raw sensor
data from a patient along with one or more electrodes to
acquire reference data. For an example prototype design, in
addition to ease of electrode application, the sensor place-
ment captures data from brain regions that provide important
information on normal function and pathology. At minimum,
the 8 electrodes capture data from the frontal lobes (F7 and
F8); anterior temporal (T3 and T4) which include memory
regions, posterior temporal (TS5 and T6) which includes part
of the parietal lobe that integrates information and the
occipital region (O1 and O2) that contains the visual cortex.
This is an example montage. The sensors 102 may include
electrodes to capture EEG data and the sensor acquisition
process may involve EEG analog signal acquisition from the
headset. Further, the sensor acquisition process may involve
EEG analog signal pre-amplification in headset and FEG
analog to digital signal conversion. The sensor acquisition
process may involve transfer of EEG digital signal to
collector device 104 and server system 100 for processing.
For example, the sensors 102, 202 may be wireless, non-
contact EEG and EKG electrodes.

[0118] Referring to FIG. 8, there is shown a graph for BVI
values and heart rate entropy. In some embodiments, sensors
102 include electrocardiogram (EKG) sensors to capture
EKG data. Acquisition of EEG and EKG data can be
followed by calculating BVI values and heart rate entropy
using the signal data of each signal respectively. The rela-
tionship between the two values is represented in state space,
where a graph of optimal physiological functioning is seen
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in FIG. 8. Using 2 physiological indicators, the relationship
between the Brain Value Index (y axis) and the heart rate
entropy (X axis). In a normally functioning, fully conscious
adult, the Brain Value Index and heart rate entropy values
can be maximal and be represented in the upper right hand
corner labeled “Optimal state” 802. A patient with either
cardiac or neurological pathology or adverse events would
experience a change in the values and a decrease in 1 or both
values. These values would be seen in the “Intermediate
zone” 804 and would trigger the clinician to further evaluate
the patient and treat if required. Values in the lower left hand
corner near zero (marker 806) would indicate a patient
approaching death.

[0119] A patient case study is provided as a further
example with reference to the graph 2700 shown in FIG. 27
for Respiratory arrest, SUDEP and State Space. For the
example a 20 year old girl who can be video monitored for
seizures, with intracortical electrodes has a change in brain
function with EEG slowing and severe attenuation of wave-
forms, prior to a respiratory arrest. This event was deemed
to be an interrupted SUDEP (Sudden Unexplained Death in
EpilePsy). She was successfully resuscitated. For this
patient, her Functionality Index (Brain Value Index) can
evaluated in conjunction with her heart rate pre and post
arrest. The graph 2700 shows the time series of the Brain
Value Indices for almost 60 seconds of recording prior to the
respiratory arrest (EEG recording was interrupted during
resuscitation. The patient was awake and talking during this
time period until her brain waves attenuated and she stopped
breathing. The video had showed that the respiratory arrest
was recognized by the bedside nurse and resuscitation
activated 30 seconds after the arrest occurred.

[0120] FIG. 28 shows a graph 2880 of state space recon-
struction that depicts the relationship between the Brain
Value index (y axis) and heart rate (x axis) for the same 59
second time period as in the graph 2700 of FIG. 27. The
cluster of points in the upper right hand corner of the graph,
reflect the patient’s awake and conscious state. The arrows
highlight the change with a decrease in Brain Value Index
and heart rate as the patient loses consciousness and stops
breathing. The graph of FIG. 29 is post resuscitation when
the patient has regained consciousness and is alert and
talking.

[0121] Referring back to FIG. 3, at 306, the server system
100 may implement real-time signal processing. In example
embodiments, the real-time sensor processing may be imple-
mented by a combination of one or more of sensors 102,
202, collector device 104 and server system 100. Real-time
processing may be achieved by implementing data analysis
processes in a high-performance programming language
such as C, C++, or Java. Other techniques to improve
real-time processing speeds include the session initialization
step 302.

[0122] As noted, collector device 104 may pre-process the
raw brainwave signal data for noise filtering, artifact reduc-
tion, reduction of volume conduction and reference elec-
trode removal, for example. In other embodiments, sensors
102 may integrate with hardware chip on headsets to imple-
ment pre-processing on acquisition of the raw signal data. In
further embodiments, the server system 100 may pre-pro-
cess the raw sensor data instead of or in addition to collector
device 104. Please provide any further details on the pre-
processing for the brainwave signals
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[0123] Server system 100 may process the brainwave
signal data to generate a connectivity matrix. Server system
100 may define a time period of a sliding window. As an
illustrative example, the server system 100 may define a 1
second sliding window. The server system 100 (e.g. phase
synchronization unit 218) may implement a Hilbert trans-
form to calculate the instantaneous angle of a channel. This
may be followed by a phase synchrony calculation (R) for
each instantaneous angle channel. The server system 100
computes a connectivity matrix (S) (entries are the R values
for each pair combination) used to generate the brain state
index. As an illustrative example, server system 100 may
calculate a Boolean connectivity matrix (B) where the
entries are, 0 if the corresponding R index is lower than an
R threshold, and 1 if higher. The server system 100 may
calculate a threshold from the average of R indices of normal
adults with eyes open. Connected channels may be defined
as entries of B=1. [t can be helpful to include a few examples
of the connectivity matrix

[0124] The server system 100 (e.g. index unit 220) com-
putes a Brain Value Index calculation (BVI) or Functionality
Index or “normalized entropy” using a total number of
possible connections. Phase synchronization is calculated
for each pair of channels and a “connectivity” matrix S is
obtained, whose entries are the average values of the syn-
chrony index for each pair combination. From this one, a
Boolean connectivity matrix B is calculated, with 0 entry if
the corresponding synchrony index is lower than a thresh-
old, and 1 if higher. We define two channels “connected” if
the corresponding entry in matrix B is 1. Then we use the
combinations of connected channels as a ‘complexity’ mea-
sure. The total number of possible pairs of channels given a
specific channel montage is N=Nc¢!/2!(Nc¢-2)! where Nc is
the total number of channels in the recording system,
normally 144-146 in case of MEG sensors, between 19 and
28 in case of scalp EEG and 8 channels in our prototype. The
channel numbers are specified, below, in each case. For
instance, in our MEG recordings we have Nc=144, thus
N=10296 possible pairs of connected sensors are obtained.
For each subject we calculate p (the number of connected
pairs of channels) in the different behavioural stages, using
the threshold of the synchrony index of 0.45 based on the
average phase synchronization of normal adults in the alert
state with eyes open, and estimate the number of possible
combinations of those p pairs, C, using the binomial coef-
ficient again: C=N!/p!(N-p)! All these calculations repre-
sent the relatively simple combinatorial problem we are
trying to solve: given a maximum total of N pairs of
connected signals, in how many ways our experimental
observation of p connected pairs (that is, the number of 1°s
in matrix B) can be arranged. The entropy and Lempel-Ziv
complexity associated with those p values are then com-
puted. In the final step, each entropy value is divided by the
maximal entropy value and then multiplied by 100. In the
example 8 channel prototype there are 14 possible values of
the Brain Value Index (rounded to whole numbers): 22, 37,
49, 59, 67, 74, 81, 84, 90, 94, 96, 98, 99, 100.

[0125] At 308, the server system 100 (e.g. index unit 220)
computes output data to control the display device 106 to
update the interface with interface elements to provide a
visual representation of the output data. The server system
100 continuously transmits the BVI for real-time monitoring
using a controlled graphical display.
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[0126] At 310, the server system 100 may receive feed-
back from display device 106 or other computing device to
refine the processing to create individual thresholds or
population based thresholds.

[0127] At 312, the server system 100 uploads the data to
one or more storage platforms (e.g. central data storage
device 216, local data storage device 224, external data
storage device 212).

[0128] FIG. 4 shows an example interface 400 with inter-
face elements to provide a visual representation of real-time
brain state monitoring according to some embodiments. As
shown in the graph curve, a marker 402 reflective of the
real-time brain value index (brain state) may move along the
curve in real-time as a visual representation of the processed
brainwave signals. For different brain states, the server
system 100 may define with preset alarm threshold values or
ranges for the processed brainwave signals. The brain states
may correspond to different treatment guides, such as moni-
tor (Brain Value Index 86 to 100), resuscitate (Brain Value
Index <59, treatment, and intervention. The range for the 2
latter is 59 to 81 and is pathology specific, ie a Brain Value
Index of 59 in a patient with epilepsy could trigger review
of anticonvulsant medication. In this example, the peak of
the curve and region proximate to the peak of the curve may
correspond to a brain state for monitoring the patient. If the
real-time processed brainwave signal changes this may
trigger the marker 402 to move along the curve and trigger
an alert or intervention such as treatment, resuscitate 404 or
prepare for organ donation.

[0129] Control indicia 406 on interface 400 (or a separate
control device) may trigger treatment to patient such as by
triggering stimulation to the brain of the patient. The inter-
face 400 may overlay historical data about the patient or
another patient with a similar condition as additional visual
representations. Transmission indicia 408 on interface 400
(or a separate device) may trigger transmission of feedback
data regarding the patient which may be used to refine the
processing rules for machine learning.

[0130] FIG. 4 provides an illustrative example, where the
inverted U-shape curve 410 with a sliding marker 402
provides a visual representation which represents the nor-
malized entropy (Functionality Index, Brain Value Index)
value of 0 to 100 (y-axis) versus the number of possible
channel pair combinations (x-axis). With the 8 channels of
our prototype device, the x axis will be 28 possible channel
pairs. The normalized entropy calculation has been
described and the value reflects the amount of information
processing by the cortical networks of the brain, where 100
is the maximum information processed by a conscious,
normally functioning adult brain. This curve may be calcu-
lated on a session-by-session basis (at the session initializa-
tion 302, dependent on the number of electrodes) and may
be constant throughout that session. The marker 402 repre-
sents the real-time normalized entropy and real-time number
connected pairs of channels as the real-time brain state
index. As an example, the sliding marker 402 can be in 1 of
3 zones: (1) top of the curve—good, direct staff to monitor
maintain current treatment, (2) mid slope—review patient
and re-evaluate treatment, (3) bottom of curve—urgent
intervention or if patient is being monitored as an organ
donor, activate the organ retrieval protocol.

[0131] The following provides further illustrative example
processes for electrophysiological recordings and real-time
brain state monitoring. For an example experiment, record-
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ings may be analysed from ten (10) patients. There may be
3 types of recordings: three patients with magnetoencepha-
lographic (MEG); one patient with intracerebral electrode
recordings; and six (6) with both intracerebral and scalp
electroencephalographic (EEG) recordings. The MEG
recordings may be obtained by sensors 102 on one patient
with primary generalized epilepsy and absence seizures, in
one patient with symptomatic generalized epilepsy and tonic
motor seizures, and in one patient with frontal lobe epilepsy
and tonic motor seizures. The intracranial EEG recordings
may be obtained from sensors 102 patients with medically
refractory temporal lobe epilepsy as part of their routine
clinical pre-surgical investigations. MEG recording sensors
102 can cover the whole cerebral cortex, whereas intracra-
nial EEG electrodes may be positioned bilaterally in the
amygdala and hippocampal structures of the temporal lobes.
The details of the acquisition varied from patient to patient
and may be taken into consideration for the data analysis.
The acquisition rate or sampling frequency may vary from
200 to 625 Hz. The sampling frequency is addressed in the
algorithm used to calculate the phase synchrony. The pro-
totype device has a default setting of 250 Hz acquisition rate.
The duration of the recordings may vary from 2 minutes to
55 minutes. The sleep data may be 2-4 minutes in length.
This is an example experiment for illustration only.

[0132] The pre-processed data may be from sensors 102
on the scalp EEGs which may be processed using a Lapla-
cian to avoid the potential effects of the reference electrode
on synchronization, using the current source density (CSD)
algorithm. The reference electrode may be placed on the
scalp or on one or both ears (linked ears) may be used. The
prototype device employs the right ear as the standard
reference electrode. Analysis may involve computing the
phase synchrony index (e.g. brain value index) by estimating
phase differences between two signals from the instanta-
neous phases extracted using the analytic signal concept via
the Hilbert transform. Several central frequencies, ranging
from 3 to 30 Hz may be chosen with a bandpass of 2 Hz on
either side. In the prototype device the default setting is 3
Hz. The 3 Hz is in the delta bandwidth and with the +2 Hz
range, encompasses 1 Hz at the lower end, which is the only
frequency generated by the cortex to 5 Hz at the upper end
which is in the theta range. The phase synchrony index (R)
may be calculated using a 1-second running window,
obtained from the phase differences using the mean phase
coherence statistic which is a measure of phase locking and
is defined as R=1{e"?) | where AD is the phase difference
between two signals.

[0133] Phase synchronization is calculated for each pair of
channels and a connectivity matrix S is obtained, whose
entries are the average values of the synchrony index for
each pair combination. A Boolean connectivity matrix B is
calculated, with 0 entry if the corresponding synchrony
index is lower than a threshold, and 1 if higher. The
threshold has been previously defined as 0.45 based on the
mean phase synchronization value at 3 Hz of normal control
subjects in the awake state with eyes open. Two channels
may be “connected” if the corresponding entry in matrix B
is 1. The combinations of connected channels may provide
a ‘complexity’ measure. The total number of possible con-
nections given a specific channel montage is N=Nc!/P!(Nc-
P)! where Nc is the total number of channels in an example
recording system and p is the number of connected channels.
This may be 144-146 in case of MEG sensors 102, and
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between 19 and 28 in case of scalp EEG sensors 102. The
channel numbers are specified, below, in each case. For
instance, in MEG recordings we have Nc=144, thus
N=10296 possible pairs of connected sensors 102 are
obtained. For each subject we calculate p (the number of
connected pairs of channels) in the different behavioural
stages, using the threshold of the synchrony index (which
varies for each subject, but whose average is 0.45) method
aforementioned. The server system 100 estimates the num-
ber of possible combinations of those p pairs, C, using the
binomial coeflicient again: C=N!/p!(N-p)! All these calcu-
lations represent the combinatorial problem we are trying to
solve: given a maximum total of N pairs of connected
signals, in how many ways our experimental observation of
p connected pairs (that is, the number of 1’s in matrix B) can
be arranged. We then compute the entropy and the Lempel-
Ziv complexity associated with those p values.

[0134] It must be noted that, while the words synchrony
and connectivity may be used synonymously, in reality
phase synchrony analysis reveals a correlation between the
phases of the oscillations between two signals. Connectivity
depends on several other factors, such as for example:
[0135] Length of epoch. The longer the time epoch is that
is being analyzed, generally the lower the phase synchrony
value. Two electrodes may have a very high phase syn-
chrony index (eg. >0.9) for 1 to 2 seconds as in the case of
the patient with absence epilepsy, during the seizure event.
Connectivity in the same electrode pair in the same patient
may show a phase synchrony value of 0.6 over 10 seconds
if non seizure events are included. Given that neuronal and
network connections in the brain occur at the millisecond
time scale, high phase synchrony values for 10 seconds
would be considered pathological and seen in prolonged
seizure events.

[0136] Channel connectivity versus whole brain connec-
tivity. Phase synchrony is always calculated between 2
electrodes for the specified time epoch. A channel pair (eg.
T3 and T4) may have a high phase synchrony value (>0.9).
If hypothetically, this is the only channel pair out of the
possible pairs from the 8 electrodes [8!/(21x6!)=28] that
shows any connectivity, then both the channel pair connec-
tivity and the whole brain connectivity are the same.
[0137] Frequency of interest. The prototype analyzes the 3
Hz bandwidth, £2 Hz. If the same algorithm used to calcu-
late phase synchrony at 3 Hz is used to calculate that at 15
Hz, without altering the algorithm, the resultant value will
be falsely lowered.

[0138] In some example embodiments, phase relations
may represent, at least, some aspect of a functional connec-
tivity. Hence, in order to evaluate interactions (“‘connec-
tions™), server system 100 may take each sensor 102 as one
“unit”, and define a pair of sensors 102 (signals) “con-
nected” if the phase synchrony index is larger than a
threshold. The threshold is determined by server system 100
for each individual, and is the average synchrony index in
the ‘awake eyes-open’ condition. when the individual is alert
and processing the sensorium in a regular fashion. An
example for a control population average can be 0.45 for the
threshold. This enables server 100 to filter the complex data
to generate a clear visual representation on the interface.
[0139] The data may include MEG, scalp EEG, intracere-
bral recordings, or other types of recordings. While there
may be reference to signal level processing, the MEG and
scalp EEG sensors 102 record cortical activity and thus
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throughout the text the terms brainwave signals or brain
areas/networks may be synonymous. Server system 100 may
consider the global states in addition to the specific pattern
of connectivity among brain sources.

[0140] As an illustration, server system 100 may estimate
the number of possible pairwise connections between the
recorded brain signals from magnetoencephalography
(MEG), intracranial electrodes and scalp electroencephalo-
graphic (EEG) recordings. In experiments we were limited
to pairwise combinations of the signals because of the
manner in which synchrony is computed, between two
signals, as we use phase synchronization as the means to
determine “connectivity” between two signals. The results
obtained with recordings under conscious states are com-
pared with those taken during unconscious states, which
included sleep (all the stages) and seizures.

[0141] There may be a similar trend in the case of sleep.
In some examples, during wakefulness the entropy is closer
to the maximum of the curve, whereas the deeper the sleep
stage, the more distant to the maximum the values are. The
entropy during REM stages is very close, in most cases, to
the normal, alert state. It is worth noting too that in record-
ings taken when the subjects had their eyes closed, the
entropy may be much lower than during the eyes open
condition, and sometimes it is as low as the SWS 3-4 (the
deepest slow-wave sleep stage).

[0142] The server system 100 may consider features of
brain organization that allow for sufficient sensory stimuli
processing to support the conscious, awake state. The
greater number of possible configurations of interactions
between brain networks is associated with alert states, and
represented high entropy. In contrast, lower entropy associ-
ated with fewer combinations of connections, is character-
istic of either unconscious states or fewer input states (eyes
closed, seizures). This observation reflects a general organ-
ising principle. The emergent property of this collective
level of description is that consciousness is a manifestation
of the second principle of thermodynamics. The second
principle of thermodynamics states that in isolated systems,
entropy never decreases; that is, the system will approach
equilibrium with maximum entropy. However, in systems
that exchange matter/energy, like the brain in its activity, the
S may decrease. Nevertheless considering the whole system,
the non-isolated plus the environment, the S still will never
decrease. The brain is an open system and thus what we
observe is that, while it tends to reach equilibrium with max
S, it remains close to it (in fully alert states) but does not
achieve complete equilibrium because of the exchanges of
energy/matter with the surroundings (eg. heat loss from
metabolism). Also, in statistical thermodynamics, entropy is
a measure of the number of microscopic configurations that
a thermodynamic system can have when in a state as
specified by certain macroscopic variables. When evaluating
entropy in the brain, entropy can be seen as the information
content in the functional network. The state of alertness in
the human brain can be seen as the condition in which there
is maximal information within the functioning networks that
give rise to the conscious state. Maximal information is thus
maximal entropy. In our brain monitoring system, this
maximal entropy value is reflected in the Functionality
Index or Brain Value Index of 100 at the top of the curve.
The concept of information being equivalent to entropy is in
the Shannon definition of entropy which is equivalent to the
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Boltzmann/Gibbs definition in thermodynamics and there
are similarities in the equations that define both information
and entropy.

[0143] With the advent of Big Data and the related torrent
of empirical observations emphasising the exhaustive scru-
tiny of elementary biological processes, the search for
organising principles that result in the emergence of bio-
logical phenomena seems more crucial than ever lest we
drown in the flood of data. The server system 100 processing
may capture the bounds in the global organization of a
biological system to become adaptable (i.e., respond) to an
environment, or, in neuroscientific terms, features of optimal
brain organization (in terms of connections) that allows
brains to adequately process sensory stimuli. The server
system 100 may focus on the global states, and in some
instances, additionally on specific patterns of connectivity
between brain areas. The term ‘connectivity’, may refer to a
correlation between phases of oscillation.

[0144] The server system 100 may consider that the num-
ber of pairwise channel combinations—that is, its interac-
tions/connections between brain networks—occurs near the
maximum of possible configurations in periods with normal
alertness. This may indicate that the greater number of
configurations of interactions represents the most probable
distribution of energy/information resulting in conscious
awareness. In the final analysis, information exchange
implies energy exchange, hence we interpret Information
exchange as energy redistribution.

[0145] Aspects of awareness emerge when certain levels
of complexity are reached, it is then possible that the
organization (complexity) needed for consciousness to arise
needs the maximum number of configurations that allow for
more variety of interactions between cell ensembles because
this structure leads to optimal segregation and integration of
information, two fundamental aspects of brain information
processing.

[0146] Microstates that yield the same macrostate form an
ensemble. Hence, the macrostate with higher entropy as
defined, is composed of many microstates (the possible
combinations of connections between diverse networks),
and can be thought of as an ensemble characterised by the
largest number of configurations. In neurophysiological
terms, each microstate represents a different connectivity
pattern and thus is associated with, in principle, different
behaviours or cognitive processes. The macrostate that we
find associated with wakeful normal states (e.g. eyes open)
is the most probable because it has the largest entropy
(largest number of combinations of connections). Hence
optimal information processing seems to be the result of the
most probable distribution of energy (information) among
brain networks. At the same time, the ensemble of micro-
states associated with normal sensory processing features
the most varied configurations and therefore offers the
variability needed to optimally process sensory inputs. For
the metastability of brain states, the states should not be too
stable for efficient information processing, hence the larger
the number of possible interactions, the more variability is
possible. Equally, the results are consistent with the global
workspace theory in that the most widespread distribution of
information, the more optimal its processing. Finally, these
observations relate as well to the information integrated
theory, in that consciousness increases in proportion to the
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system’s repertoire of states, thus the more combinations
possible, the more states, and here we can define states as
configuration of interactions.

[0147] Additionally, the results support computational and
theoretical studies showing that patterns of organised activ-
ity arise from the maximization of fluctuations in synchrony
and by just varying the probability of connections in neural
networks, and in general highlight all proposals of the
fundamental importance of fluctuations in nerve activity as
the source of healthy brain dynamics.

[0148] FIGS. 6 A and 6 B show example graphs from an
experiment employing a magnetoencephalography (MEG)
to measure the magnetic signal of brain electrical activity
from a patient with epilepsy. The MEG uses 144 sensors
(channels) to detect the magnetic output associated with
brain electrical activity. The graph shows the relationship
between the over 10,000 possible sensor pairs on the x axis
and the resultant calculated entropy on the y axis from 0 to
7000. The resultant inverted “u”-shaped curve models the
brain’s information processing capacity where normal brain
function exists near the top of the curve with maximal
entropy in half of the number of possible sensor connections.
Lower entropy values are associated with fewer connections
(left hand side of the curve, where less information is
processed because fewer connections are involved. This side
of the curve represents more “disconnected” brain states
such as sleep or brain injury, where fewer connections are
available to process information. When lower entropy val-
ues are associated with a greater number of connections this
indicates that less information is processed as too many
connections are involved and there is less flexibility for
more input. This is seen in conditions such as generalized
epilepsy. In this patient entropy decreases from baseline
(near the top of the curve) to lower right during a seizure
(Sz). The right hand side of the curve indicates that there are
more connected networks, yet less information processing as
is typical of a patient during a seizure event. The patient’s
baseline recording is evaluated at two frequencies, 12 Hz
(alpha range) and 5 Hz (theta range). The resultant entropy
values are both represented on the left hand side of the curve
(less connected). The entropy of the seizure event (Sz) is
evaluated at the same 2 frequencies (12 and 5 Hz) and both
values plotted on the curve. In this case, as the seizure event
involves increased connectivity among channels, the two
values exist on the left hand side of the curve. The inverted
curve indicates the balance between the number of connec-
tions between channels and entropy.

[0149] FIGS. 7 A and 7 B show an example graph for a
person without epilepsy. This subject’s brain activity was
recorded on 2 separate occasions during both awake and
sleep states. The recording was analyzed at the 4 Hz (delta
range) and 8 Hz (alpha range) frequencies. The awake, eyes
open state has the highest entropy (at the top of the curve)
in both FIGS. 7 A and 7 B. In the awake state there will be
maximal processing of information by the brain. Stages of
sleep [Slow wave sleep (SWS) stages 3-4 being the deepest)
show lower entropy on both sides of the curve in FIG. 7A.
The unconscious and natural sleep state shows brain activity
that does not process external stimuli nor produces any
motor activity. Thus less information is in the network and
the entropy value will be lower. Some stages of sleep will
have lower entropy and have more connected networks
(right hand side of the curve), while at other times the sleep
stages will have lower entropy values, and have fewer
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connected networks (left hand side of the curve). The
dreaming state known as Rapid Eye Movement (REM)
displays close to awake state entropy values. Raw EEG
waveforms and frequencies in REM (not shown) will be
similar to those in the awake state, but for no motor activity.
Thus the entropy value will be close to the awake state.
[0150] FIG. 8 shows an example graph 800 showing brain
value index on the y-axis and heart rate entropy on the
X-axis.

[0151] The example interface includes a graph 800 of
brain connectivity (left) for different example EEG with 19
channels, a graph 804 with a marker 806 for the real-time
brain value index (right top) or normalized entropy, and
interface elements 802 for raw EEG signals per channel
(right bottom). The interface can also include an indicator
value 808 for brain value index. The interface displays
relevant electrophysiological signals in real time broken
down in panels for one snapshot in time. The left panel
shows a graph 800 for the strength of brain connectivity,
where stronger connections between channel pairs are rep-
resented visually by thicker lines. Transparency is added to
increase visibility of partially overlapping EEG channel
connections. The right top panel shows a marker 806 the
functionality index (or normalized entropy, or BVI) versus
the number of active connections and the value 808 of the
functionality in the top right corner, displayed as text. The
right bottom panel shows streaming from sensors 102 of the
raw EEG signals for each channel, over time.

[0152] FIG. 9 shows an example interface with a visual
representation providing a graph 900 of brain connectivity
(left) for different example EEG channels, a graph 902 with
a marker 904 for the real-time brain value index (right top)
or normalized entropy, and interface elements 908 for raw
BEG signals per channel (right bottom). A list of calculated
brain value index values 906 is visually represented. In this
example R is the brain value index with values between 0
and 1 for each possible channel pairwise. Stronger connec-
tions between channel pairs are represented visually by
thicker lines. The graph 900 indicates a connectivity matrix
with phase locking between channel pairs that have R index
greater than 0.45. The lines are shown thicker (weighted via
rules) that have higher R. Interface elements 908 show
multiple raw EEG signals from different channels. This
example includes 8 EEG channels: T3, F7, F8, T4, T5, O1,
02, T6. The brain index value marker 904 ranges between
0 and 100 in this example and indicates the network entropy
and how connected the brain is.

[0153] Various example interfaces for graphical display
will be described. The output from the EEG sensors and
processing is displayed graphically for the user and an
example with no data is provided in the printscreen image
show in FIG. 11A.

[0154] The interface is the display seen by the user before
recording starts. In panel of the connectivity map 1106 the
8 electrodes are shown as per the device configuration
starting with T3 (left anterior temporal electrode) at the top
and ending with T6 (right posterior temporal electrode at the
bottom). The electrodes are identified by number, as in FIG.
10 and separate the anterior portion of the scalp: T3=0,
F7=1, F8=3, T4=3; from the posterior: T5=4, O1=5, O2=6
and T6=7. The numeric output of the Connectivity Map
Values will be shown in a column as an integer between 0
and 1 for each electrode or channel pairing, starting with
(0,1) and listing all 28 non-repeating channel pairs, ending
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with (6,7). The waveforms will be seen in a panel as they
acquired and correspond with the individual electrodes just
described: T3=1, and so on. The window allows for 10
seconds of waveforms and is refreshed every second, for
example. The waveforms appear from right to left. The
adjacent left panel entitled “Raw EEG Data” will show the
voltage in microvolts as an integer value for each of the
electrodes. This panel can be hidden in response to a
command, for example. Panel 1108 shows the output from
the next step after acquisition. Phase synchrony, which
quantifies the connectivity between all possible pairs of
electrodes (eg. O and 1; 1 and 2, . . . 6 and 7) is an integer
value between 0 and 1 in some examples. In addition to a
numeric output which can be hidden, connectivity is
depicted as solid lines between electrodes that have a phase
synchrony index at least >0.45. Further the lines are
weighted as shown in the table.

Connectivity range Colour and thickness

0.45 to <0.6 Light grey, 1 point
0.6 to <0.8 Medium grey, 1.5 point
0.8 to <0.9 Dark grey, 2 point
091t 1.0 —
Black, 3 point
[0155] Server 100 generates a visual element for the

connectivity values for display as a connecting line between
channel pairs in the connectivity map. Panel includes a curve
1102 that shows output from the step in analytics with the
Functionality or Brain Value Index shown as a number
between 0 and 100 and a round cursor or BVI marker 1104
that moves to the right or the left side of the curve. Decrease
in the Brain Value Index on the right side of the curve is
associated with greater connectivity between electrodes,
while a decrease in the Brain Value Index down the left side
of the curve is associated with less connectivity between
electrodes.

[0156] At the bottom of the screenshot a portion is shown
one of the features of the device whereby the type of
recording is identified. If the recording is currently being
acquired, the identifier is the date and time of the recording.
If previously obtained recordings are being reviewed, they
are identified as “Simulation” followed by the date and time
of the actual recording. A command feature at the bottom of
the panel is the “Start” and “Stop” recording functions.

[0157] Another example interface is shown in FIG. 11B
with a BVI marker 1110 with a value of 67.69 showing a
change in entropy of a monitored patient. This interface
shows visual elements for connectivity map values, a con-
nectivity map, BVI, and EEG signals. The interface includes
a listing of connectivity map values [m, n] with m and n
being a channel pair. The EEG signal data for each channel
m and n is depicted by visual elements in interface. Server
100 transforms the EEG signal data to generate the connec-
tivity map values. Server 100 processes the connectivity
map values to generate the connecting lines for the connec-
tivity map of the interface. The values are filtered using the
threshold and ranges to depict different types of connectivity
lines. That is, each range of values has a corresponding type
of connectivity line to provide a clear visualization of the
brain state connectivity. The server 100 can calculate the
connectivity using the phase synchrony between EEG data
signals for channel pairs. The server 100 computes the BVI
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marker 1110 using the connectivity map values to provide a
clear visualization of the brain state in (near) real-time. The
interface provides improved visual elements to facilitate
presentation of complex brain signal data.

[0158] FIGS. 12 and 13 show example interfaces for a
normal brain function versus concussion. This example
compares the brain function of a 54 year old female who had
sustained a concussion 3 months prior and that of a gender
and age matched control with no history of head injury or
neurological impairment.

[0159] FIG. 12 shows an interface or screenshot that
depicts one time epoch in the 133 seconds of recording of a
54 year old woman, which is representative of her normal
brain function. The EEG wave forms (bottom right hand
corner) are normal for age. The Functionality Index (de-
picted by a BVI marker 1202 in top right hand corner) is
98.52 and just left of centre on the curve 1204. The Con-
nectivity Map 1206 shows intrahemispheric (within the
hemisphere) and interhemispheric (between the hemi-
spheres) connectivity to different degrees, between pairs of
electrodes. For example, T3 and O2, phase synchrony index
>0.9; T3 and T4, phase synchrony index 0.47 to 0.6.
[0160] In contrast, FIG. 13 shows an interface or screen-
shot that depicts the functioning of the 54 year old woman
who had sustained a concussion 3 months prior. It is
representative of the overall 133 seconds of recording. The
patient still complained of “fogginess” and difficulty con-
centrating. She had only just returned to part time work as
an administrative assistant. The EEG wave forms are within
normal limits for her age, with low amplitude waves in
occipital channels. The Functionality Index is 49.12 and
depicted by a marker 1302 on the left hand side of the curve,
indicating less connectivity. The Connectivity Map 1306
shows only 1 intrahemispheric connection between T3 and
T4 (phase synchrony index >0.9) and only 2 intrahemi-
spheric connections between T3 and T5 (phase synchrony
index 0.6 to 0.8) and F8 to O2 (phase synchrony index >0.47
to 0.6).

[0161] Functionality Index time series. F1G. 14 is a graph
that depicts the comparison of BVT or Functionality Indices
over the time length of each 133 second recording. The
patient with concussion has predominantly lower Function-
ality Index values. The difference in mean Functionality
Indices between the control subject (90) and concussion
patient (70) is statistically significant with t-test p<0.001.
[0162] Functionality Index frequencies. FIG. 15 is a graph
that shows another method of comparison of the patient with
concussion and the age and gender matched control with
respect to Functionality Index values. The patient with
concussion has lower Functionality Index values and they
are on the left hand side of the curve which corresponds to
a “disconnected” brain.

[0163] FIG. 16 is an example of an interface or graphical
display of data relating to a patient with absence epilepsy.
This example is that of a 29 year old male with a history of
absence epilepsy who is currently not taking his medication.
He denies seizures, while independent observers report
multiple 1 to 2 second staring events. He consented to
monitoring and 94 seconds of EEG and indices were
recorded.

[0164] The interface of the graphical display shows 1 time
point in the patient’s recording. Prior to brief, 2 to 3 second
events of spike and slow waves consistent with a brain
predisposed to epilepsy there is a drop in the Functionality
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Index (67.69) in the above screenshot. Further, the connec-
tivity map shows thickest lines (R index or connectivity map
values 0.8 or 0.9 and greater) across hemispheres between
right and left frontal channels (F7 and F8) and right and left
occipital channels (O1 and O2) and T5, Ol. Maximal
connectivity is also seen within the left hemisphere involv-
ing the anterior and posterior temporal channels (T3 and T5)
and the left occipital channel. This coupled with the decrease
in the Functionality index to 67.69 on the right side of the
curve (more connected) would alert the clinician that there
is a change in brain function. Given the underlying history
of absence epilepsy, pharmaceutical treatment with antisei-
zure medication is warranted.

[0165] Functionality Index time series. FIG. 17 is a graph
showing BVI or functionality index over time. The func-
tionality index changes over the course of the 94 second
recording. In the graph below, the x axis represents 94
samples of recording or 94 seconds. The values fluctuate
predominantly between 86 and 100 which is expected in the
awake, alert state with eyes open. There are decreases in the
Functionality Index to 20 and 37 at 9, 22 and 34 seconds.
These decreases would again alert the clinician to brain
changes and in the case of absence epilepsy the need for
treatment with an anticonvulsant medication. This is an
example.

[0166] Absence Functionality Index frequencies. FIG. 18
is a graph relating to a patient with epilepsy. The Function-
ality Index, calculated from the network connectivity of the
8 channels can assume one of 14 possible values on either
side of the curve: 22, 37, 49, 59, 67, 75, 81, 86, 90, 94, 96,
98, 99, 100. For the purposes of graphing, values 90 to 96
are grouped together and values 98 to 100 are grouped
together.

[0167] The graph of FIG. 18 depicts a comparison of the
age and gender matched control subject (gray bars) and the
patient with absence epilepsy (black bars). The patient with
absence shows higher connectivity compared with the con-
trol subject as the patient has more indices on the right side
of the curve.

Migraine

[0168] The next clinical example relates to a 53 year old
woman with migraine without aura. She consented to
recording during the migraine event characterized as head-
ache with 10/10 pain intensity on the 0 to 10 pain scale,
accompanied by fatigue and nausea. The initial recording,
80 seconds in length, was performed 15 minutes post onset
of pain. The second recording, 80 seconds in length, was
performed 10 minutes after treatment with 1 litre of isotonic
fluid. At the time of the second recording, the pain was rated
as 4/10 with relief of nausea.

[0169] FIG. 19 is an example interface with visual repre-
sentations relating to a patient with a migraine as described
herein. The interface or screenshot for migraine monitoring
highlights the “disconnection” of the brain during the event.
This is seen in the connectivity map where only 2 electrodes
show minimal connectivity as depicted by the thin grey line
(R Index 0.47 to 0.6) between T3 and T4 and T5 and O1 in
the connectivity map 1906. This lack of connectivity is
further reflected in the low Functionality Index of 49.12
(BVI marker 1902) on the left side of the curve 1902. This
combined with a high pain score would indicate to the
clinician the need for migraine treatment and evaluation of
the efficacy of the treatment.
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[0170] Functionality Index time series. FIG. 20 is an
example graph relating to a patient with a migraine as
described herein. The Functionality Index for each of the
recordings is depicted above for the migraine event (black)
and migraine post treatment (gray). The difference in means
between the migraine event (mean Functionality Index=66)
and the post treatment epoch (mean Functionality Index=81)
is statistically significant with p<0.001.

[0171] Functionality Index frequency bin graph. FIG. 21 is
an example graph relating to a patient with a migraine as
described herein. The Functionality Index can assume 1 of
14 possible values on either side of the curve, though values
90 to 96 and values 98 to 100 are grouped together. The
graph depicts the frequency count (y axis) of the possible
values (x axis) for the migraine recording (black bars) and
for the post treatment recording (gray bars).

Seizures Due to Recurrent Brain Tumour.

[0172] A further example relates to a 19 year old, normally
developing healthy male with partial complex seizures and
was diagnosed with a tumour in his right frontal lobe. Eight
months post surgery he developed events that clinically
looked like his previous seizures, but EEG performed during
a typical event did not show epileptiform activity. The
example relates to EEG recordings pre surgery and post
surgery to be evaluated using phase synchrony, connectivity
map and Functionality Index. Data from the 8 electrodes is
extracted. Evaluation of the connectivity maps pre surgery
and post surgery reveal similar patterns of connectivity.
[0173] Presurgical EEG Evaluation. FIG. 22 is an example
interface with visual representations relating to presurgical
data as described herein. The interface or screenshot depicts
the patient’s presurgical raw EEG (bottom right), Function-
ality Index (BVI marker 2202 on curve 2204) and Connec-
tivity Map 2206. The maximum connectivity (>0.9), based
on the thickness of the lines is seen between T3 (left
temporal) and F7 (left frontal), T4 (right anterior temporal)
and T6 (right posterior temporal) and connectivity of (>0.8
to <0.9) between T3 (left anterior temporal) and F8 (right
frontal). There is connectivity between T5 and T4 as well.
[0174] Presurgical EEG seizure evaluation. FIG. 23 is an
example interface with visual representations relating to
presurgical seizure data as described herein. The interface or
screenshot shows presurgical seizures with maximum con-
nectivity between F8 (right frontal) and T4 (right anterior
temporal). The seizure network includes T5 (left posterior
temporal) which is connected to both F8 and T4. TS and T4
of the connectivity map 2306 are connected at baseline
without seizure activity. An MRI revealed a tumour in the
right frontal lobe, which was subsequently removed. The
patient is conscious during the seizure and aware that he is
having the seizure but cannot communicate. His conscious-
ness during the event is reflected in a Functionality Index of
81 (at BVI marker 2402 of curve 2404).

Post Surgical EEG Evaluation

[0175] FIG. 24 is an example interface with visual repre-
sentations relating to postsurgical data as described herein.
The interface or screenshot depicts the patient’s baseline
brain function at baseline post surgery. There is no seizure
activity during this recording. The baseline network
involves left and right frontal channels, left and right tem-
poral and the emergence of the right occipital channel within
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the network. Subsequent MRI revealed recurrence of the
tumour in the surgical site (right frontal lobe). The connec-
tivity map 2404 shows the network connections. The inter-
face shows a Functionality Index of 98 (BVI marker 2402 of
curve 2404).

[0176] Cardiac arrest and Organ donation. Cardiac arrest
has always focused on the changes in heart rhythm. Brain
changes occur prior to cardiac arrest. Being able to better
monitor cardiac arrest patients who have been resuscitated
or those at risk for cardiac death would benefit both the
patient and the organ donation programs. Currently the
primary pathway by which a patient becomes an organ donor
is through brain death. This represents a small percentage of
patient deaths. Donation after cardiac death can increase the
number of available organs for transplantation.

[0177] These are examples to illustrate different use cases
and functionality of the systems and processes described
herein.

[0178] The embodiments of the devices, systems and
methods described herein may be implemented in a combi-
nation of both hardware and software. These embodiments
may be implemented on programmable computers, each
computer including at least one processor, a data storage
system (including volatile memory and non-volatile
memory or other data storage elements or a combination
thereof), and at least one communication interface.

[0179] Program code is applied to input data to perform
the functions described herein and to generate output infor-
mation. The output information is applied to one or more
output devices. In some embodiments, the communication
interface may be a network communication interface. In
embodiments in which elements may be combined, the
communication interface may be a software communication
interface, such as those for inter-process communication. In
still other embodiments, there may be a combination of
communication interfaces implemented as hardware, soft-
ware, and combination thereof.

[0180] Throughout the foregoing discussion, numerous
references will be made regarding servers, services, inter-
faces, portals, platforms, or other systems formed from
computing devices. It should be appreciated that the use of
such terms is deemed to represent one or more computing
devices having at least one processor configured to execute
software instructions stored on a computer readable tan-
gible, non-transitory medium. For example, a server can
include one or more computers operating as a web server,
database server, or other type of computer server in a manner
to fulfill described roles, responsibilities, or functions.
[0181] The following discussion provides many example
embodiments. Although each embodiment represents a
single combination of inventive elements, other examples
may include all possible combinations of the disclosed
elements. Thus if one embodiment comprises elements A, B,
and C, and a second embodiment comprises elements B and
D, other remaining combinations of A, B, C, or DD, may also
be used.

[0182] The term “connected” or “coupled to” may include
both direct coupling (in which two elements that are coupled
to each other contact each other) and indirect coupling (in
which at least one additional element is located between the
two elements).

[0183] The technical solution of embodiments may be in
the form of a software product. The software product may be
stored in a non-volatile or non-transitory storage medium,
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which can be a compact disk read-only memory (CD-ROM),
a USB flash disk, or a removable hard disk. The software
product includes a number of instructions that enable a
computer device (personal computer, server. or network
device) to execute the methods provided by the embodi-
ments.

[0184] The embodiments described herein are imple-
mented by physical computer hardware, including comput-
ing devices, servers, receivers, transmitters, processors,
memory, displays, and networks. The embodiments
described herein provide useful physical machines and par-
ticularly configured computer hardware arrangements. The
embodiments described herein are directed to electronic
machines and methods implemented by electronic machines
adapted for processing and transforming electromagnetic
signals which represent various types of information. The
embodiments described herein pervasively and integrally
relate to machines, and their uses; and the embodiments
described herein have no meaning or practical applicability
outside their use with computer hardware, machines, and
various hardware components. Substituting the physical
hardware particularly configured to implement various acts
for non-physical hardware, using mental steps for example,
may substantially affect the way the embodiments work.
Such computer hardware limitations are clearly essential
elements of the embodiments described herein, and they
cannot be omitted or substituted for mental means without
having a material effect on the operation and structure of the
embodiments described herein. The computer hardware is
essential to implement the various embodiments described
herein and is not merely used to perform steps expeditiously
and in an efficient manner.

[0185] Forsimplicity only one server system 100 is shown
but system may include more server systems 100 operable to
access remote network resources and exchange data. The
server system 100 has at least one processor, a data storage
device (including volatile memory or non-volatile memory
or other data storage elements or a combination thereof), and
at least one communication interface. The server system 100
components may be connected in various ways including
directly coupled, indirectly coupled via a network, and
distributed over a wide geographic area and connected via a
network (which may be referred to as “cloud computing™).

[0186] For example, and without limitation, the server
system 100 may be a server, network appliance, set-top box,
embedded device, computer expansion module, computer or
other computing device capable of being configured to carry
out the processes described herein.

[0187] The server system 100, exemplary of an embodi-
ment, may include at least one processor, memory, at least
one I/O interface, and at least one network interface.

[0188] Each processor may be, for example, any type of
general-purpose microprocessor or microcontroller, a digital
signal processing (DSP) processor, an integrated circuit, a
field programmable gate array (FPGA), a reconfigurable
processor, a programmable read-only memory (PROM), or
any combination thereof.

[0189] Memory may include a suitable combination of any
type of computer memory that is located either internally or
externally such as, for example, random-access memory
(RAM), read-only memory (ROM), compact disc read-only
memory (CDROM), electro-optical memory, magneto-opti-
cal memory, erasable programmable read-only memory
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(EPROM), and electrically-erasable programmable read-
only memory (EEPROM), Ferroelectric RAM (FRAM) or
the like.
[0190] Each I/O interface enables server system 100 to
interconnect with one or more input devices, such as a
keyboard, mouse, camera, touch screen and a microphone,
or with one or more output devices such as a display screen
and a speaket.
[0191] Each network interface enables server system 100
to communicate with other components, to exchange data
with other components, to access and connect to network
resources, to serve applications, and perform other comput-
ing applications by connecting to a network (or multiple
networks) capable of carrying data including the Internet,
Ethernet, plain old telephone service (POTS) line, public
switch telephone network (PSTN), integrated services digi-
tal network (ISDN), digital subscriber line (DSL), coaxial
cable, fiber optics, satellite, mobile. wireless (e.g. Wi-Fi,
WIMAX), SS7 signaling network, fixed line, local area
network, wide area network, and others, including any
combination of these.
[0192] Server system 100 is operable to register and
authenticate users (using a login, unique identifier, and
password for example) prior to providing access to appli-
cations, a local network, network resources, other networks
and network security devices. Server system 100 may serve
one user or multiple users.
[0193] Although the embodiments have been described in
detail, it should be understood that various changes, substi-
tutions and alterations can be made herein without departing
from the scope as defined by the appended claims.
[0194] Moreover, the scope of the present application is
not intended to be limited to the particular embodiments of
the process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from
the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that
perform substantially the same function or achieve substan-
tially the same result as the corresponding embodiments
described herein may be utilized. Accordingly, the appended
claims are intended to include within their scope such
processes, machines, manufacture, compositions of matter,
means, methods, or steps.
[0195] As can be understood, the examples described
above and illustrated are intended to be exemplary only.
1. A system for real-time brain monitoring comprising:
a plurality of sensors for acquisition of (near) real-time
raw sensor data for monitoring a patient’s brain, each
sensor corresponding to a channel;
a collector device coupled to the plurality of sensors for
pre-processing the real-time raw sensor data;
a server having:

an acquisition unit to receive sensor data from the
collector device;

a processor to compute, using the sensor data, a con-
nectivity matrix having connectivity values, a con-
nectivity value for each pair of channels, and a
real-time brain value index corresponding to a real-
time brain state of the patient; and

a presentation unit to generate visual elements for an
interface in real-time, the visual elements represent-
ing the real-time brain value index to depict the brain
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state of the patient and a connectivity map for the
connectivity matrix, the connectivity map visually
indicating the channels of the sensors and a connect-
ing line between a pair of channels representing a
strength of connection between the pair of channels,
the server system having a display controller to issue
control commands to update the interface using the
generated visual elements;

a display device to display and update the interface with
the visual elements based on the issued control com-
mands from the server.

2. The system of claim 1 wherein the server computes, for
each pair of channels, a phase synchronization value for an
angle between the respective pair of channels using the
sensor data for the respective pair of channels, wherein
entries of the connectivity matrix are the phase synchroni-
zation values the pairs of channels.

3. The system of claim 1 wherein the server generates a
boolean connectivity matrix based on the connectivity
matrix, such that an entry of the boolean connectivity matrix
is 0 if a corresponding connectivity value is lower than a
threshold value, and 1 if a corresponding connectivity value
is higher than the threshold value, wherein the server com-
putes the threshold value from sensor data for a normal adult
with eyes open, wherein a connected channel is defined as
an entry that is 1, wherein the server generates the brain
value index using the boolean connectivity matrix.

4. The system of claim 1 wherein the brain value index
may be computed based a total number of possible pairs of
channels given a specific channel montage N=Nc!/2!(Nc-
p)!, Nc being a number of channels, p being a number of
connected pairs of channels, p being calculated using a
threshold value and the connectivity values of the connec-
tivity matrix.

5. The system of claim 1 wherein the server implements
machine learning to compute the brain value index based on
historical data for the patient or other patients.

6. (canceled)

7. The system of claim 1 wherein the server computes
treatment guidance using the brain value index, wherein the
treatment guidance provides a monitoring state, an interven-
tion state and a resuscitate state.

8. The system of claim 1 wherein the display device
provides feedback data to refine or update the computations
by the server, the feedback data confirming the accuracy of
the brain value index.

9. The system of claim 1 wherein the server computes
treatment guidance using the brain value index, wherein the
server implements machine learning to generate recom-
mended treatments as part of the treatment guidance based
on historical data for the patient or other patients.

10. The system of claim 1 wherein the real-time raw
sensor data is linked with a patient identifier and time
indicia.

11. The system of claim 1 wherein the interface comprises
a graph of raw EEG signals per channel over time and a
listing of the connectivity values.

12. The system of claim 1 wherein the server is configured
to generate the interface to include visual elements depicting
the channels, connections between the channels, and
strengths of the connections.

13. The system of claim 1 wherein the server is configured
to generate the interface to include visual elements depicting
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a curve and a marker for the brain value index at a position
along the curve at a point in time, the position indicating the
brain state.

14. A system for real-time brain monitoring comprising:

a plurality of sensors for acquisition of (near) real-time
raw sensor data for monitoring a patient’s brain, each
sensor corresponding to a channel,

a collector device coupled to the plurality of sensors for
pre-processing the real-time raw sensor data;

a server with an acquisition unit to receive sensor data
from the collector device, a processing unit to compute
a connectivity matrix having connectivity values, a
connectivity value for each pair of channels, a real-time
brain value index and treatment data using the sensor
data; and a presentation unit to generate visual elements
for an interface in real-time, the visual elements rep-
resenting a connectivity map for the connectivity
matrix, the real-time brain value index and the treat-
ment data, the visual elements depict the channels,
connections between the channels, and strengths of the
connections, the server system having a display con-
troller to issue control commands to update the inter-
face, the brain value index corresponding to a real-time
brain state of the patient;

a display device to display and update the interface with
the visual elements based on the issued control com-
mands from the server.

15. (canceled)

16. The system of claim 14 wherein the treatment guid-
ance provides a monitoring state, an intervention state and a
resuscitate state.

17. The system of claim 14 wherein the display device
provides feedback data to refine or update the computations
by the server, the feedback data confirming the accuracy of
the brain value index.

18. The system of claim 14 wherein the server generates
the connectivity map using the connectivity matrix, the
connectivity map visually indicating the channels of the
sensors and a connecting line between a pair of channels
representing a strength of connection between the pair of
channels.

19. The system of claim 14 wherein the server computes,
for each pair of channels, a phase synchronization value for
an angle between the respective pair of channels using the
sensor data, wherein entries of the connectivity matrix are
the phase synchronization values the pairs of channels.

20. The system of claim 14 wherein the server generates
a boolean connectivity matrix based on the connectivity
matrix, such that an entry of the boolean connectivity matrix
is 0 if a corresponding connectivity value is lower than a
threshold value, and 1 if a corresponding connectivity value
is higher than the threshold value, wherein the server com-
putes the threshold value from sensor data for a normal adult
with eyes open, wherein a connected channel is defined as
an entry that is 1, wherein the server generates the brain
value index using the boolean connectivity matrix.

21. The system of claim 14 wherein the brain value index
may be computed based a total number of possible pairs of
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channels given a specific channel montage N=Nc!/2!(Nc-
p)!, Nc being a number of channels, p being a number of
connected pairs of channels, p being calculated using a
threshold value and the connectivity values of the connec-
tivity matrix.

22. The system of claim 14 wherein the server implements
machine learning to compute the brain value index based on
historical data for the patient or other patients or to generate
recommended treatments as part of the treatment guidance
based on historical data for the patient or other patients.

23. (canceled)

24. (canceled)

25. The system of claim 14 wherein the visual represen-
tation comprises a graph structure indicating connectivity
between channels over time or at a point in time based on the
connectivity matrix, wherein the graph structure indicating
brain connectivity indicates a strength of brain connectivity
between channel pairs.

26. (canceled)

27. The system of claim 14 wherein the interface com-
prises a graph of raw EEG signals per channel over time and
a listing of the connectivity values.

28. (canceled)

29. The system of claim 14 wherein the server is config-
ured to generate the interface to include visual elements
depicting a curve and a marker for the brain value index at
a position along the curve at a point in time, the position
indicating the brain state.

30. A processing device for real-time brain monitoring
comprising:

a network interface for acquisition of real-time raw sensor

data for a patient’s brain;

a server for processing the real-time raw sensor data to
compute a connectivity matrix having connectivity
values, a connectivity value for each pair of channels,
and a real-time brain value index, the server for gen-
erating visual elements for an interface in real-time, the
visual elements representing a connectivity map for the
connectivity matrix, the real-time brain value index, the
server system having a display controller to issue
control commands to update the interface, the brain
value index corresponding to a real-time brain state of
the patient;

a storage device for storing computed real-time brain
value indices; and

a display device having the interface to generate and
update a visual representation the real-time brain value
index based on the issued control commands from the
server, wherein the visual elements depict the channels,
connections between the channels, and strengths of the
connections, wherein the visual elements depict a curve
and a marker for the brain value index at a position
along the curve at a point in time, the position indicat-
ing the brain state.

31-33. (canceled)
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