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Figure 3.
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MONITORING HUMAN BRAIN
EXCITABILITY USING SYNCHRONIZATION
MEASURES

FIELD OF THE INVENTION

[0001] This invention relates generally to the field of brain
and brain network excitability in health and disease.

BACKGROUND OF THE INVENTION

[0002] Normal functioning of cortical networks critically
depends on a finely tuned level of excitability, the transient
or steady-state response in which the brain reacts to a
stimulus. The importance of adequate excitabil-ity levels is
highlighted by the pathological consequences and impaired
performance resulting from aberrant network excitability. In
epilepsy, for example, changes in cortical network excitabil-
ity are believed to be an important cause underlying the
initiation and spread of seizures, i.e. the large non-physi-
ological neuronal activity events across time and space.
Evidence for changes of excitability in brain networks
affected in epilepsy has come from a variety of observations
[1, 2,3, 4, 5,6, 7]. The insight that epilepsy is related to
hyperexcitability is also at the basis of pharmacological
treatment options for patients. Most antiepileptic drugs
(AED) aim to reduce the excitability in neural tissue by
reducing the excitability of individual neurons through
selective ion channel blockers, enhancing inhibitory synap-
tic transmission or inhibiting excitatory synaptic transmis-
sion [8].

[0003] Apart from aberrant pathological deviations,
changes in cortical excitability are believed to play a role in
normal conditions during the course of wake and sleep. A
study using transcranial magnetic stimulation to study excit-
ability in human cortex found increased responses after a
period of sustained wakefulness which was rebalanced after
sleep [9, 10]. Such findings suggest that excitability could
increase during wake and might result in suboptimal infor-
mation processing in cortical networks [11, 12] and point to
a pivotal role of sleep in rebalancing the level of excitability.

[0004] The ability to monitor excitability in brain net-
works is therefore highly desirable for an understanding of
both normal as well as pathological brain function. In
epilepsy patients, the ability to monitor excitability and
control its degree is of prime importance for adequate
clinical care and treatment. To date, reliable measures of
cortical excitability based on ongoing activity have been
difficult to obtain. Instead, excitability is usually measured
as the response to electrical or magnetic stimulation [13, 2,
3, 14]. A disadvantage of these methods, however. is their
complex design which limits regular clinical use and con-
tinued monitoring of the time course over extended periods
of time. Even more so, the fact that such perturbations can
induce seizures constitutes a considerable limitation for its
application in patients suffering from epilepsy [15]. For
these various reasons, methods to monitor brain excitability
based on ongoing activity without the need of external
perturbations would be highly preferable.

[0005] A method to reliably quantify cortical excitability
in epilepsy patients would allow to objectively determine the
effect of antiepileptic drugs (AED), provide a tool in adjust-
ing AED dosages to optimal levels for a successful treatment
on one side and controlling adverse drug effects on the other
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side. Accordingly, there is a need in the art for new methods
for monitoring brain excitability in both health and disease.

SUMMARY OF THE INVENTION

[0006] The present invention provides a robust method to
monitor brain activity in order to estimate the excitability in
the brain. The present application demonstrates that the
synchronization between different brain areas is a valid
marker for the excitability of the brain. The present appli-
cation further demonstrates that this synchronization mea-
sure can provide an absolute, objective reference point for
normal excitability levels and, consequently, how this
method can detect and quantify a deviation from this refer-
ence point in epilepsy patients under antiepileptic drug
(AED) medication. Specifically, cortex synchronization (R)
of normal ongoing brain activity exhibits synchronization
values around R~0.5. The use of antiepileptic drugs bring
synchronization in brain networks to lower values (R<0.5)
in a dosage dependent manner. The synchronization measure
R is therefore demonstrated to be a biomarker for brain
excitability with an absolute reference point characterizing
normal brain activity (R~0.5) and, consequently, any devia-
tion therefrom.

[0007] Accordingly, the invention monitors brain activity
by non-invasive means, e.g. EEG electrodes embedded into
a helmet, a scalp EEG system, or an invasive iEEG) setup,
and estimates synchronization R. The deviation of current
parameters from the optimal value (R~0.5) of synchroniza-
tion is calculated. The deviation from this value correlates
with a change in excitability; higher values indicate an
increased excitability, lower values indicate a decrease in
excitability relative to normal values. A tolerance range will
be introduced for tolerable degrees of deviation (e.g. 10%).
Feedback signals to the human, which will often be a
medical worker testing a patient, about the absolute syn-
chronization value R and the deviation of the current brain
state from the normal value (R~0.5) will be provided. In
certain embodiments, recorded EEG will be evaluated dur-
ing clinical visits, and if the synchronization value has
changed from the some predetermined, patient-individual
value, an alert will be issued signaling, for example, that the
subject’s excitability has changed which can results in an
increased risk of epileptic seizures. The objective biomarker
for excitability provided by the system claimed in this
patent, will inform the medical worker or other person about
the current state of his/her patients excitability. By providing
this objective marker with a reference point for normal
conditions, therapy can be adapted, monitored and con-
trolled. This system proposed in this patent will allow
individualized medicine treatment.

[0008] In a first aspect, the method features methods of
continuously monitoring neuronal synchronization in a sub-
ject comprising (a) determining a deviation in synchroniza-
tion R from a predetermined value at rest, wherein the
pre-determined value of R is 0.5; and (b) repeating step (a)
one or more times to continuously monitor neuronal ava-
lanches in a subject.

[0009] In one embodiment, the method further comprises
(c) identifying the variability H of the measured synchroni-
zation R over time. In another embodiment, step (a) com-
prises (i) continuously recording the electroencephalogram
(EEG); (i1) filtering the EEG; (iii) calculating the instanta-
neous synchronization as a function of time across different
channels in this frequency band; (iv) calculating the mean
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synchronization R as the average of the instantaneous syn-
chronization over time; (v) calculating the variability of
synchronization H.

[0010] In another embodiment, the method features meth-
ods to compare measurements and values of synchronization
R and variability of synchronization H over multiple record-
ing sessions that can be several hours, several day, several
weeks or years apart from each other. The method provides
arecord of these R and H values at all times when EEG was
recorded and allows to display a history of all values in the
past.

[0011] In another embodiment, the EEG is continuously
recorded at more than one site, for example 2, 3, 4, 5, 6, 7,
8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25 or more sites. In a related embodiment, the EEG is
continuously recorded at more than 10 sites.

[0012] In a further embodiment, the EEG is filtered
between 50-100 Hz.

[0013] In a further embodiment, the EEG is filtered
between 1-50 Hz, or 1-100 Hz, or 1-4 Hz, or 4-8 Hz, or 8-12
Hz, or 12-25 Hz, or 25-50 Hz, or 100-200 Hz, or 200-400
Hz, or any other frequency band.

[0014] In one embodiment, it can be tested if and what
antiepileptic drugs work and to what quantitative extent the
work in an individual patient. The synchronization value R
related to the brain’s excitability will provide a directly
accessible biomarker.

[0015] In another embodiment, the invention features the
method to determine whether antiepileptic drugs have been
taken in a regular, prescribed manner reflected by the
expected levels of excitability quantified by synchronization
R.

[0016] In yet another embodiment, the invention is used to
identify patients that do not respond to a certain antiepileptic
drug or, possibly, any antiepileptic drugs due to the failure
to induce a decrease in excitability, i.e. synchronization R.
[0017] In another embodiment, the invention is used by a
medical doctor/assistant/nurse to evaluate the effectiveness
of medical treatment with antiepileptic drugs and to provide
a record of disease progress and AED function of time and
over multiple recording sessions. The synchronization R
provides feedback as to the patient’s excitability level over
long times and multiple recording sessions.

[0018] In another embodiment, the variability of synchro-
nization H is used as a biomarker for the cognitive deficits
either induced by AED or other drugs, or related to psychi-
atric diseases.

[0019] In another aspect, the invention features a method
of determining the degree of sleep deprivation in a subject
comptising (a) determining the increase in synchronization
(R) from a predetermined value at rest, wherein the pre-
determined value of R is the synchronization R and the
predetermined value is 0.5; and (b) repeating step (a) one or
more times, wherein a change in R from the pre-determined
value indicates the degree of sleep deprivation in a subject.
[0020] In yet another aspect, the invention features a
method of identifying subjects that are susceptible to a sleep
disorder comprising (a) determining a deviation in synchro-
nization (R) from a predetermined value at rest, wherein the
pre-determined value of R is the synchronization R and the
predetermined value is 0.5; and (b) repeating step (a) one or
more times, wherein a change in R from the pre-determined
value indicates that the subject is susceptible to a sleep
disorder.
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[0021] In one embodiment, the subject is suffering from a
sleep disorder.
[0022] In another embodiment of the above aspects, the

method further comprises gathering data from other physi-
ological sensors.

[0023] In a further embodiment of the above aspects, the
method is operational with hardware or software or a
combination thereof.

DEFINITIONS

[0024] To facilitate an understanding of the present inven-
tion, a number of terms and phrases are defined below.
[0025] As used herein, the singular forms “a”, “an”, and
“the” include plural forms unless the context clearly dictates
otherwise. Thus, for example, reference to “a biomarker”
includes reference to more than one biomarker.

[0026] Unless specifically stated or obvious from context,
as used herein, the term “or” is understood to be inclusive.
[0027] As used herein, the terms “comprises,” “compris-
ing,” “containing,” “having” and the like can have the
meaning ascribed to them in U.S. Patent law and can mean
“includes,” “including,” and the like; “consisting essentially
of” or “consists essentially” likewise has the meaning
ascribed in U.S. Patent law and the term is open-ended,
allowing for the presence of more than that which is recited
so long as basic or novel characteristics of that which is
recited is not changed by the presence of more than that
which is recited, but excludes prior art embodiments.
[0028] The term “behavioral performance™ is meant to
refer to performance in a cognitive task, such as, but not
limited to, reaction time in a typical psychomotor vigilance
task (PVT), a sensorimotor coordination task, such as steer-
ing a vehicle through demanding environment, or cognitive
fanctions, such as decision making

[0029] The term “continuously monitoring™ is meant to
refer to determining a value or output more than one time,
for example two, three, four, five, six, seven, eight, nine, ten
or more times with relatively short intervals between con-
secutive measurements.

[0030] The term “electroencephalogram (EEG)” is meant
to refer to the recording of electrical activity, typically along
the scalp, but also measured subdurally.

[0031] The term “sleep disorder” is meant to refer to
generally any abnormal sleeping pattern. Examples of sleep
disorders include, but are not limited to, dyssomnia, insom-
nia, sleep apnea, narcolepsy, and circadian rhythmic disor-
ders.

[0032] The term “subject” is meant to refer to any form of
animal. Preferably the subject(s) are mammal, and most
preferably human.

[0033] The term “synchronization” or “mean synchroni-
zation” refers to phase synchronization across different brain
regions. This includes synchronization measures such as the
Kuramoto order parameter, the mean Kuramoto order
parameter, 6mean phase coherence, phase coherence values,
cross correlation, mean cross correlation, phase-locking
based measures, phase-locking intervals, pearson correla-
tion, lag-correlation.

[0034] Other features and advantages of the invention will
be apparent from the following description of the preferred
embodiments thereof, and from the claims. Unless otherwise
defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs.
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Although methods and materials similar or equivalent to
those described herein can be used in the practice or testing
of the present invention, suitable methods and materials are
described below. All published foreign patents and patent
applications cited herein are incorporated herein by refer-
ence. Genbank and NCBI submissions indicated by acces-
sion number cited herein are incorporated herein by refer-
ence. All other published references, documents,
manuscripts and scientific literature cited herein are incor-
porated herein by reference. In the case of conflict, the
present specification, including definitions, will control. In
addition, the materials, methods, and examples are illustra-
tive only and not intended to be limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1. Intrinsic measures of synchronization cor-
relate with the size of stimulation evoked responses. a,
Evoked responses to subdural electrical stimulation were
used to directly infer cortical excitability. The plot shows a
representative example of the mean evoked response from
one electrode of patient 1. Excitability is reflected by the size
of the evoked potential and was quantified as the absolute
difference A between positive and negative maxima of the
evoked response. Electrical stimulation was continuously
applied (approx. 3 Hz) for multiple hours allowing continu-
ous measurement of cortical excitability. Unperturbed seg-
ments before the stimulation (grey bar) were used to calcu-
late synchronization R across different electrodes. b, Time
course of stimulation evoked response A and synchroniza-
tion R of ongoing cortical activity over multiple hours in
patient 1. ¢, Evoked response amplitude A and synchroni-
zation R are highly correlated across broad frequency bands.
Black line shows linear regression, R* reflects the goodness
of fit. d, Summary of the quality of fit for different frequency
ranges of patient 1 and patient 2. FIG. 2 shows the power law
exponent is close to a=-3/2 at the critical branching param-
eter 0=1. Phase plot of the power law exponent, a, versus the
branching parameter, a. Each point represents the mean
across datasets and error bars represent SEM.

[0036] FIG. 2. Intrinsic measures of synchronization track
antiepileptic drug (AED) action during multi-day record-
ings. al-a4, Markers and level of medication of four
patients. Top: AED dosage. Below: changes in mean phase
synchronization (R) for the frequency band 50-100 Hz.
Round markers correspond to one hour measurements (red
markers signify that at least one epileptic seizure occurred
during this one hour, grey markers no seizures). Daily
averages were taken over the 12 highest hours of each day
and are plotted as bars. Light colors were used when
recordings did not encompass a full 24 hour day. Error bars
on each solid bar indicate standard error of the mean. Time
on the x-axis is labeled in days where each day starts at
midnight. b, Differences between full days of low and high
AED levels for all 10 patients. *p<0.058, ** p<0.001,
two-sided paired sample t-test.

[0037] FIG. 3. Antiepileptic drugs (AED) shift network
dynamics from moderate synchrony and peak variability to
states with low synchrony and limited variability. a, Com-
bined data from 10 patients and different frequency bands.
Left vertical axis: Variability (H) as a function of mean
synchronization (R) (grey round markers). H peaks at mod-
erate R. Right vertical axis: Histogram of time (hours) spent
at different levels of mean synchronization. Without AED
(black histogram bars), network dynamics predominantly
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settles at moderate synchronization levels with peak vari-
ability. With AED (blue histogram bars), network dynamics
spends more time in low synchrony states with decreased
variability. b, Averages of mean (R, left plot) and variability
(H, right plot) of synchronization for hours without (left) and
with (right) AED. #*p<0.05$, ** p=<0.001, two-sided inde-
pendent sample t-test. ¢, Illustration of the behavior of
measures R and H as a function of the ratio of excitation and
inhibition (E/T) or, more generally, network excitability. As
excitability is pharmacologically increased from disfascili-
tated to disinhibited dynamics, R increases while H peaks at
a normal, physiological E/I ratio. This qualitative behavior
was observed in cortical cultures in vitro and in rodents in
vivo and is in line with observations under different levels of
AED reported here. The combined behavior of R and H in
our data suggests that AED drive the network toward a more
disfacilitated/inhibited state (blue arrow).

DETAILED DESCRIPTION

[0038] The synchronization metrics can be derived from
ongoing activity recorded from EEG or MEG or other
neuronal activity measurement. The mean level of synchro-
nization reflect normal brain activity in the awake state and
is characterized by a value of around 0.5. In contrast to EEG
power or other markers, the synchronization metric is an
absolute metric. This allows the metric to be used in absolute
terms, i.e. no control group is required to identify perfor-
mance changes. The present invention demonstrates that
mean synchronization R correlates strongly with a) brain
excitability determined by stimulation experiments and b)
with the number and dosage of antiepileptic drugs applied
(see example in this patent).

[0039] Described herein is a clinical biomarker to monitor
the brain’s excitability. Excitability is often changed in
health and disease, as such an objective marker is missing.
In patients suffering from epilepsy, the reduction of brain
excitability with antiepileptic drugs (AED) is the prime and
first-line treatment option. As such, effective clinical treat-
ment and diagnosis would benefit from objective biomarkers
quantifying excitability and the effect of AED on excitabil-
ity. However, prior to the invention described herein, there
was a lack of objective biomarkers measuring excitability.
The results described herein demonstrated that a marker
relating cortical dynamics to excitability. As described
herein, mean synchronization highly correlates with the
level of excitability in the brain, In this regard, the metrics
provide an objective marker for excitability and have the
potential to guide and monitor the effect of treatment to
improve the epilepsy condition in clinical settings. Software
extracting the markers related to synchronization is a useful
tool for diagnostic and monitoring treatment progress in
clinical settings.

Methods

Mean Synchronization R

[0040] Synchronization between different EEG channels
can be measured as phase-synchronization. In order to
derive a phase-synchronization value, signals have to first be
filtered in a frequency band. Estimates of mean of phase
synchronization for band-pass filtered data are then derived
for band-pass filtered data. After filtering the data in the
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respective frequency band, one first obtains a phase trace
0i(t) from each EEG trace Fi(t) by applying its Hilbert
transform H[Fi(t)]

H[F;(D) (1]

0;(r) = arctan o

Next, quantifies the mean synchrony R in each ECoG or
EEG segment by

1 L
R=¢r) = 7 ) 0.
t=1

where L is the length of the data segment in samples and r(t)
is the Kuramoto order parameter

1) = i9(1)

z| -
=
3]

which is used as a time-dependent measure of phase syn-
chrony. Here, N is the number of ECoG or EEG channels in
the data segment. The length of the segment in samples L is
the product of the time segment considered and the sampling
frequency.

[0041] It is noted that other means to derive phases or
phase-synchronization are included in the patent claim. This
includes wavelet-based synchronization measures, wavelet
transform based measures.

[0042] It is noted that other measures of synchronization
are also included in this patent. This includes synchroniza-
tion measures such as mean phase coherence, phase coher-
ence values, cross correlation, mean cross correlation,
phase-locking based measures, phase-locking intervals,
pearson correlation, lag-correlation.

Variability of Synchronization H

[0043] As a measure for the variability of synchronization
on derives the entropy of 1(t) in each segment by

B
Hir() == pilogypi,
i=l

where one estimates a probability distribution of r(t) by
binning values into intervals. p, is then the probability that
r(t) falls into a range b,<r(t)<b,+1. Similar to [18, 11], results
are robust over a broad range for the number of bins B used.
We applied B=24 bins in the current analysis. In the realm
of this application, other bin numbers such as B=2, 3, 4, 5,
6, 7, 8, 9, 10 or any other number are also included.

[0044] In certain aspects, the present invention features
methods of continuously or discontinuously monitoring
mean synchronization and variability of synchronization in
a subject. In preferred embodiments, the method comprises
(a) determining a deviation in mean synchronization (R)
from a predetermined value at rest, wherein the pre-deter-
mined value of R is 0.5, and the variability of synchromza-
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tion H; and (b) repeating step (a) one or more times (e.g. 1,
2,3,4,5,6,7,8,9,10, 11, 12, 13, 14,15, 16, 17, 18, 19, 20,
25, 30, 35, 40, 45, 50 or more times) to continuously or
discontinuously monitor synchronization R and its variabil-
ity H in a subject.

[0045] EEG signals can be obtained by any method known
in the art, or subsequently developed by those skilled in the
art to detect these types of signals. Sensors include but are
not limited to electrodes or magnetic sensors. Preferably, the
EEG is continuously recorded at >10 sites.

[0046] The EEG recording is characterized by amplitude,
frequency and their change over time. The frequency com-
ponent of the EEG can be utilized to infer the level of an
individual’s neural activity. The frequencies are broken
down into ranges which describe how alert and conscious a
person is at any given time. The delta frequency (1-4 Hz) is
associated with deep sleep. The theta frequency (4-5 Hz to
8-9 Hz) is associated with drowsiness, and delta activity is
also common. The alpha frequency (8-13 Hz) is associated
with relaxed wakefulness, where not much brain resources
are devoted to any one thing. The beta frequency (12-20 Hz,
or 30 Hz) and the gamma frequency (36-44 Hz) are asso-
ciated with alert attentiveness

[0047] In certain embodiments, the EEG is filtered
between 50-100 Hz.

[0048] If electrodes are used to pick up the brain wave
signals, these electrodes may be placed at one or several
locations on the subject(s)’ scalp or body. The electrode(s)
can be placed at various locations on the subject(s) scalp in
order to detect EEG or brain wave signals. Common loca-
tions for the electrodes include frontal (F), parietal (P),
anterior (A), central (C) and occipital (0). Preferably for the
present invention at least one electrode is placed in the
occipital position. In order to obtain a good EEG or brain
wave signal it is desirable to have low impedances for the
electrodes. Typical EEG electrodes connections may have an
impedance in the range of 5 to 10 K ohms. It is in general
desirable to reduce such impedance levels to below 2 K
ohms. Therefore a conductive paste or gel may be applied to
the electrode to create a connection with an impedance
below 2 K ohms. Alternatively, the subject(s) skin may be
mechanically abraded, the electrode may be amplified or a
dry electrode may be used. Dry physiological recording
electrodes of the type described in U.S. patent application
Ser. No. 09/949,055 are herein incorporated by reference.
Dry electrodes provide the advantage that there is no gel to
dry out, no skin to abrade or clean, and that the electrode can
be applied in hairy areas such as the scalp. Additionally if
electrodes are used as the sensor(s), preferably at least two
electrodes are used--one signal electrode and one reference
electrode; and if further EEG or brain wave signal channels
are desired the number of electrodes required will depend on
whether separate reference electrodes or a single reference
electrode is used. For the various embodiments of the
present invention, preferably an electrode is used and the
placement of at least one of the electrodes is at or near the
occipital lobe of the subject’s scalp.

[0049] In one embodiment, the method further comprises
(c) identifying the variability H of the measured synchroni-
zation R over time. In another embodiment, step (a) com-
prises (i) continuously recording the electroencephalogram
(EEG); (i1) filtering the EEG; (iii) calculating the instanta-
neous synchronization as a function of time across different
channels in this frequency band; (iv) calculating the mean
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synchronization R as the average of the instantaneous syn-
chronization over time; (v) calculating the variability of
synchronization H.

[0050] In another embodiment, the method features meth-
ods to compare measurements and values of synchronization
R and variability of synchronization H over multiple record-
ing sessions that can be several hours, several day, several
weeks or years apart from each other. The method provides
arecord of these R and H values at all times when EEG was
recorded and allows to display a history of all values in the
past.

[0051] In another embodiment, the EEG is continuously
recorded at more than one site, for example 2, 3, 4, 5, 6, 7,
8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25 or more sites. In a related embodiment, the EEG is
continuously recorded at more than 10 sites.

[0052] In a further embodiment, the EEG is filtered
between 50-100 Hz.

[0053] In a further embodiment, the EEG is filtered
between 1-50 Hz, or 1-100 Hz, or 1-4 Hz, or 4-8 Hz, or 8-12
Hz, or 12-25 Hz, or 25-50 Hz, or 100-200 Hz, or 200-400
Hz, or any other frequency band.

[0054] In one embodiment, it can be tested if and what
antiepileptic drugs work and to what quantitative extent the
work in an individual patient. The synchronization value R
related to the brain’s excitability will provide a directly
accessible biomarker.

[0055] In another embodiment, the invention features the
method to determine whether antiepileptic drugs have been
taken in a regular, prescribed manner reflected by the
expected levels of excitability quantified by synchronization
R.

[0056] In yet another embodiment, the invention is used to
identify patients that do not respond to a certain antiepileptic
drug or, possibly, any antiepileptic drugs due to the failure
to induce a decrease in excitability, i.e. synchronization R.
[0057] In another embodiment, the invention is used by a
medical doctor/assistant/nurse to evaluate the effectiveness
of medical treatment with antiepileptic drugs and to provide
a record of disease progress and AED function of time and
over multiple recording sessions. The synchronization R
provides feedback as to the patient’s excitability level over
long times and multiple recording sessions.

[0058] In another embodiment, the variability of synchro-
nization H is used as a biomarker for the cognitive deficits
either induced by AED or other drugs, or related to psychi-
atric diseases.

[0059] In another aspect, the invention features a method
of determining the degree of sleep deprivation in a subject
comptising (a) determining the increase in synchronization
(R) from a predetermined value at rest, wherein the pre-
determined value of R is the synchronization R and the
predetermined value is 0.5; and (b) repeating step (a) one or
more times, wherein a change in R from the pre-determined
value indicates the degree of sleep deprivation in a subject.
[0060] In yet another aspect, the invention features a
method of identifying subjects that are susceptible to a sleep
disorder comprising (a) determining a deviation in synchro-
nization (R) from a predetermined value at rest, wherein the
pre-determined value of R is the synchronization R and the
predetermined value is 0.5; and (b) repeating step (a) one or
more times, wherein a change in R from the pre-determined
value indicates that the subject is susceptible to a sleep
disorder.
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[0061] In one embodiment, the subject is suffering from a
sleep disorder.
[0062] In another embodiment of the above aspects, the

method further comprises gathering data from other physi-
ological sensors.

[0063] In a further embodiment of the above aspects, the
method is operational with hardware or software or a
combination thereof.

[0064] Preferably, the subject(s) are mammal, and more
preferably human. The methods described herein can be
used in subjects that experience prolonged periods of wake-
fulness (e.g. the subject has not slept for 24, 36, 48, 72 or
more hours), for example, but not limited to, subjects on
duty and in patients with sleep disorders. Typical applica-
tions may be related to many civil and military professions.
Other subjects may be those post-exercise, wherein the
methods described herein are used to identify individuals
resilient to sleep deprivation or at risk.

[0065] The subjects of the present invention may be
suffering from a sleep disorder. A sleep disorder is meant to
refer to any abnormal sleeping pattern. Examples of sleep
disorders include, but are not limited to, dyssomnia, insom-
nia, sleep apnea, narcolepsy, and circadian rhythmic disor-
ders.

[0066] In any of the methods described herein, the method
may comprise a further step of gathering data from other
physiological sensors of brain activity. For example mag-
netoencephalography (MEG), functional MRI (fMRI) using
the BOLD signal or other related measures, optical imaging
using fluorescent dyes that track neuronal activity such as
intracellular calcium sensors, implanted microelectrode
arrays to record the local field potential (LFP) or electro-
corticogram (ECoG). In other embodiments, the method
may comprise a step of gathering data related to typical signs
of sleepiness, such as increased eye blink and/or yawning
frequency.

On-Line Evaluation

[0067] The methods of the present invention can be opera-
tional with numerous other general purpose or special pur-
pose computing system environments or configurations.
Examples of well known computing systems, environments,
and/or configurations that can be suitable for use with the
systems and methods comprise, but are not limited to,
personal computers, server computers, laptop devices, and
multiprocessor systems. Additional examples comprise set
top boxes, programmable consumer electronics, smart
phones, network PCs, minicomputers, mainframe comput-
ers, distributed computing environments that comprise any
of the above systems or devices, and the like.

[0068] The methods of the present invention can be
described in the general context of computer instructions,
such as program modules, being executed by a computer.
Generally, program modules comprise routines, programs,
objects, components, data structures, etc. that perform par-
ticular tasks or implement particular abstract data types. The
systems and methods of the present invention can also be
practiced in distributed computing environments where
tasks are performed by remote processing devices that are
linked through a communications network. In a distributed
computing environment, program modules can be located in
both local and remote computer storage media including
memory storage devices.
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[0069] The methods of the present invention can be opera-
tional with hardware or software to allow continuous moni-
toring of subjects, for example subjects under extended
wake periods, or discontinuous monitoring, for example
patients that visit their doctor every couple of days, weeks,
months, or years. The proposed metrics will be implemented
in software (IEMS=intrinsic excitability measures software)
or hardware and will allow continuous or discontinuous
monitoring of subjects. One skilled in the art will appreciate
that the methods disclosed herein can be implemented via a
general-purpose computing device in the form of a com-
puter. The components of the computer can comptrise, but
are not limited to, one or more processors or processing
units, a system memory, and a system bus that couples
various system components including the processor to the
system memory. Further, the methods of the present inven-
tion can be operational with numerous general purpose or
special purpose computing system environments or configu-
rations. Examples of well-known computing systems, envi-
ronments, and/or configurations that can be suitable for use
with the systems and methods comprise, but are not limited
to, personal computers, server computers, laptop devices,
smartphones, and multiprocessor systems. Additional
examples comprise set top boxes, programmable consumer
electronics, network PCs, minicomputers, mainframe com-
puters, distributed computing environments that comprise
any of the above systems or devices, and the like.

[0070] The methods of the present invention can be
described in the general context of computer instructions,
such as program modules, being executed by a computer.
Generally, program modules comprise routines, programs,
objects, components, data structures, etc. that perform par-
ticular tasks or implement particular abstract data types. The
systems and methods of the present invention can also be
practiced in distributed computing environments where
tasks are performed by remote processing devices that are
linked through a communications network. In a distributed
computing environment, program modules can be located in
both local and remote computer storage media including
memory storage devices.

[0071] One skilled in the art will appreciate that the
systems and methods disclosed herein can be implemented
via a general-purpose computing device in the form of a
computer. The components of the computer can comprise,
but are not limited to, one or more processors or processing
units, a system memory, and a system bus that couples
various system components including the processor to the
system memory.

[0072] The system bus represents one or more of several
possible types of bus structures, including a memory bus or
memory controller, a peripheral bus, an accelerated graphics
port, and a processor or local bus using any of a variety of
bus architectures. By way of example, such architectures can
comprise an Industry Standard Architecture (USA) bus, a
Micro Channel Architecture (MCA) bus, an Enhanced ISA
(EISA) bus, a Video Electronics Standards Association
(VESA) local bus, an Accelerated Graphics Port (AGP) bus,
and a Peripheral Component Interconnects (PCI) bus also
known as a Mezzanine bus. The bus, and all buses specified
in this description can also be implemented over a wired or
wireless network connection and each of the subsystems,
including the processor, a mass storage device, an operating
system, IEMS software, neuronal data, a network adapter,
system memory, an Input/Output Interface, a display
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adapter, a display device, and a human machine interface,
can be contained within one or more remote computing
devices at physically separate locations, connected through
buses of this form, in effect implementing a fully distributed
system.

[0073] The computer typically comprises a variety of
computer readable media. Exemplary readable media can be
any available media that is accessible by the computer and
comprises, for example and not meant to be limiting, both
volatile and non-volatile media, removable and non-remov-
able media. The system memory comprises computer read-
able media in the form of volatile memory, such as random
access memory (RAM), and/or non-volatile memory, such
as read only memory (ROM). The system memory typically
contains data such as neuronal data and/or program modules
such as operating system and IEMS software that are
immediately accessible to and/or are presently operated on
by the processing unit.

[0074] The computer can also comprise other removable/
non-removable, volatile/non-volatile computer storage
media. For example, and not meant to be limiting, a mass
storage device can be a hard disk, a removable magnetic
disk, a removable optical disk, magnetic cassettes or other
magnetic storage devices, flash memory cards, CD-ROM,
digital versatile disks (DVD) or other optical storage, ran-
dom access memories (RAM), read only memories (ROM),
electrically erasable programmable read-only memory (EE-
PROM), and the like.

[0075] Optionally, any number of program modules can be
stored on the mass storage device, including by way of
example, an operating system and IEMS software. Each of
the operating system and IEMS software (or some combi-
nation thereof) can comprise elements of the programming
and the IEMS software. Neuronal data can also be stored on
the mass storage device. Neuronal data can be stored in any
of one or more databases known in the art. Examples of such
databases comprise, DB2, MICROSOFT Access, MICRO-
SOFT SQL Server, ORACLE, mySQL, PostgreSQL, and the
like. The databases can be centralized or distributed across
multiple systems.

[0076] The user can enter commands and information into
the computer via an input device (not shown). Examples of
such input devices comprise, but are not limited to, a
keyboard, pointing device (e.g., a “mouse”), a microphone,
a joystick, a scanner, and the like. These and other input
devices can be connected to the processing unit via a human
machine interface that is coupled to the system bus, but can
be, connected by other interface and bus structures, such as
a parallel port, game port, an IEEE 1394. Port (also known
as a Firewire port), a serial port, or a universal serial bus
(USB).

[0077] A display device can also be connected to the
system bus via an interface, such as a display adapter. It is
contemplated that the computer can have more than one
display adapter and the computer can have more than one
display device. For example, a display device can be a
monitor, an LCD (Liquid Crystal Display), or a projector. In
addition to the display device, other output peripheral
devices can comprise components such as speakers (not
shown) and a printer (not shown) which can be connected to
the computer via Input/Output Interface.

[0078] A neuronal activity detector can communicate with
the computer via Input/Output Interface or across a local or
remote network. In one aspect, users utilize a neuronal
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activity detector that is capable of collecting neuronal data.
It will be appreciated that the neuronal activity detector can
be any type of neuronal activity detector, for example and
not meant to be limiting, a microelectrode array (to record
LFPs and single/multi-unit activity), a surface electrode
system (to record the EEG or ECoG), a charge-coupled
device camera (CCD) or photodiode array (to record activ-
ity-dependent fluorescence changes). a magnetometer type
SQUID (superconducting quantum interference device) sen-
sor (to record the MEG), a functional magnetic resonance
imaging (fMRI) device to measure the activity related blood
oxygen-level dependent signal (BOLD), and the like. In
another aspect, the neuronal activity detector can be an
independent stand alone device, or can be integrated into
another device. Optionally, the communication with com-
puter via Input/Output Interface can be via a wired or
wireless connection.

[0079] The computer can operate in, a networked envi-
ronment using logical connections to one or more remote
computing devices. By way of example, a remote computing
device can be a personal computer, portable computer, a
server, a router, a network computer, a peer device or other
common network node, and so on. Logical connections
between the computer and a remote computing device can
be made via a local area network (LAN) and a general wide
area network (WAN). Such network connections can be
through a network adapter. A network adapter can be imple-
mented in both wired and wireless environments. Such
networking environments are conventional and common-
place in offices, enterprise-wide computer networks, intra-
nets, and the Internet.

[0080] Animplementation of IEMS software can be stored
on or transmitted across some form of computer readable
media. Computer readable media can be any available media
that can be accessed by a computer. By way of example and
not meant to be limiting, computer readable media can
comprise “computer storage media” and “communications
media.” “Computer storage media” comprise volatile and
non-volatile, removable and non-removable media imple-
mented in any method or technology for storage of infor-
mation such as computer readable instructions, data struc-
tures, program modules, or other data. Exemplary computer
storage media comprises, but is not limited to, RAM, ROM,
EEPROM, flash memory or other memory technology, CD-
ROM. digital versatile disks (DVD) or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or
other magnetic storage devices, or any other medium which
can be used to store the desired information and which can
be accessed by a computer.

[0081] The methods can employ Artificial Intelligence
techniques such as machine learning and iterative learning.
Examples of such techniques include, but are not limited to,
expert systems, case based reasoning, Bayesian networks,
behavior based Al, neural networks, fuzzy systems, evolu-
tionary computation (e.g. genetic algorithms), swarm intel-
ligence (e.g. ant algorithms), and hybrid intelligent systems
(e.g. Expert inference rules generated through a neural
network or production rules from statistical learning).
[0082] The processing of the disclosed systems and meth-
ods of the present invention can be performed by software
components. The disclosed systems and methods can be
described in the general context of computer-executable
instructions, such as program modules, being executed by
one or more computers or other devices. Generally, program
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modules comprise computer code, routines, programs,
objects, components, data structures, etc. that perform par-
ticular tasks or implement particular abstract data types. The
disclosed methods can also be practiced in grid-based and
distributed computing environments where tasks are per-
formed by remote processing devices that are linked through
a communications network. In a distributed computing
environment, program modules can be located in both local
and remote computer storage media including memory
storage devices.

[0083] The IEMS Software allows for the study of syn-
chronization measures and includes many analysis features.
IEMS Software allows for the calculation of mean synchro-
nization (R), the time course of synchronization (r(t)) and
the variability of synchronization (H). A multi-function
control window contains functions that extract the synchro-
nization parameters R and H. The history of values R and H
from past recordings can also be displayed. The reference
point R=0.5 will be marked. Additional features relate to the
identification and labeling of recording locations to supet-
ficial cortical layers in which synchronization is recorded.
IEMS Software allows for the storage of spatial information,
e.g. images, and miscellaneous data specific to an experi-
mental configuration. IEMS Software allows to be applied
only to certain EEG channels chosen by the user or all
channels.

[0084] IEMS Software can analyze the current synchro-
nization from different regions in the brain defined by
different sets of channels. IEMS Software allows the used to
set different filter bands for the calculation of R, H and r(t).
It can display results depending on the different filter setting.

[0085]

[0086] According to various embodiments, an EEG head-
set is provided to subjects for use at home, recreational, at
work, as well as in laboratory environments. In particular
embodiments, the EEG headset includes multiple dry elec-
trodes individually isolated and amplified. Data from indi-
vidual electrodes may be processed prior to continuous
transmission to a data analyzer. The continuously recorded
EEG can be evaluated online as described herein and in US
20090036791, incorporated by reference in its entirety
herein. For example, the methods described herein are used
by consumers to monitor excitability in real time, e.g., on a
smart phone.

[0087] Typical applications of the methods described
herein are related to many civil and military professions,
although not limited as such. A subject may wear the
portable neuro-response data collection mechanism during a
variety of activities in non-laboratory settings. This allows
collection of data from a variety of sources while a subject
is in a natural state. For example, dry EEG electrodes can be
easily integrated into helmets of pilots and soldiers to
monitor the EEG. The present inventors have demonstrated
that the avalanche metric is evident even when using a
relatively small set of sensors.

Apparatus

[0088] In certain aspects, EEGs are recorded by a wireless
BEEG headset.
[0089] In certain aspects, the invention features an inte-

grated program that includes the methods described herein
performed with an EEG headset, for example a wireless
headset. The methods can be performed in the comfort of the
subject’s home or workplace. The data are reviewed by a
specialist after upload and can be used for diagnosis or
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intervention, and can be made through an integrated web-
portal. The portal allows for on-going clinician monitoring
of progress.

EXAMPLES

[0090] It should be appreciated that the invention should
not be construed to be limited to the example that is now
described; rather, the invention should be construed to
include any and all applications provided herein and all
equivalent variations within the skill of the ordinary artisan.

Measuring Brain Excitability in Epilepsy Patients

[0091] To evaluate the correlation between synchroniza-
tion R measured from ongoing activity and more direct,
current state-of-the-art measures of brain excitability we
probed cortical excitability in human electrocorticogram in
the most direct way by electrical stimulation. Previous work
has shown that the amplitude of evoked cortical potentials
by short pulses of electrical stimulation is a direct measure
of cortical excitability: while small amplitudes indicate a
comparably small excitability, large responses suggest excit-
ability to be high [3, 2, 22]. We designed a stimulation
protocol which allowed us to measure electrical stimulation
evoked responses as a direct marker of excitability, as well
as phase synchronization of ongoing activity as a potential
intrinsic excitability measure over long periods of time
within individual patients. FIG. 1a shows a typical evoked
response in one channel. The amplitude A of evoked poten-
tials, measured from highest peak to lowest trough, exhib-
ited considerable variation (FIG. 14) indicating varying
levels of excitability over the course of hours. Unperturbed
time segments before each stimulus (FIG. 1a, grey bar) were
used to calculate phase synchronization in different fre-
quency bands. We observed that mean synchro-nization
levels R followed a very similar time course (FIG. 15) which
was reflected in high correlation values between amplitude
A and synchronization R (FIG. 1¢). This significant corre-
lation was observed across a broad range of frequencies
from 50 to 400 Hz and in n=2 patients under investigation
(FIG. 1d). Throughout the manuscript, we will focus on [EM
in this frequency range, i.e. the bands 50-100 Hz, 100-200
Hz and 200-400 Hz. These results indicate that mean levels
of phase synchronization are directly related to cortical
ex-citability in humans and consequently suggest them as
valid indicators of excitability based on ongoing cortical
activity.

[0092] Next, we analyzed invasive EEG from ten patients
undergoing presurgical monitoring during which antiepilep-
tic medication had been varied. No stimulation was per-
formed in these patients. The type of antiepileptic drugs used
during this time, their dosages, and the time course by which
they were tapered off were solely determined by clinical
considerations and varied between patients. We were inter-
ested whether synchronization measures would, analogously
to in vitro analyses under pharmacological manipulation,
exhibit an AED-dependent trajectory which would be con-
sistent with the hypothesis of a change in E/I balance. We
thereby focused particularly on mean levels of synchroni-
zation R in the frequency range of 50-100 Hz since stimu-
lation analysis had revealed very good correlations with
evoked responses in this frequency band and because this
frequency range could also be resolved in datasets recorded
with lower sampling rates. In the following we will therefore
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use R50-100Hz as the primary intrinsic excitability measure
although results were generally robust over a broader range
of frequencies (FIG. 3). Mean synchronization R exhibited
considerable variability during the multi-day recordings in
each patient. FIG. 2a shows time courses for four represen-
tative patients. Typically, R was low during days with high
AED load and increased when AEDs were reduced. The
time course of R thereby closely followed an inverse relation
with antiepileptic drug load. Since especially the highest R
values showed a strong dependence on AED, we averaged
over each day’s highest 12 hours to determine a daily mean
(FIG. 2a, solid bars). To quantify the visually observed
dependence of R on AED dosage (FIG. 2a), we compared R
values from one day of highest AED load (high AED) to the
day with the lowest dose of AED (low AED) in each patient.
The day with high AED load was usually the first full day of
recording. When there was more than one day with the same
amount of low or none AED, we chose the one furthest away
from the high AED day. Statistical analysis revealed a
significant in-crease in R from high to low levels of AED for
the majority of patients (FIG. 25, two-sided paired sample
t-test).

[0093] Previous in vitro studies had suggested that normal
cortical dynamics under a physiological E/I balance is,
besides moderate levels of the mean, characterized by a
maximum in variability of synchronization [18]. Here, we
quantified variability of synchronization by its entropy H
and observed that peak variability was typically found at
moderate mean levels (FIG. 3qa, grey circles). For R values
much smaller or larger than R=0.5 variability dropped to
smaller values for all fre-quency bands investigated. To gain
better insight into the function of AEDs on network dynam-
ics, we separated days on which no AED had been given
from days where AED had been applied. Notably, we found
that cortical network activ-ity without AED typically settled
at these moderate R levels where R=0.5 and variability
peaks (FIG. 3a, black bars in histogram). Conversely, during
times when AED had been ad-ministered, we observed that
markedly more time was spent at lower R values with
decreased variability as is evident by the left-shift visible in
the histogram (FIG. 3a, blue bars in his-togram). Compari-
son between “no AED” and “AED” hours revealed a sig-
nificant decrease from R=0.5 to lower values across a broad
range of frequencies along with a drop in vari-ability H
(FIG. 3b, two-sided independent sample t-test). FIG. 3¢
schematically summarizes the qualitative behavior of in-
trinsic excitability measures R and H as a function of the
ratio of excitation and inhibition (E/I) or, more generally,
network excitability as observed in our data in human
invasive EEG recordings as well as in cortical cultures in
vitro and in rodents in vivo [19, 20, 23, 18]. As excitability
is pharmacologically increased from disfascilitated to dis-
inhibited dynamics, R increases while H peaks at a normal,
physiological E/I ratio. In our data we observed an increase
of R and H when antiepilep-tic drug load was reduced. This
is in line with observations in cortex cultures and provides
strong indication for an increase in excitability in cortical
networks when AEDs are tapered off. These analogies
suggest that excitability is effectively reduced by AED (FIG.
3¢, blue arrow) and contributes to the strong correlation with
stimulation evoked responses reported above which pro-
vides further support for R as a reliable measure of cortical
excitability.
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Materials and Methods

[0094] The experiments described herein were carried out
with, but are not limited to, the following materials and
methods.

[0095] The stimulation dataset (1) was used to directly
measure cortical excitability based on activity responses
following electrical stimulation and investigate its relation to
intrinsic excitability measures. The long duration over
which electrical stimulation was applied in these recordings
allowed to correlate the response to stimulation, which is
often taken as a direct measurement of cortical excitability,
to the synchronization measures derived from ongoing activ-
ity. Data were collected from two patients suffer-ing from
focal epilepsies undergoing evaluation for the surgical resec-
tion of epileptic foci at St. Vincent’s Hospital in Melbourne,
Australia. Ethics approval was obtained from St. Vincent’s
Human Research Ethics Committee. Intracranial electrodes
(N=24 electrodes, patient 1) as well as subdural grid and
strip electrodes (N=93 electrodes, patient 2) were used. Data
were sampled at 5000 Hz. The stimulation protocol has been
described previously [28] and was followed here closely.
The stimulation protocol consisted of blocks of stimulations
with biphasic electrical pulses of 3 mA amplitude and 0.5 ms
pulse width which were delivered to two electrodes in each
patient with a stimulation frequency of 0.3 Hz (every 15050
sampling points) and referenced against a third electrode.
Fach stimulation block consisted of 100 stimulations and
was re-peated every 10 minutes over at least 24 hours in
each patient over which data was continuously recorded for
offline analysis. For further offline analysis, the two stimu-
lation electrodes, the reference electrode as well as other
electrodes showing signs of large stimulation artifacts or
epileptic discharges were excluded. Stimulation-evoked
potentials in each channel were derived by averaging the
responses in each stimulation block (100 stimulations) time-
locked to the onset of stimulation and applying a band pass
filter (third order butterworth filter; 0.01-100 Hz in patient 1,
1-100 Hz in patient 2 due to sometimes appearing slow
current transients) in the reverse time direction so that
potential stimulation artifacts or ringing would end up
before the stimulation. In each patient, two channels show-
ing strong stimulation evoked responses were chosen and
their mean amplitude A, defined as the distance from peak
to trough in each channel (FIG. 1a), was taken as a measure
of excitability [3]. Mean synchronization, R, was calculated
across channels from 950 ms long segments preceding and
leaving a 25 ms distance to the stimulation onset (=975 to
-25 ms from stimulation onset). These segments were first
filtered in the frequency band of choice using a phase
neu-tral filter by applying a second order butterworth filter
in both directions. A notch filter to eliminate line noise was
applied subsequently. In patient 2, some stimulation blocks
had to be removed from the analysis due to high frequency
noise levels (approx. 1000-2000 Hz) occurring predomi-
nantly at the beginning of the stimulation protocol. Antiepi-
leptic drugs were kept constant during the stimulation
period.

[0096] The second electrocorticogram dataset (2) con-
sisted of multi-day recordings from 10 patients undergoing
presurgical monitoring at the Epilepsy Center of the Uni-
versity Hospital of Freiburg, Germany [40]. No stimulation
was performed in these patients. All patients suffered from
focal epilepsies. The number of electrodes varied between
patients (from N=30 to N=114), included both surface and
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intracranial electrodes and their placement was solely deter-
mined by clinical considerations. The invasive EEG data
were sampled at either 256 (n=4 patients), 512 (n=1 patient)
or 1024 Hz (n=5 patients). To capture dynamic changes in
our markers, EEG data were analyzed in segments of 10
minutes duration. To prevent aliasing and to eliminate
possible line noise and low frequency components, the EEG
data were preprocessed by a 50 Hz notch filter and a
phase-neutral band pass filter in the frequency band of
choice (phase neutral filter by applying a second order
butterworth filter in both directions). A small number of 10
min segments were excluded from the analysis due to
artifacts presenting as high noise levels in the approx. 25-30
Hz frequency range across electrodes.

[0097] We derived estimates of mean and variability of
phase synchronization for band-pass filtered data in all three
datasets. After filter-ing the data in the respective frequency
band, we first obtained a phase trace 0i(t) from each ECoG
or EEG trace Fi(t) by applying its Hilbert transform H[Fi(t)]

HIF(@)] (]
F

0;(r) = arctan

Next, we quantified the mean synchrony R in each ECoG or
EEG segment by

1 L
R=(r) =7 ) o),
t=1

where L is the length of the data segment in samples and r(t)
is the Kuramoto order parameter

which was used as a time-dependent measure of phase
synchrony. Here, N is the number of ECoG or EEG channels
in the data segment (see above). The length of the segment
in samples L is the product of the time segment considered
and the sampling frequency. As such it ranged from 4750
samples for the 950 ms segments used in dataset 1 to the 10
minute intervals multiplied by the respective sampling fre-
quencies in dataset 2. When checking results for different
interval lengths in dataset 2, we observed results to be robust
for different interval lengths.

[0098] As a measure for the variability of synchronization
we derived the entropy of r(t) in each segment by

B
HO@) = =) pilog,pi.
i=1

where we estimated a probability distribution of r(t) by
binning values into in-tervals. p, is then the probability that
r(t) falls into a range b,<r(t)<b,+1. Similar to [18, 11], we
found results to be robust over a broad range for the number
of bins B used. We applied B=24 bins in the current analysis.
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Other Embodiments

[0099] While the invention has been described in conjunc-
tion with the detailed description thereof, the foregoing
description is intended to illustrate and not limit the scope of
the invention, which is defined by the scope of the appended
claims. Other aspects, advantages, and modifications are
within the scope of the following claims.

[0100] The patent and scientific literature referred to
herein establishes the knowledge that is available to those
with skill in the art. All United States patents and published
or unpublished United States patent applications cited herein
are incorporated by reference. All published foreign patents
and patent applications cited herein are hereby incorporated
by reference. Genbank and NCBI submissions indicated by
accession number cited herein are hereby incorporated by
reference. All other published references, documents, manu-
scripts and scientific literature cited herein are hereby incor-
porated by reference.

[0101] While this invention has been particularly shown
and described with references to preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the scope of the invention encom-
passed by the appended claims.
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What is claimed is:

1. A method of continuously monitoring synchronization

R in a subject comprising:

(a) determining a deviation in mean synchronization (R)
from a predetermined value at rest, wherein the pre-
determined value of R is 0.5, and the variability of
synchronization H; and

(b) repeating step (a) one or more times to continuously
monitor synchronization R and its variability H in a
subject.

2. The method of claim 1, wherein step (a) comprises:

(i) continuously recording the -electroencephalogram
(EEG):;

(i1) filtering the EEG;

(i11) calculating the instantaneous synchronization as a
function of time across different channels in this fre-
quency band;

(iv) calculating the mean synchronization R as the aver-
age of the instantaneous synchronization over time;

(v) calculating the variability of synchronization H;
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3. The method of claim 2, wherein the EEG is continu-
ously recorded at more than one site,

4. The method of claim 2, wherein the EEG is filtered
between 50-100 Hz.

5. The method of claim 2, wherein EEG is recorded
during multiple different recording sessions that can be
several hours, several days, several weeks or years apart
from each other. The method provides a record of these R
and H values at all times when EEG was recorded and
allows to display a history of all values in the past.

6. A method of determining the degree of brain excitabil-

ity in a subject comprising:

(a) determining a deviation in mean synchronization (R)
from a predetermined value at rest, wherein the pre-
determined value of R is 0.5; and (b) repeating step (a)
one or more times to continuously monitor synchroni-
zation R in a subject, wherein a change in R from the
predetermined value indicates the degree of brain excit-
ability in a subject.

7. A method of determining the degree of cognitive

impairment in a subject comprising:

(a) determining a change in variability of synchronization
H from a predetermined value at rest; and (b) repeating
step (a) one or more times to continuously monitor
variability of synchronization H in a subject, wherein a
change in H from the pre-determined value indicates
the degree of cognitive impairment in a subject.

8. A method of identifying subjects that are sleep deprived
comprising:

(a) determining a deviation in mean synchronization (R)
from a predetermined value at rest, wherein the pre-
determined value of R is 0.5; and (b) repeating step (a)
one or more times to continuously monitor synchroni-
zation R in a subject, wherein a change in R from the
predetermined value indicates the degree of sleep
deprivation in a subject.

9. The method of claim 1, wherein the subject is suffering

from epilepsy.

10. The method of claim 1, wherein it is used as a
biomarker for excitability.

11. The method of claim 1, wherein the effectiveness,
function and therapeutic effect of one or more antiepileptic
drugs is monitored.

12. The method of any one of claims 7-9, further com-
prising gathering data from other physiological sensors.

13. The method of any one of claim 1, or 7-9, wherein the
method is operational with hardware or software or a
combination thereof.
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