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AUTOMATED DETECTION OF SPREADING
DEPOLARIZATIONS

PRIORITY CLAIM

[0001] The present application claims priority under 35
U.S.C. § 119(e) to U.S. Provisional Application Ser. No.
61/141,449 filed Apr. 1, 2015 the entire disclosure of which
is incorporated herein by this reference.

GOVERNMENT INTEREST

[0002] This technology was developed in part with United
States government support pursuant to grant no. W81XWH-
08-2-0016 from the U.S. Department of Defense, U.S.
Army; the United States government may have certain rights
therein.

TECHNICAL FIELD

[0003] The invention is directed to automated signal-
processing methods to identify spreading depolarizations in
electroencephalographic (EEG) recordings.

BACKGROUND

[0004] Spreading depolarizations are pathophysiologic
waves that occur spontaneously in the brain following
neurologic insults such as brain trauma or stroke. They are
believed to cause further brain damage. See, for example, J.
A. Hartings et al. “Spreading depolarisations and outcome
after traumatic brain injury: a prospective observational
study,” The Lancet Neurology, vol. 10, no. 12, pp. 1058-
1064, 2011, the entire disclosure of which is incorporated
herein by this reference.

[0005] Detecting spreading depolarizations in patients is
useful to identify causes of neurologic symptoms, to guide
treatments, and to improve outcomes. In particular, it would
be useful to detect spreading depolarization activity in
real-time, since the window for initiating treatment to sub-
stantially prevent or ameliorate secondary damage due to a
spreading depolarization is small in the case of many
primary brain injuries. However, current practice requires
manual review (visual inspection) of EEG recordings by a
specially-trained expert to identify spreading depolariza-
tions. Such expertise is not possessed by neurologists,
neurosurgeons, or other clinical staff, and generally requires
training certification. Furthermore, the data review software
of clinical EEG systems lack the appropriate data display
routines to facilitate identification of spreading depolariza-
tions. This further limits the use of bedside depolarization
monitoring, since other software may be required for off-line
data analysis.

[0006] Methods for detecting spreading depolarizations by
inspection of intra-cramial EEG recordings have been
known, and more recently, the present investigators surpris-
ingly discovered that through specific manipulations of the
data, detecting spreading depolarizations by inspection of
non-invasive scalp EEG is also possible with high degrees of
sensitivity and specificity (see U.S. provisional application
No. 62/035,756, the entire disclosure of which is incorpo-
rated herein by this reference). Yet the development of a
clinically useful automated detection process that may be
utilized in a real time frame for all brain-injured patients has
been elusive due in part to the difficulty in developing an
algorithm able to deal effectively with false positives while
minimizing false negatives. Further, due in part to the
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subjective nature of data/waveform analysis, an automated
algorithm must include an ability by the user to interact with
the output, to tailor output parameters, and to update and
query the system.

[0007] Currently patients and clinical care-givers must
rely on the presence and availability of a specially trained
EEG expert. Where multiple brain-injured patients are
involved, the personnel and time deficiencies of the current
standard can be seriously compromising to effective treat-
ment of brain-injured patients. Clearly, automated methods
and systems effective for detecting spreading depolariza-
tions in real time at the point-of-care of a brain-injured
patient remain a critical need in the art.

SUMMARY

[0008] Accordingly, the present disclosure provides sys-
tems and methods for identifying/detecting spreading depo-
larizations in EEG recordings through an automated com-
putational algorithm that may be applied at the bedside in
real-time for patient care. In some embodiments the EEG
waveform recording database consists of intracranial EEG
recordings from brain-injured patients, and in other embodi-
ments the EEG waveform database consists of scalp EEG
recordings from brain-injured patients. Demonstration of
functional implementation and utility are performed with a
corresponding EEG recording.

[0009] General embodiments of an automated computa-
tional algorithm/procedure effective to identify depolariza-
tion events in a brain-injured patient comprise: 1) detecting
slow potential changes (SPCs) using a power spectral den-
sity estimate, for example an autoregressive estimate; 2)
matching detected SPC to a database of spreading depolar-
ization EEG waveforms (i.e., template matching) derived
from EEG waveforms of confirmed spreading depolariza-
tion (SD) waveforms; 3) rejecting false positives based on
analysis of signal power and amplitude; and 4) testing for
depression of high-frequency power during the suspected
SD.

[0010] One embodiment provides an automated algorithm
for real-time detection of spreading depolarizations in a
brain injured patient. According to some embodiments, the
methods comprise: (a) providing a reference data base of
spreading depolarization (SD) waveform templates gener-
ated from EEG recordings of confirmed spreading depolar-
izations in a reference brain-injured patient cohort; (b)
recording an EEG of the brain injured patient to generate
recorded EEG waveforms; (c) detecting a slow potential
change (SPC) present in a recorded EEG waveform by
applying a power spectral density estimate to the recorded
waveform; (d) comparing a detected SPC to a reference
database of SD waveform template to identify a candidate
SD; and (e) rejecting a candidate SD as a false positive based
on overall signal power and amplitude analysis and identi-
fying a non-rejected candidate SD as a detected SD; wherein
steps (a) through (e) are implemented on a computer.
[0011] Another embodiment provides automated systems
for detection of a spreading depolarization in a brain-injured
patient. In some embodiments the systems comprise: a) an
EEG device comprising at least 8 electrodes, a recording
device, and a display device; b) a control computer com-
prising i) a database of reference EEG waveform templates
indicative of a spreading depolarization; ii) EEG software
coding for capturing and, optionally, storing one or more
waveforms recorded from the EEG device over a detection
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period; iii) EEG waveform analysis software coding for
comparing captured waveforms to the database of reference
EEG waveform templates, and analyzing whether a spread-
ing depolarization is present in the captured waveform; and
iv) utility software coding for user interactive functionality;
and c) an interactive user interface; wherein system com-
ponents a, b and ¢ are operationally linked.

[0012] Other embodiments provide automated methods
for treating a brain-injured patient, the methods comprising:
utilizing an embodiment of the automated system according
to record and assess an EEG of the brain injured patient in
order to detect a spreading depolarization that may be
present; and initiating a treatment of the patient effective to
decrease one or both of frequency and duration of a spread-
ing depolarization upon detection of a spreading depolar-
ization.

[0013] Automated clinical methods for rapid triage of
brain-injured patients by detecting spreading depolarizations
are also contemplated by effectuating an embodiment of the
automated algorithm and assigning a greater urgency to
patients exhibiting a detected SD over patients not exhibit-
ing a detected SD, and a greater urgency to patients exhib-
iting a propagating SD over patients not exhibiting a propa-
gating SD.

[0014] These and other embodiments will be elaborated
and clarified by reference to the following figures and
detailed description, including examples. Figures and
examples are set forth to illustrate particular aspects and
embodiments, and should not be construed as limiting the
full scope of the claims appended hereto.

BRIEF DESCRIPTION OF THE FIGURES

[0015] FIG. 1. Graphical representation of a spreading
depolarization EEG waveform

[0016] FIG. 2. A) Illustration of determination of power
density spectral peak location; B) Illustration of an SD
waveform template correlation; C) Illustration of how to
calculate amplitude of an SD waveform; D) illustration of an
SD high frequency power depression.

[0017] FIG. 3. Flow chart of the automated SD identifi-
cation algorithm.

[0018] FIG. 4. Spreading polarization analysis tool; soft-
ware reads detected waveform segments from the binary
data file, and displays a list of all SD events. Illustrates one
embodiment of how data for all EEG channels are displayed,
as well as a zoomed view of the detected waveform and/or
high-frequency data.

[0019] FIG. 5. SD waveform database tool. Illustration of
how utility program allows the user to view and edit existing
waveforms in the database

DETAILED DESCRIPTION

[0020] Particular details of various embodiments of the
invention are set forth to illustrate certain aspects and not to
limit the scope of the invention. It will be apparent to one of
ordinary skill in the art that modifications and variations are
possible without departing from the scope of the embodi-
ments defined in the appended claims. More specifically,
although some aspects of embodiments of the present inven-
tion may be identified herein as preferred or particularly
advantageous, it is contemplated that the embodiments of
the present invention are not necessarily limited to these
preferred aspects.
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[0021] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
presently-disclosed subject matter belongs.

[0022] A general embodiment of an algorithm developed
for automation includes several analysis steps including: 1)
detecting slow potential changes (SPCs) using a power
spectral density estimate, for example an autoregressive
estimate; 2) matching detected slow potential changes to a
waveform database consisting of spreading depolarization
waveforms; 3) rejecting SPC-like waveforms in the record-
ings that are not caused by spreading depolarizations based
on overall signal power and amplitude; and 4) testing for
depression of high-frequency power during the suspected
spreading depolarization.

[0023] One embodiment is directed to an automated algo-
rithm for real-time detection of spreading depolarizations in
a brain injured patient. By “real-time,” it is meant that input
data 1s processed within milliseconds to seconds and output
is generated virtually immediately as feedback. The algo-
rithm comprises: (a) providing a reference data base of
spreading depolarization (SD) waveform templates gener-
ated from EEG recordings of confirmed spreading depolar-
izations in a reference brain-injured patient cohort; (b)
recording an EEG of the brain injured patient to generate
recorded EEG waveforms; (c) detecting a slow potential
change (SPC) present in a recorded EEG waveform by
applying a power spectral density estimate to the recorded
waveform; (d) comparing a detected SPC to a reference
database of SD waveform template to identify a candidate
SD; and (e) rejecting a candidate SD as a false positive based
on overall signal power and amplitude analysis and identi-
fying a non-rejected candidate SD as a detected SD; wherein
steps (a) through (e) are implemented on a computer.
[0024] In the context of EEG recordings, investigators
have determined an SD is characterized by a depression in
high frequency power/amplitude at a channel when com-
pared to a baseline recording for a patient. In the case of the
automated algorithm, the recorded EEG wave form is com-
pared to a reference waveform template. In specific embodi-
ments, the algorithm further comprises (f) testing a detected
SD for depression of high-frequency power and identifying
a detected SD as an SD with depression if depression of
high-frequency power is observed. In very specific embodi-
ments (f) comprises: (i) calculating a mean high-frequency
power in a time frame prior to a template marker; (ii)
calculating a mean high-frequency power in a time frame
subsequent to the template marker; (iii) calculating a ratio of
(1) to (i1); and (iv) identifying a detected SD as a detected SD
with depression if the ratio is <0.66.

[0025] An important issue when using AR estimates is
selecting an appropriate model order: if the order is too
small, the model does not adequately represent the signal,
while too large of a model will result in over-fitting the
signal, producing a noisy estimate, and requiring more
computation time. As set forth in Example 3, an AR model
order of 20 was eventually selected and able to find the
relevant peaks in the SD frequency range. Signal artifacts
may be detected and rejected. For example, according to one
specific embodiment, the total signal power is between 10
uV? and 30 uV? across a 30 second window, and if the total
signal power is greater than 30 pV? then it is rejected as
signal artifact and no further analysis is performed within
the 30 second window.
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[0026] According to particular embodiments, a recorded
EEG waveform is identified as a detected SPC if, upon
application of the AR power spectral density estimate, the
recorded FEG waveform exhibits a peak between 0.004 Hz
and 0.009 Hz, within a period of 110-250 seconds, with a
peak power and a power ratio R1 >1.5 and a power ratio R2
>5, wherein R1 is a ratio of the peak power to power in a
neighboring lower frequency band and R2 is a ratio of the
peak power to power in a neighboring higher frequency
band, as illustrated in Example 3.

[0027] Once an SPC is detected, it may be compared to a
reference database of SD waveform templates to identify a
candidate SD. In specific embodiments, correlative analysis
is applied, for example, a coefficient of correlation between
a detected SPC and a reference waveform database template
is scored and determined to be a candidate SD if the
coefficient of correlation r*>0.95, as illustrated in Example
4. In some embodiments, if r* is <0.95, it may be marked as
an unlikely SD, but still saved for further potential analysis.
[0028] The power ratio analysis does not consider the
magnitude of the power spectral peaks, however, and the
template correlation analysis compares normalized wave-
forms. Thus, very large and very small SPCs that may look
like SDs result in false positives. Therefore, the peak-to-
peak values of the SD wave are measured to determine if the
amplitude is appropriate, as illustrated in Example 5. In
certain specific aspects a candidate SD is rejected as a false
positive if a calculated peak-to-peak value of the candidate
SD is measured as less than 500 pV or greater than 35 mV.
[0029] Propagation is a characteristic feature of a spread-
ing depolarization. Where a depolarization spreads, a wave-
form feature indicative of spreading depolarization, such as
the depression in high frequency amplitude, may be detected
with a time delay between two or more channels. In some
embodiments, where an SD is detected on a neighboring
electrode within a relevant time frame, then the detected SD
and the detected neighboring SD are classified as propagat-
ing from a same event. A relevant time frame may vary
according to the size or age of a brain-injured patient, or the
extent/type of the primary injury. In very specific embodi-
ments, if the detected neighboring SD occurs within eight
(8) minutes of the detected SD, the SD is classified as
propagating. Generally a detectably propagating depolariza-
tion is more likely to result in secondary injury than when
propagation is not detected; however the latter case may still
be a valid SD.

[0030] In some embodiments a detected SD is assigned a
confidence classification and one or more notification
thresholds may be set for notifying a clinician of a detected
SD. For example, a confidence classification may be set
higher or lower depending on whether the primary injury is
known to frequently be accompanied by secondary injury. In
other examples a series of thresholds may be set as a means
for triaging patients, or for making decisions about addi-
tional testing or interventions. Once an SD is detected, a
confidence notification may also be used to determine
whether the SD waveform will be added to the reference SD
waveform template database.

[0031] Although the exemplary data was generated using
intracranial EEG, the present investigators recently devel-
oped novel methods for detecting spreading depolarizations
using scalp EEG (U.S. provisional application No. 62/035,
756, the entire disclosure of which is incorporated herein by
this reference). The presently inventive subject matter may
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therefore be based on either intracranial EEG or scalp EEG,
depending on the needs of the patient and clinician.

[0032] Other embodiments are directed to automated sys-
tems for detection of a spreading depolarization in a brain-
injured patient comprising: a) an EEG device comprising at
least relevant number of electrodes, a recording device, and
a display device; b) a control computer comprising i) a
database of reference EEG waveform templates indicative of
a spreading depolarization; ii) EEG software coding for
capturing and, optionally, storing one or more waveforms
recorded from the EEG device over a detection period; iii)
EEG waveform analysis software coding for comparing
captured waveforms to the database of reference EEG
waveform templates, and analyzing whether a spreading
depolarization is present in the captured waveform; and iv)
utility software coding for user interactive functionality; and
¢) an interactive user interface; wherein system components
a, b and c are operationally linked. What constitutes a
relevant number of electrodes is determinable by the clini-
cian based on the age/size of the patient, the extent of the
primary injury, and location of the primary injury. Generally,
the number of electrodes is determined by the manufactures
and extraneous electrodes are not problematic. According to
very specific embodiments, the EEG device includes a
minimum of 7 electrodes, for example six electrodes and one
reference electrode, or it includes a minimum of 8 elec-
trodes.

[0033] Insome embodiments the interactive user interface
comprises a display screen and a user input device. Inter-
active functionality may include one or more of marking,
flagging, and classifying waveforms, and/or manually add-
ing/deleting waveforms to or from the waveform database,
and creating new waveform templates. An example of one
embodiment of a computer display in accordance with the
system is illustrated by FIG. 4, which sets forth SD analysis
software tools, and FIG. 5, which illustrates and SD wave-
form database tool (see Example 9).

[0034] Embodiments providing methods for treating
brain-injured patients are also contemplated. These methods
utilize embodiments of automated system to record and
assess an EEG of the brain injured patient in order to detect
a spreading depolarization according to embodiments of the
inventive algorithm. If one or more spreading depolariza-
tions are detected, treatment is initiated. Treatment may
include treatment of primary injury or treatment to prevent
or contain secondary injury. A suitable treatment may be
selected by the clinician based on the nature and cause of the
primary brain lesion or insult to the patient’s brain. Causes
of lesions known to be frequently accompanied by spreading
depolarizations include ischemic brain injury, hemorrhagic
brain injury, or traumatic brain injury. Further, a suitable
treatment may be directed or supplemented by direct treat-
ment of the brain to inhibit spreading depolarizations. Gen-
erally, spreading depolarizations are known to decrease
brain concentrations of inhibitory neurotransmitters such as
gamma-amino butyric acid and serotonin. This makes the
brain more vulnerable to seizure activity and other condi-
tions associated with CNS excitability. Non-limiting
examples of neuroprotective therapies which may reduce
spreading depolarizations include administering one or more
of an N-methyl-D-aspartate receptor antagonist, magne-
sium, a voltage-sensitive calcium channel antagonist, an
inhibitory neurotransmitter receptor agonist or re-uptake
inhibitor, an antioxidant, a free radical scavenger, caffeine
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with or without ethanol, estrogen, progesterone, ginsseno-
side, selegiline and nicotine; and/or instigating hypothermia.
Administration of agents effective to increase brain concen-
tration of inhibitory neurotransmitters, including serotonin
and gamma-amino butyric acid, may be particularly effec-
tive in protecting the brain against secondary injury due to
spreading depolarizations.

[0035] Treatment may be monitored for eflicacy by run-
ning a continuous EEG utilizing the system and detecting
any difference in the frequency, duration, or extent of
spreading depolarizations.

[0036] The automated system and methods disclosed
herein lend themselves conveniently to triage of brain-
injured patients. The ability to provide real-time, point-of-
care triage is particularly useful in military and disaster
situations or responses. Greater urgency may be assigned to
a patient based on detection of SD activity, or based on
particular features of SD activity, such as frequency, dura-
tion and propagation.

[0037] The automated system and methods disclosed
herein provide a sensitive and selective capability for detect-
ing spreading depolarizations. In very specific embodi-
ments, the detection according to the disclosed methods has
greater than 80% selective and greater than 90% sensitive
for detection of spreading depolarizations (see Example 10
and Table 1).

[0038] Software aspects of the inventive system may be
stored on a non-transitory computer-readable storage
medium bearing executable code for executing embodi-
ments of the algorithm and other system functionality as
described herein.

[0039] The following examples are set forth to illustrate
particular aspects and embodiments disclosed and claimed
herein, and to guide the practitioner to practice the invention
as defined by the claims. The examples should not be
construed as limiting of the full scope of the claims as
appended hereto.

EXAMPLES

Example 1. Data Collection

[0040] Intracranial EEG data were amplified and digitized
with a g.USBamp (g.tec, Graz, Austria), a 24-bit direct
current ADC. The data were digitized at 1200 Hz per
channel, and recorded on a PC or laptop computer using the
COSBID M3 software system (set forth in detail in J. A.
Wilson, et al. “COSBID-M3: A Platform for Multimodal
Monitoring, Data Collection, and Research in Neurocritical
Care,” Acta neurochirurgica. Supplement, vol. 115, pp.
67-74, January 2013, the entire dislosure of which is incor-
porated herein by this reference).

Example 2. Automated Detection Algorithm in
Computer-Executable Code

[0041] The EEG data were analyzed using custom soft-
ware written using a combination of C++, Python, and
Matlab. Generally the algorithm includes several analysis
steps including: 1) detecting slow potential changes (SPCs)
using a power spectral density estimate, for example an
autoregressive estimate; 2) matching detected slow potential
changes to a waveform database consisting of spreading
depolarization waveforms; 3) rejecting SPC-like waveforms
in the recordings that are not caused by spreading depolar-
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izations based on overall signal power and amplitude; and 4)
testing for depression of high-frequency power during the
suspected spreading depolarization.

[0042] Illustrative embodiment of embodiment of the
algorithm as computer-executable code:

Example 3. Detecting Slow Cortical Potential
Changes

[0043] Spreading depolarizations (SDs) are transient DC
deflections lasting a median of 120-180 seconds, and appear
as an EEG waveform as illustrated in FIG. 1. The power
spectral density was measured using the Burg autoregressive
(AR) estimate. Although other methods may be utilized, AR
methods are particularly effective at modeling biosignals
such as EEG, and in particular are well-suited for finding
frequency domain peaks (described in detail in D. J. Krus-
ienski, et al. “An Evaluation of Autoregressive Spectral
Estimation Model Order for Brain-Computer Interface
Applications,” in Conference proceedings: Annual Interna-
tional Conference of the IEEE Engineering in Medicine and
Biology Society IEEE Engineering in Medicine and Biology
Society Conference, 2006, vol. 1, pp. 1323-1326, D. I
McFarland et al. “Sensorimotor rhythm-based brain-com-
puter interface (BCI): model order selection for autoregres-
sive spectral analysis,” J Neural Eng, vol. 5, no. 2, pp.
155-162, 2008, and G. Florian et al. “Dynamic spectral
analysis of event-related EEG data,” Electroencephalogra-
phy and clinical reurophysiology, vol. 95, no. 5, pp. 393-
396, 1995. The entire disclosures of these references are
incorporated herein by this reference.

[0044] In order to determine an appropriate model order,
data were first down-sampled to 2 Hz, to eliminate high-
frequency signal components that might interfere with mod-
eling low-frequency changes. Then, several initial SD wave-
forms with 4 minute duration were manually selected from
different patient datasets based on varying waveform shape.
The means of the waveforms were removed and the power
spectral characteristics were determined using Matlab for
model orders ranging from 10-100.

[0045] It was found that SD waveforms had peaks
between 0.004-0.009 Hz, and these peaks were of greater
magnitude than other low-frequency components present in
the recordings (FIG. 2A). In all cases, an AR model order of
20 was able to find the peaks in this frequency range. This
result corresponds well with an outcome based on the
waveform duration; peaks between 0.004-0.009 Hz repre-
sent waveforms with a period of 110-250 seconds.

[0046] To identify SDs, power ratios were computed by
comparing power in the 0.004-0.009 Hz band to power in
neighboring lower (0.0-0.001 Hz) and higher (0.012-0.013
Hz) frequency bands. If these ratios, R1 and R2, exceeded
1.5 and 5.0, respectively, events were identified as candidate
SDs.

[0047] For each candidate SD, a 20 minute data segment
centered on the waveform from all 6 EEG channels were
saved in an binary data file for further analysis, e.g. SD
propagation (see, for example, M. Folk et al. “Hdf5: A file
format and i/o library for high performance computing
applications,” in Proceedings of Supercomputing, 1999, vol.
99, the entire disclosure of which is incorporated herein by
this reference).
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Example 4. Developing Waveform Templates

[0048] Following the initial analysis pass for three
patients, representative waveforms were selected from 3
patients to be entered into a waveform template database
using a custom graphical program, described in Example 9.
A total of 15 waveforms were initially marked. Once the SD
waveform templates were entered, the analysis was repeated
for all patients. On the second pass of the analysis, when an
SD waveform was detected, it was compared to the SD
database using a correlation measurement. If the correlation
exceeded 0.95, it was marked as a valid SD; otherwise, it
was marked as an unlikely SD, but still saved for further
potential analysis (e.g., to add it to the database as a valid SD
waveform).

Example 5. Amplitude Analysis

[0049] The power ratio analysis does not consider the
magnitude of the power spectral peaks, and the template
correlation analysis compares normalized waveforms. Thus,
very large and very small SPCs that may look like SDs may
result in false positives. Therefore, the peak-to-peak values
of the SD wave are measured to determine if the amplitude
is appropriate. A relatively large inclusion window [500
uV-35 mV] was used to allow for system noise, electrode
distance from the SD epicenter, and other unknown factors.
The SD templates contain time markers for the start, peak,
and end of each SD waveform, which were used to detet-
mine the amplitude changes; that is, the amplitude from the
start marker to the peak marker and from the peak marker to
the end marker were each used as separate amplitude mea-
surements (FIG. 2C).

Example 6. High Frequency Power Change

[0050] SDs are typically accompanied by depressions in
high-frequency activity (>0.5 Hz). Therefore, the mean
high-frequency (0.5-100 Hz) power was calculated in a 3
minute window before the first template marker, and in a
window after the first template marker. The ratio of the
post-marker power and pre-marker power was calculated. If
the ratio was <0.66, it was marked as an SD with depression;
otherwise, it was marked as an SD without depression. That
is, SPCs did not necessarily need to be accompanied by a
depression period to be considered an SD. If the total power
in a 30 s window exceeds 30 pV? it is marked as noise,
rejected as an artifact, and no further analysis is performed.

Example 7. Event Grouping and Propagation

[0051] Individual SD events can additionally be examined
to determine if the waves propagate, a ubiquitous property
of SD. Based on factors that may be unique to a patient,
including location and extent of a primary lesion and devel-
opment age of the patient (infant versus adult, e.g.), a time
for propagation determination is selected. According to a
specific embodiment, if an SD is detected on a neighboring
electrode within 8 minutes, then the two SD’s are classified
as belonging to the same event, and only the first SD time
is used for scoring and real-time notification.

Example 8. Classification Confidence

[0052] A classification confidence score is assigned to
each SD, based on how many analysis metrics were met. For
example, an SPC that had an appropriate frequency domain
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peak but did not match any templates, had a peak-to-peak
amplitude that was too small, did not have depression, and
did not propagate would have a very small confidence score.
However, an SPC that met all of these criteria would have
a high confidence score. In some embodiments, the score
can be used as a notification threshold, such that only events
with a particular classification confidence will trigger real-
time notification, or can be automatically scored without
further manual assessment.

Example 9. Spreading Depolarization Analysis
Software Tools

[0053] Following SD detection, the SD waveform seg-
ments were saved in a file for further analysis. SD candidate
waveforms were analyzed in a custom software package
which reads detected waveform segments from the binary
data file, and displays a list of all SD events. The data for all
EEG channels are displayed, as well as a zoomed view of the
detected waveform and/or high-frequency data (FIG. 4).
[0054] The software allows the user to quickly mark
waveforms as valid SDs and depressions, classify them as
valid or invalid, or otherwise flag them for further analysis.
Valid waves may be manually added to the waveform
database by clicking on the peak of the wave with the cursor.
The new waveform is compared to all waveforms in the
database using the correlation. The waveform is then either
added to an existing waveform template if the correlation is
greater than 0.95, or a new template is created. A utility
program allows the user to view and edit existing waveforms
in the database (FIG. 5). Within this tool, the waveform
corners and peaks are marked with the cursor. This provides
a means to measure the amplitude changes specifically for
each waveform.

Example 10. Sensitivity and Selectivity

[0055] SDs were initially scored by expert visual assess-
ment using LabChart software (ADInstruments) and were
considered ‘ground truth’ for assessing performance of the
automated SD detection algorithm. Timestamps of automati-
cally detected events were compared to the timestamps of
expert scoring by measuring 1) the time differences between
detected and expert-scored events, and 2) the time differ-
ences between expert-scored and all detected events. The
selectivity was assessed by finding the number of hand-
scored SDs that were missed by the algorithm, i.e., the false
negative rate. The sensitivity was assessed by finding the
number of detected SDs that did not correspond to an
expert-scored SD, i.e., the false positive rate.

[0056] Some SDs missed in expert scoring are picked up
by automatic scoring. Therefore, the SDs that were initially
counted as suspected false-positives were manually reas-
sessed to determine if they should have been scored as SD
events. After this reassessment, the scoring process was
repeated with the updated timestamps, and the updated
selectivity and sensitivity were measured again.

[0057] Performance of the automated detection algorithm
was assessed using the full recording files from the 8 patients
used to develop the algorithm. Expert manual scoring of
these files identified a total of 497 SDs. Table 1 shows the
algorithm performance for each patient. Overall, the sensi-
tivity of the algorithm to detect SDs identified manually was
93% and the selectivity in detecting only events that were
manually verified as SD was 85%.
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TABLE 1
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Table 1 sets forth the selectivity and sensitivity scores for 8 patients. For the Sensitivity,
the Detected column contains the number of detected SDs corresponding to a manually
identified event and the Scored column contains the total number of manually identified
SDs. For the Selectivity, the Scored column contains the number of manually identified
SDs corresponding to a SD detected by the algorithm, while the Detected column contains
the total number of detected SDs. The FP/hr column gives the # of false-positives
pet hour, and the hr/FP gives the hours between false positives

Recording Sensitivity Selectivity

Patient  Time(hr) Detected  Scored Scored  Detected FP/hr hr/FP

1 143.82 93.00% 104 112 98.00% 317 322 0.03 2876

2 50.96 100.00% 1 1 54.00% 7 13 0.12 849

3 34.2756 0.00% 0 0 0.00% 0 0 0.00  0.00

4 163.29 98.00% 58 59 94.00% 339 360 0.13 778

5 139.65 89.00% 108 122 96.00% 437 455 0.28 358

6 149.15 95.08% 116 122 67.00% 136 203 045 223

7 164.76 98.00% 47 48  67.00% 259 385 0.76 131

8 159.65 88.00% 29 33 68.00% 65 96 0.19 3515

Total 1005.5556  93.16% 463 497  85.06% 1560 1834 0.27  3.67
[0058] Aspects and embodiments of the invention have (c) detecting a slow potential change (SPC) present in a

been set forth in detail in order to provide sufficient guidance
to the practitioner to practice the inventive methods and
systems as defined by the claims. A person of ordinary skill
in the art will understand that other aspects and embodi-
ments exist which are also within the scope of the claims.
Where elements are presented as lists, it is to be understood
that each subgroup of the elements is also disclosed, and any
element(s) can be removed from the group. The invention
provides all such embodiments. It should also be understood
that, in general, where the invention, or aspects of the
invention, is/are referred to as comprising particular ele-
ments, features, etc., certain embodiments of the invention
or aspects of the invention consist, or consist essentially of,
such elements, features, etc.

[0059] The terms “approximately” or “about” in reference
to a number generally include numbers that fall within
+10%, in some embodiments +5%, in some embodiments
+1%, in some embodiments +0.5% of the number unless
otherwise stated or otherwise evident from the context
(except where such number would impermissibly exceed
100% of a possible value). Where ranges are given, end-
points are included. Furthermore, it is to be understood that
unless otherwise indicated or otherwise evident from the
context and understanding of one of ordinary skill in the art,
values that are expressed as ranges can assume any specific
value or subrange within the stated ranges in different
embodiments of the invention, to the tenth of the unit of the
lower limit of the range, unless the context clearly dictates
otherwise. In addition, any particular embodiment, aspect,
element, feature, etc., of the present invention may be
explicitly excluded from any one or more of the claims.

1. An automated algorithm for real-time detection of
spreading depolarizations in a brain injured patient, the
algorithm comprising:

(a) providing a reference data base of spreading depolar-
ization (SD) waveform templates generated from EEG
recordings of confirmed spreading depolarizations in a
reference brain-injured patient cohort;

(b) recording an EEG of the brain injured patient to
generate recorded EEG waveforms;

recorded EEG waveform by applying a power spectral
density estimate to the recorded waveform;

(d) comparing a detected SPC to a reference database of
SD waveform template to identify a candidate SD; and

(e) rejecting a candidate SD as a false positive based on
overall signal power and amplitude analysis and iden-
tifying a non-rejected candidate SD as a detected SD;

wherein steps (a) through (e) are implemented on a
computer.

2. The algorithm according to claim 1 further comprising:

(P testing a detected SD for depression of high-frequency
power and identifying a detected SD as an SD with
depression if depression of high-frequency power is
observed.

3. The algorithm according to claim 1, wherein the power
spectral density estimate according to step (c) comprises an
autoregressive power spectral density estimate based on
selection of a model order of about 20.

4. The algorithm according to claim 1, wherein total
signal power is between 10 pV? and 300 uV? across a 30
second window, and if the total signal power is greater than
300 pV2 then no further analysis is performed within the 30
second window.

5. The algorithm according to claim 1, wherein a recorded
EEG waveform is identified as a detected SPC according to
(¢) if, upon application of the AR power spectral density
estimate, the recorded EEG waveform exhibits a peak
between 0.004 Hz and 0.009 Hz, within a period of 110-250
seconds, said peak having a peak power, a power ratio R1
>1.5 and a power ratio R2 >5, wherein R1 is a ratio of the
peak power to power in a neighboring lower frequency band
and R2 is a ratio of the peak power to power in a neighboring
higher frequency band.

6. The algorithm according to claim 1, wherein comparing
according to (d) comprises calculating a coefficient of cor-
relation between a detected SPC and a reference waveform
database template and scoring a detected SPC as a candidate
SD if 1*>0.95.

7. The algorithm according to claim 6, wherein a candi-
date SD is rejected as a false positive if a calculated
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peak-to-peak value of the candidate SD is measured as less
than 500 uV or greater than 35 mV.

8. The algorithm according to claim 2, wherein (f) com-
prises: (i) calculating a mean high-frequency power in a time
frame prior to a template marker; (ii) calculating a mean
high-frequency power in a time frame subsequent to the
template marker; (iii) calculating a ratio of (i) to (ii); and (iv)
identifying a detected SD as a detected SD with depression
if the ratio is <0.66.

9. The algorithm according to claim 1, wherein the EEG
is intracranial EEG or scalp EEG.

10. The algorithm according to claim 2, wherein a
detected SD is further analyzed for propagation, the method
comprising: (g) detecting an SD on a neighboring electrode
and classifying the detected SD and the detected neighbor-
ing SD as propagating from a same event if the detected
neighboring SD occurs within eight (8) minutes of the
detected SD.

11. The algorithm according to claim 2, wherein each
detected SD is assigned a confidence classification and one
or more notification thresholds are set for notifying a clini-
cian of a detected SD, said thresholds set according to a
confidence classification.

12. The algorithm according to claim 1, further compris-
ing adding waveforms for detected SD’s into the reference
database.

13. An automated system for detection of a spreading
depolarization in a brain-injured patient, the system com-
prising: a) an EEG device comprising at least a relevant
number of electrodes, a recording device, and a display
device; b) a control computer comprising 1) a database of
reference EEG waveform templates indicative of a spread-
ing depolarization; i1) EEG software coding for capturing
and, optionally, storing one or more waveforms recorded
from the EEG device over a detection period; iii) EEG
waveform analysis software coding for comparing captured
waveforms to the database of reference EEG waveform
templates, and analyzing whether a spreading depolarization
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is present in the captured waveform; and iv) utility software
coding for user interactive functionality; and ¢) an interac-
tive user interface; wherein system components a, b and ¢
are operationally linked.

14. The automated system according to claim 13, wherein
the interactive user interface comprises a display screen and
a user input device.

15. The automated system according to claim 13, wherein
user interactive functionality comprises one or more of
marking, flagging, classifying waveforms, manually adding/
deleting waveforms to or from the waveform database, and
creating new waveform templates.

16. An automated method for treating a brain-injured
patient, the method comprising:

utilizing the automated system according to claim 13 to

record and assess an EEG of the brain injured patient in
order to detect a spreading depolarization that may be
present; and (b) initiating a treatment of the patient
effective to decrease one or both of frequency and
duration of a spreading depolarization upon detection
of a spreading depolarization.

18. An automated clinical method for rapid triage of
brain-injured patients by detecting spreading depolariza-
tions, the method comprising: effectuating the automated
algorithm according to claim 10 and assigning a greater
urgency to patients exhibiting a detected SD over patients
not exhibiting a detected SD, and a greater urgency to
patients exhibiting a propagating SD over patients not
exhibiting a propagating SD.

19. The automated clinical method according to claim 18
having a sensitivity for detecting a verified spreading depo-
larization of greater than 90% and a selectivity for detecting
a verified spreading depolarization of greater than 80%.

20. A non-transitory computer-readable storage medium
bearing executable code for executing the algorithm accord-
ing to claim 1.
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