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& (57) Abstract: Automated seizure detection from within an electroencephalogram (EEG) by instrumental means employs novel

& algorithms within software, using specific measurements of indiv

idual waves in trains, rather than any “bulk” process. The acquired

signal is filtered, the wave shapes are individually described within a number of parallel runs using a variety of parameters, then
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criteria (including regularity criteria) are calculated and applied in order to create raw detection results. Finally the raw results are
“integrated” for display. As a result, reported seizures closely follow the incidence and duration of seizures detected by trained
clinicians. The invention is useful in intensive-care monitoring of EEGs from neonates and in EEG monitoring in general.



WO 2005/018448 A1 1M1 A0VOH0 T 0000 00000

Published:
—  with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



10

15

20

25

WO 2005/018448 PCT/NZ2004/000198

EEG SEIZURE ANALYSIS

TECHNICAL FIELD

This invention relates to biophysical data collection and analysis; to
electroencephalography; to EEG waveform analysis, and in particular to instrumental
means for EEG seizure detection by software within on-line or off-line surveillance; over

short or long periods.
BACKGROUND ART

Electroencephalography signals are often analysed and reviewed in order to make sense
of, and/or to condense the copious amount of data collected from the brain of a subject
under study. Techniques include many frequency-based derivatives such as the fast
Fourier transform, counts of zero crossings, spectral analysis, spectral edge, intensity,

and the like.

The applicant is the assignee of patent applications and patents such as US6406427
relating to a brain monitoring device first intended for use with premature near-term
human infants many of whom suffer brain trauma near the time of delivery. Monitoring can

lead to appropriate freatments and to a better indication of outcome.

However, in a hospital’s Intensive Care Unit (ICU), it is also necessary to be able to
monitor brain seizures in term infants through to adults. In this environment, patients are
often paralyzed or unconscious and seizures are silent and can not currently be reliably
observed or monitored. Often, only significant/severe seizures need be detected but
detection needs to be carried out with a very high degree of reliability in order to be able to

assist busy non-expert staff in the ICU.

Further applications of the device include the monitoring of anaesthesia and brain
function during and after procedures such as open-heart surgery in which micro-emboli

lodging within end-arteries are not uncommon.
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The pathology of brain damage includes a primary and a secondary response at least part
of which is endogenous damage, as exhibited by neurones. Sometimes seizures, which
may lack correlated clinical signs perhaps because of administered drugs, form part of the
response pattern. A seizure involves the synchronous firing of a large number of
neurones, which is abnormal. A resulting waveform may comprise a distinctive regular
series of waves ranging from very sharp "spikes" to “sine-like waves” originating from
firing by many neurones in unison within the field under study, although in a pre-term
infant, especially if already under treatment, or if the damage site is small or localised, the

waveforms may be relatively small and difficult to recognise.

One reason to seek the recognition of seizure waveforms is that if they can then be
inhibited or suppressed by drugs or other treatment the outcome for the patient is usually

improved.

There is a need for an automatic form of seizure detection by instrumental means (usually
operating within a brain monitoring device), so that continuous, reliable, and immediate

reporting of the onset or existence of a seizure is provided. It would be an advantage to be
able to provide a very reliable severe seizure monitor suitable for use in an Intensive Care

Unit of a hospital.

WO002071936A and the article entitled “A real-time algorithm for the qualification of blood
pressure waveforms” published in IEEE Transactions on Biomedical Engineering Vol. 49,
No. 7. July 2002 disclose a real time algorithm for the quantification of biological
oscillatory signals such as arterial blood pressure. The algorithm analyses the original
signal by determining certain parameters so that false peaks (which are typical of arterial

blood pressure signals) can be removed to accurately quantify heartbeats.

It is therefore an object of this invention to provide real-time seizure detection by
instrumental means (that is, without human analysis) which will go at least some way
towards meeting the above requirements or which will at least to provide the industry with

a useful choice.



10

15

20

WO 2005/018448 PCT/NZ2004/000198

DISCLOSURE OF INVENTION

Accordingly, in a first aspect the invention consists in a method of detecting seizures in an

electroencephalogram (EEG) signal comprising the steps of:

i) obtaining representative numerical data characterising the waveform shape of

the EEG signal at a plurality of times within the EEG signal,

ii) carrying out a calculation or calculations on at least some of the representative
numerical data to produce related numerical data at a plurality of times within the EEG

signal,

iii) comparing the related numerical data at at least some of said plurality of times

to predetermined criteria, and

iv) determining that a seizure event has taken place at a particular time or times in
the EEG signal if the comparison at that time or times indicates that the related data is

within the predetermined criteria.

Preferably, the EEG signal is comprised of multiple separate channels and the method is

carried out on each channel individually and the individual results combined together.
Preferably, the method also includes the steps of:

v) analysing the length of time between adjacent positive determinations of a

seizure event, and

vi) determining that a seizure event has taken place within said period of time if

said length of time is less than a predetermined minimum time value.

Preferably, said step of obtaining representative numerical data comprises determining

the positions of local peaks and troughs within the EEG signal.

Preferably, said step of obtaining representative numerical data comprises the steps of:
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a) averaging or low-pass filtering the EEG signal to obtain an averaged EEG

signal,

b) comparing the EEG signal to the averaged EEG signal to locate intersection

positions where the EEG signal intersects with the averaged EEG signall,

c) for each pair of first and subsequent intersection points, determining the location
of each peak (or trough) of the EEG signal and, for each pair of subsequent intersection
point and its subsequent intersection point, determining the location of each trough (or

peak) of the EEG signal, and

d) recording the position of each trough, subsequent peak and two corresponding

intersection points in respective data groups.

Preferably, a comparison is made between the amount of time between adjacent peaks
and a predetermined refractory time period and if the time between adjacent peaks is less
than the refractory time period then the later occurring of the adjacent peaks is

disregarded.

Preferably, if a plurality of peaks of the EEG signal are recorded within said refractory time

period then all but the maximum of those peaks are disregarded.

Preferably, the averaged EEG signal is determined by a moving average calculation
based upon a predetermined time window of the EEG signal and wherein the step of
obtaining representative numerical data is repeated a plurality of times with different time

window and refractory time period values and the individual results combined.

Preferably, step of obtaining representative numerical data is carried out on the EEG

signal and also on an inverted version of the EEG signal and the results combined.

Preferably, the step of carrying out a calculation or calculations on at least some of the
representative numerical data includes determining the amplitude of the peak and trough

in each data group with respect to a predetermined base level and associating the

4
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determined amplitude with its respective group.

Preferably, the base level for determining amplitude is a line connecting the troughs either
side of said peak and the base level for determining trough amplitude is a line connecting

the peaks either side of said trough.

Preferably, the step of carrying out a calculation or calculations on at least some of the
representative numerical data includes determining the time interval between the peak
and/or trough and/or one or both intersection points from a first data group with their
corresponding respective peak and/or trough and/or one or both intersection points from a
subsequent data group and associating the determined time interval or intervals with one

of the data groups.

Preferably, for each pair of adjacent data groups, the determined amplitudes are
compared to obtain said related numerical data in the form of a numerical indication of the
similarity of the amplitude of the adjacent data groups and/or one or more of the
respective determined time interval differences are compared to obtain said related
numerical data in the form of a numerical indication of the similarity of the intervals of the

adjacent data groups.

Preferably, numerical values indicative of amplitude and interval difference are combined

in predetermined ratios to provide said predetermined criteria.

Preferably, the numerical values indicative of amplitude and interval difference are
combined in a plurality of different ratios in order to produce multiple separate criteria as

said predetermined criteria.

Preferably, a determination that a seizure event has taken place is made only if the
related data remains within the predetermined criteria for a predetermined number of

adjacent data groups.

Preferably, said related numerical data also includes data representative of the change in
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shape of the EEG signal as described by a predetermined number of serially adjacent

data groups.

Preferably, each point in said averaged EEG signal is shifted upwards by a predetermined

amount prior to the step of comparing the EEG signal to the averaged EEG signal.

Preferably, a seizure event will not be determined for times within the EEG signal where
the amplitude or average amplitude of a predetermined number of serially adjacent peaks
or a predetermined number of serially adjacent troughs is less than a predetermined

threshold.

Preferably, noise introduced into the EEG signal by external electrical and/or mechanical
equipment is detected and a seizure event will not be determined to have occurred during

periods of time in which the determined noise exceeds a predetermined threshold.

Preferably, one of the different time window and refractory time period value combinations
detects noise added to the EEG signal by external electrical and/or mechanical

equipment.

Preferably, said EEG signal is first divided into segments of a predetermined length and

each segment is analysed separately.

Preferably, the EEG signal undergoes analogue to digital conversion and is then band-
pass filtered prior to said step of obtaining representative numerical data characterising

the waveform.
Preferably, said method includes the further step of:

comparing the shapes of adjacent portions of the EEG signal to obtain related
numerical data indicative of the variability of the shape of the EEG signal from portion to

portion,

wherein a seizure event will not be determined to have occurred for times within
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the EEG signal where the related numerical data indicative of the variability of the shape

of the EEG signal does not meet predetermined variability criteria.

Preferably, the related numerical data includes the linear coefficient of correlation between

adjacent portions of the EEG signal.
Preferably, the method includes the further step of:

analysing the shape of a selected portion or portions of the EEG signal to obtain
related numerical data indicative of the shape of the selected portion or respective

portions of the EEG signal,

wherein a seizure event will not be determined to have occurred for times within
the EEG signal where the related numerical data indicative of the shape of the selected

portion or portions of the EEG signal does not meet predetermined shape criteria.

Preferably, the portion of the EEG signal is between adjacent peaks in the EEG signal and
the predetermined shape criteria include a requirement that each portion of the EEG

waveform must include a central dip in amplitude.

In a second aspect, the invention consists in a computer program which when executed

causes a computer to carry out the method according to the first aspect.

Ina third aspect, the invention consists in a computer readable medium on which the

computer program according to the second aspect is stored.

In a fourth aspect, the invention consists in a device for detecting seizures in an

electroencephalogram (EEG) signal comprising:
means for receiving an EEG signal, and

control means programmed to carry out the method according to the first aspect

on the received EEG signal.
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In a fifth aspect, the invention consists in a device for detecting seizures in an

electroencephalogram (EEG) signal comprising:

means for obtaining representative numerical data characterising the waveform

shape of the EEG signal at a plurality of times within the EEG signal,

means for carrying out a calculation or calculations on at least some of the
representative numerical data to produce related numerical data at a plurality of times

within the EEG signal,

means for comparing the related numerical data at at least some of said plurality of

times to predetermined criteria, and

means for determining that a seizure event has taken place at a particular time or
times in the EEG signal if the comparison at that time or times indicates that the related

data is within the predetermined criteria.

Preferably, wherein the EEG signal is comprised of multiple separate channels and the
means for obtaining representative numerical data obtains representative numerical data
on each channel individually and the individual results produced by the means for

determining that a seizure event has taken are combined together.

Preferably, the device also comprises:

means for analysing the length of time between adjacent positive determinations of

a seizure event, and

means for determining that a seizure event has taken place within said period of

time if said length of time is less than a predetermined minimum time value.

Preferably, said means for obtaining representative numerical data determines the

positions of local peaks and troughs within the EEG signal.

Preferably, said means for obtaining representative numerical data:

8
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a) averages or low-pass filters the EEG signal to obtain an averaged EEG signal,

b) compares the EEG signal to the averaged EEG signal to locate intersection

positions where the EEG signal intersects with the averaged EEG signal,

c) for each pair of first and subsequent intersection points, determines the location
of each peak (or trough) of the EEG signal and, for each pair of subsequent and its
subsequent intersection point, determines the location of each trough (or peak) of the

EEG signal, and

d) records the position of each trough, subsequent peak and two corresponding

intersection points in respective data groups.

Preferably, a comparison is made between the amount of tirhe between adjacent peaks
and a predetermined refractory time period and if the time between adjacent peaks is less
than the refractory time period then the later occurring of the adjacent peaks is

disregarded.

Preferably, if a plurality of peaks of the EEG signal are recorded within said refractory time

period then all but the maximum of those peaks are disregarded.

Preferably, the averaged EEG signal is determined by a moving average calculation
based upon a predetermined time window of the EEG signal and wherein the means for
obtaining representative numerical data from the EEG signal obtains a plurality of sets of
representative data, each with different time window and refractory time period values,

and the individual sets are combined.

Preferably, the means for obtaining representative numerical data obtains said numerical
data from the EEG signal and also from an inverted version of the EEG signal and the

results are combined.

Preferably, the means for carrying out a calculation or calculations on at least some of the

representative numerical data determines the amplitude of the peak and trough in each

9
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data group with respect to a predetermined base level and associates the determined

amplitude with its respective group.

Preferably, the base level for determining amplitude is a line connecting the troughs either
side of said peak and the base level for determining trough amplitude is a line connecting

the peaks either side of said trough.

Preferably, the means for carrying out a calculation or calculations on at least some of the
representative numerical data determines the time interval between the peak and/or
trough and/or one or both intersection points from a first data group with their
corresponding respective peak and/or trough and/or one or both intersection points from a
subsequent data group and associates the determined time interval or intervals with one

of the data groups.

Preferably, for each pair of adjacent data groups, the determined amplitudes are
compared to obtain said related numerical data in the form of a numerical indication of the
similarity of the amplitude of the adjacent data groups and/or one or more of the
respective determined time interval differences are compared to obtain said related
numerical data in the form of a numerical indication of the similarity of the intervals of the

adjacent data groups.

Preferably, numerical values indicative of amplitude and interval difference are combined

in predetermined ratios to provide said predetermined criteria.

Preferably, the numerical values indicative of amplitude and interval difference are
combined in a plurality of different ratios in order to produce multiple separate criteria as

said predetermined criteria.

Preferably, a determination is made that a seizure event has taken place only if the
related data remains within the predetermined criteria for a predetermined number of

adjacent data groups.

10
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Preferably, said related numerical data also includes data representative of the change in
shape of the EEG signal as described by a predetermined number of serially adjacent

data groups.

Preferably, each point in said averaged EEG signal is shifted upwards by a predetermined

amount prior to the step of comparing the EEG signal to the averaged EEG signal.

Preferably, a seizure event will not be determined for times within the EEG signal where
the amplitude or average amplitude of a predetermined number of serially adjacent peaks
or a predetermined number of serially adjacent troughs is less than a predetermined

threshold.

Preferably, noise introduced into the EEG signal by external electrical and/or mechanical
equipment is detected and a seizure event will not be determined to have occurred during

periods of time in which the determined noise exceeds a predetermined threshold.

Preferably, one of the different time window and refractory time period value combinations
detects noise added to the EEG signal by external electrical and/or mechanical

equipment.

Preferably, said EEG signal is first divided into segments of a predetermined length and

each segment is analysed separately.

Preferably, the EEG signal undergoes analogue to digital conversion and is then band-
pass filtered prior to said means for obtaining representative numerical data characterising

the waveform.
Preferably, said device further comprises:

means for comparing the shapes of adjacent portions of the EEG signal to obtain
related numerical data indicative of the variability of the shape of the EEG signal from

portion to portion,

11
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wherein a seizure event will not be determined to have occurred for times within
the EEG signal where the related numerical data indicative of the variability of the shape

of the EEG signal does not meet predetermined variability criteria.

Preferably, the related numerical data includes the linear coefficient of correlation between

adjacent portions of the EEG signal.
Preferably, the device further comprises:

means for analysing the shape of a selected portion or portions of the EEG signall
to obtain related numerical data indicative of the shape of the selected portion or

respective portions of the EEG signal,

wherein a seizure event will not be determined to have occurred for times within
the EEG signal where the related numerical data indicative of the shape of the selected

portion or portions of the EEG signal does not meet predetermined shape criteria.

Preferably, the portion of the EEG signal is between adjacent peaks in the EEG signal and
the predetermined shape criteria include a requirement that each portion of the EEG

waveform must include a central dip in amplitude.

In a further aspect, the invention consists in a method for automatic seizure detection
from electroencephalograph (EEG) signals, the method comprising analysis of collected
data and reduction of the data into sets of individual wave descriptors, followed by

analysis thereof.
Preferably an individual wave is considered in context of adjacent and nearby waves.

Preferably the analysis develops a criterion describing any wave train in terms of timing

with amplitude regularity.

Preferably the analysis also develops a criterion describing any wave train in terms of

timing regularity.

12
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Preferably results are assessed in terms of whether the criteria currently are above, or

below a threshold value.

Preferably the analysis applies a series of test conditions to the incoming data and

analyses the data in terms of each condition at the same time.

A first test condition relates to a selected averaging time intervals (ATI) used which
preferably lies in the range of from 50 mS to 3000 mS, and preferably a range of ATls are

processed together as a group.

A second test relates to the sign (normal or inverse) applied to the incoming data and

preferably both signs are processed together, for each ATI.

A third test condition is an AT! intended to emphasise artefacts introduced by external
electrical and/or mechanical equipment and preferably an "identification of seizure” state

is blocked in the event of likely artefact interference.

Supplementary test conditions apply a range of constants to the data during analysis,
including an exclusion interval or “refractory period”, an offset applied to raised moving

averages, and wave shape analysis criteria.

Preferably an "identification of seizure” state is entered by the method for automatic
seizure detection if, at any time, any one of a plurality of decisions made on any one of (a)
any ATI, (b) any polarity, under a preferred set of constants indicates the presence of a

seizure.

Preferably the "identification of seizure" state is blocked in the event of either the detected
amplitude decreasing below a predetermined limit, or in the event of any interference or

artefact noise being detected.

Preferably the "identification of seizure" state is confirmed in the event of the state
continuing for at least a predetermined period and an example procedure applies a

moving window 60 sec long to the duration of an identified seizure in 4 sec intervals, using

13
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a threshold of 0.35 of the maximum length per 4 seconds, then closing gaps (that is,
converting the non-seizure intervals between adjacent identified seizures into identified
seizures if the gaps are less than 2 sec, or 25% of the adjacent identified seizure
durations, but not if the gaps are longer than 15 seconds; and then discarding any

identified seizures with durations shorter than about 10 seconds.

Preferably the analysis is capable of being carried out in real time or substantially so.

Preferably the analysis is carried out by software operating within a dedicated instrument
capable of use for clinical purposes: surveillance of EEG signals and reporting on seizures

and on other parameters.

Optionally the software may be used within a general-purpose digital computer.

In a second broad aspect this invention provides a method for automatic seizure detection

including the steps of:

(1) accepting at least one channel of EEG signals from a source,

(2) converting the channel into digitised form,

(3) applying filtering transformations to the incoming signals,

(4) applying a waveform analysis procedure including (a) wave detection, (b) calculation
and application of criteria based on the detected waves, and (c) integrating relevant

criteria,

(5) detecting signals likely to conform to the expected configuration of seizure-like signals,

(6) and reporting the detection of a seizure to a person,

(7) so that continuous, reliable, and immediate reporting of the presence of a seizure is

provided.

Preferably the source is directly from one or more electrodes applied to an animal’s
14
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cranium.

Optionally the source is indirectly connected to an animal’s cranium; through a

telecommunications link and/or a data storage device.

Preferably the filtering transformations applied to the incoming signals include a band-

pass filter.

Optionally, the filtering transformations applied to the incoming signals include one or
more procedures capable of removing artefacts from the signals or at least to detect and

exclude said artefacts from the incoming signals.

Preferably the signals are collected as an indefinite series of separate blocks each
comprising a plurality of waves, and blocks lasting for two second (2000 mS) epochs are

preferred.

Preferably a moving average is constructed, and preferably the moving average is applied
over at least one averaging time interval (ATI) in the range of from 50 mS to 3000 mS

(note that analysis can pass seamlessly between one block and the next).

Preferably, three points are located and quantified for each wave having a peak or
maximum: the before-peak intersection (Bpi) of the wave with the moving average, the
after-peak intersection (Api) of the wave with the moving average, and the position of the

peak.

Preferably a trough or minimum point for the waveform preceding the Bpi and following

the previous Api is located.

Optionally, the moving average may include a constant value based on a proportion of the

difference between peak and trough.

Preferably, an exclusion interval is applied following a recognised peak so that a following

wave, if occurring within the refractory period, is not included within calculations.

15
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Preferably a procedure for determining the most appropriate peak is one that selects the

highest of several neighbouring peaks, within an epoch comparable to a refractory period.

Preferably a procedure is applied in order to repeat the procedure described previously in
this section upon the inverse of the wave to be analysed, either by inverting the wave or

by inverting the polarity of "peak" and "valley" and "raised" and like terms.

Preferably a numerical description of each wave, as obtained by a procedure as

previously described in this section, includes a Bpi, an Api, a trough, and a peak.

Preferably also the numerical description includes the interval from the previous peak to

the present peak, and includes the interval from the previous trough to the present trough.
Optionally the procedure described above is repeated with varied time settings.

In a third broad aspect the invention is used in co-operation with other EEG collection and
analysis software within a machine dedicated to the monitoring of the status of a brain of a

patient under treatment.

Preferably the output of the invention is capable of being displayed and recorded together
with other outputs describing other characteristics of the EEG so that a more complete

clinical description of the brain of the patient under treatment is provided.

Preferably the machine can be controlled by a user so that the raw EEG data giving rise to
reported seizures may be reviewed at a later time, and preferably any detected seizures

within that data are highlighted.
BRIEF DESCRIPTION OF THE DRAWINGS

The description of the invention to be provided herein is given purely by way of example

and is not to be taken in any way as limiting the scope or extent of the invention.

Fig 1 is a diagram showing detection of the wave critical points (step 1).

16
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Figs 2a & 2b

Figs 5a & 5b

Figs 6a & 6b

Figs7a & 7b

Fig 8

Fig 10

are diagrams showing how the refractory period is applied and the absolute

maximum is determined.

is a diagram showing how the pulse threshold fraction is applied - involving

a lifted moving average.
is a diagram showing how the inverse signal is also processed.

are diagrams showing determination of timing and amplitudes in relation to

the wave critical points.

are diagrams showing detection of seizures by criterion “Crit 1" > 0.8,
applied to peaks. The upper trace is an EEG signal. The lower trace shows
evaluation of Crit 1 in relation to the signal, using Interval ratio, Amplitude

ratio, and a combination (Crit 1). The threshold of 0.8 is a dotted line.

are diagrams showing detection of seizures by criterion “Crit 2", applied to
troughs. The threshold of 0.85 is a dotted line. The upper trace is another
EEG signal. The lower trace shows evaluation of Crit 1 in relation to the
signal, using Interval ratio, Amplitude ratio, and a combination of both Crit 1

and Crit 2.

is a diagram that shows generation of another criterion (the parameter

"minCPR") to assess the acceptance of wave shape for further evaluation.

is a diagram that shows generation of yet another criterion (the "fill-in
criterion”) to also ascertain whether the shape of the wave is acceptable for

use in evaluation of seizure detection

is a diagram showing detection of seizures by the system against time,
including primary total detections, then integrated detections, as compared

with a human interpretation of the waves, and an indication of errors.
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Fig 11 is a diagram showing data flow during application of the algorithm.
Fig 12 is a screen capture shot from a brain monitoring device that uses the

algorithm to detect, record, and display seizures in a clinical application; the
screen showing EEG data including seizures during a "data recall” mode of

operation.

BEST MODES FOR CARRYING OUT THE INVENTION

EXAMPLE 1

In the intended application, electroencephalogram (EEG) waveforms are analysed during
a procedure of long-term collection from usually a single set of electrodes during
monitoring of the brain of an endangered patient, for example a near term infant, or an
older patient during or after surgery. The procedure could be applied to multiple electrode

recordings.

The main objective of the invention is to automatically and accurately detect regularity in
the EEG signal, which is assumed to represent seizure activity. In summary, there are

three major steps as follows:

1) breaking of the EEG signal (one or many channels) into "waves” and measuring
different characteristics of the individual waves belonging to three mutually exclusive and
exhaustive categories: length, amplitude and shape.

2) carrying out parallel processing of calculations on the waves with different detection
parameters in order to analyse waves with differing ranges of frequencies ( and length).
3) calculating the similarity of consecutive waves in the each of parallel processing lines,
and if regularity in the categories (all, or some of them) exceeds some threshold then a
primary seizure-like acitivity is considered to have been discovered.

4) a final part of detection includes the assessment (integration) of consecutive and

parallel primary seizure-like activities to decide whether an actual seizure is detected.
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The preferred method begins with numerical analysis of waveform shapes in order to
detect characteristic patterns of waveforms indicating seizures. At least one channel of
EEG signals from the brain of a person under close/intensive: care are supplied for
analysis. The channel is filtered (low-pass or more preferably band-pass) in order to retain
frequencies above about 0.2 Hz and below about 15 or more preferably about 25 Hz.
Waveforms are digitised at a sampling frequency of 64 or more preferably 128 or 256 Hz.
A numerical process to be described below calculates and applies criteria based on the
detected waveforms, then further criteria are applied in order to detect any seizure
patterns during the monitored period. Although characteristic seizure patterns can be
recognised, the patient's condition and co-existing treatments may make these harder to
recognise. The instrument in which this analysis is used is intended to reliably and
continuously emulate the skills of a clinician over a long period and to report the detection

of a seizure, in real-time, to a caregiver.

Preferably the signals are received for analysis as an indefinite series of separate blocks
of typically two seconds of EEG signals from at least one channel (pair of electrodes).
Blocks or “epochs” lasting for two seconds are preferred. As shown in Table 1 or in Fig 11,
data is processed (regardless of the above block structure) using a series of averaging
time intervals (ATI) in the example range of from 50 mS to 3000 mS. A group of ATls are
processed concurrently. In order to increase the chance of correct detection occurring,
the inverse original EEG signal may also be processed in parallel, with all algorithm steps
applied to it also. This may be particularly useful if the EEG signal is significantly

asymmetrical.

1. WAVE DETECTION

| Initial Critical Points. A moving average corresponding to each epoch is constructed and

used to compensate for slow changes in mean signal value. The moving average may be
replaced by any appropriate mechanism which effectively averages or low-pass filters the

EEG signal. Referring to Fig 1, a process for finding the initial critical points of detected

19



10

15

20

WO 2005/018448 PCT/NZ2004/000198

waves of the incoming EEG signal is applied. This process identifies all the Api (after-
peak intersections) and all the Bpi (before-peak intersections) in the data, as being those
points where the moving average 103 intersects the filtered EEG signal 104. A “wave” as
herein used may be defined as a cluster of critical points identifying a portion of the
original EEG signal. For example, a wave may be defined between a first Api and the
following Api, from a first to a following Bpi, from a first to a following peak or from a first to
a following trough. A process 101 searches for the minimum value (trough) between an
Api and a following Bpi, then another process 102 locates the maximum value (peak)
between a trough and a following Api. All identified points are stored for later use. In this
data reduction procedure, the waves making up the EEG are reduced to a small set of

meaningful numbers such as times within the original (recorded) EEG signal.

Refractory period, and absolute maxima. Referring to Fig 2a, peaks are not allowed to

follow more closely than the refractory period (a constant) permits (we use a variety of
RPs in our calculations - see Table 1 below). Within a closely spaced group, the true peak
is defined as the highest (maximum). It can be seen in Fig 2a that peak 205 follows peak
201 but that peak 205 is within the refractory period (RP) and therefore peak 205 is
discarded and peak 201 established as a true peak. Once a true peak 201 is established,
the related (preceding) trough 202, Api 203 and Bpi 204 are associated with it as a set (or
cluster). An additional requirement is that within a RP, the true peak is the absolute
maximum (see Fig 2b) and so an initially selected peak may be disregarded and replaced
by a closely following, larger peak. In fig 2b, individual refractory periods 207 are

overlapping other waves.

Rejection of small events — Pulse Threshold Factor. One approach is to lift the moving

average such as by a constant amount or perhaps an adaptive constant amount
(depending on recent history of relative peak/trough amplitudes - the pulse threshold
fraction of Table 1) br by a fraction of the distance between maximum and average in an
epoch and process only those peaks that have a value greater than the momentary value

of the lifted moving average. Referring to Fig 3, the lifted moving average 301 demarcates
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seizure-like peaks (302, 302A, 302B) from peaks more or less buried within general EEG
activity (such as 303, 303A, and 303B). In case the polarity of the input wave is inverted,
according to which electrode is closer to the site involved for example, this inherently
asymmetric process should be repeated on the inverse of the data. Fig 4 shows an
inverted input wave 401, a moving average 402, a lifted moving average 403, and

detected points 302, 302A, 302B.

Quantification of recognised events. Each wave has four critical points as previously

mentioned: peak, trough, Api and Bpi, which are recorded. In addition, the time elapsed
between any such point and the following point of the same type (such as peak to peak
time, trough to trough time, and the like) are recorded. Furthermore, the amplitudes of
peaks (relative to a baseline between preceding and succeeding troughs) and troughs
(relative to a baseline between preceding and succeeding peaks) are recorded. Similar
amplitude recordings for Api and Bpi could be made. These measurements are shown in

Fig 5a and Fig 5b.

Parallel processing of variety of parameters. Preferably, in order to cater for various

eventualities such as different wave frequencies and polarities, a number of EEG signal
samples of varying AT durations undergo analysis effectively simultaneously. In this
example an additional “run” is also made in order to pick up the dominant frequency of
artefacts caused by a ventilator to which the patient is ordinarily connected. See Table 1;
also the left hand side of Fig 11. For each of the, for example, six runs, both normal and
inverse analyses, locating peaks, troughs, Api's and Bpi's are carried out, and processed
through the criteria Crit 1 and Crit2 (see below).

Table 1. Example. Characteristics of parallel processing runs of the algorithm.
Run ATl length (ms) | RP (ms) Pulse threshold

Fraction of distance between
maximum and average in an epoch

0 (for external

device freq

detection) 50 25 0
1 100 50 0
2 300 150 0.5
3 700 450 0.5
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Run ATl length (ms) | RP (ms) Pulse threshold
Fraction of distance between
maximum and average in an epoch
1000 500 0.5
3000 1500 0

|

2. CALCULATION OF CRITERIA AND APPLICATION.

Min/max ratios. For each successive pair of critical points, the ratios of minimum interval
to maximum interval, and minimum amplitude to maximum amplitude are calculated.
Other values are derived as shown:

Formulas used:

.= min(/nterval) | max(Interval) - - - (1)

A = min(Amplitude) | max(Amplitude) (2)

critt = I x (A)12 - - - - - (3)
Critz = 1, x (A) /150 - - - - - )
Seizure1: Crit1 >0.8,N =4, N*=1 - - - (5)
Seizure2: Crit2>0.85,N =4,N*=4 - - (6)

The A (amplitude ratio) calculations can be carried out on peak amplitudes, trough
amplitudes or an average of both. The [; (interval ratio) calculations can be carried out on
trough, peak, Api or Bpi, intervals or a combination of any two or more of these intervals.

I.and A, are assumed to tend towards 1 as the signals analysed become more like

seizures.

Crit1 and Crit2 are combinations of Ir and Ar; in Crit1 the Ar influence is diminished

compared to I, while in Crit2 the influence of A, is almost negated and so Crit2 is applied

to detection of time regularity on its own rather than to combined time-amplitude

regularity. At this stage of development, we calculate an average Crit1 for four successive
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|'s and A,’s (N=4) and take the value of 0.8 as the threshold for determining that a

seizure wave (more strictly, a seizure-like event) is present. Formula (5) assesses the
regularity of 6 successive peaks/troughs/Apis. Crit2 is also calculated for four successive
|’'s and A’s but in this case we consider that the seizure-like event is detected if Crit2 is
over 0.85 four successive times (formula 6). This criterion has assessed the regularity of 9
successive sets of peaks /troughs/Apis (presently Bpi is not used in the above calculations

but it could be incorporated).

Reverting to the process used to determine seizure, Crit 1 and Crit 2 as previously
described function as logical variables associated with Api position in time and assigned
to the time interval from the previous to the present Api. In this Example, the 24 or 30
versions arising from analysis (see Fig 11 and Table 1) are passed though a 24/30-input
"OR" decision-making process which is capable of counting the number of initial seizure
recognition inputs. The output of that process is "ANDed" in another decision-making
process with both an amplitude test in which signals must be over 5 microvolts (see
below) and a ventilator noise test (see below). The output of the AND decision-making
process is an output logical variable herein termed "Total primary events". The process
described in Figure 11 is for a single channel of the EEG signal and is repeated on each
EEG channel and the results logically ORed together to produce a primary detection

output 1006 shown in Figure 10.

Fig 11 shows an overview of the algorithm; the boxes at left correspond to the left column
in Table 1 (note that the numbers are different; this shows flexibility of the invention). The
criteria are shown in the boxes at top right. The 24-30 input OR decision-making process
and the 3-input AND decision-making process, also amplitude, and ventilator noise
detection, are shown. The term "Seizure event" corresponds to the "primary total
detections" line of bars 1006 in Fig 10. A variety of methods can be used separately or in
combination to regularise this output. These methods include: closing gaps shorter than a
predetermined duration, accepting only events longer than a predetermined duration,

taking the median of the seizure lengths within a short ATI (such as 4 seconds), taking the
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25% ranking value of the seizure lengths within a short ATI (such as 4 seconds),
calculating a moving rectangular window average, and calculating a moving exponentially

forgetting window average.

Figs 6a (an input EEG signal after filtering, including seizure waves) and 6b (detected
criteria) comprise a diagram in which evaluation of Crit 1 is carried out in relation to the
signal, using Interval ratio, Amplitude ratio, and their combination (Crit 1). The threshold
of 0.8 is a dotted line. The curve for Combined Criteria (Crit 1) rises above 0.8 a little while

after the point labelled "start" showing detection of seizures.

In fig 7a the trace is another EEG signal diagram showing detection of seizures by Crit 2,
applied to troughs. The threshold of 0.85 is shown as a dotted line. The lower trace
shows evaluation of Crit 1 in relation to the signal, using Interval ratio, Amplitude ratio, and
a combination of both Crit 1 and Crit 2 (dots on line). Note also that four detections were
required in order to define a seizure, hence the time when a seizure is reported occurred

later.

Criteria of variability for the wave shape. Figs 8 and 9 show further methods which may be

used to detect the presence of trains of similar shaped waves as a sign of a seizure.

The first criterion is based upon the assumption that the waves in a train should have a
similar shape thus the linear coefficient of correlation between a wave and a following
wave is calculated in terms of sets of critical points as previously described (for example,
between peaks, between troughs, and between Apis). We presently believe that the Bpis
are less useful in this respect. Alternatively, any other analytical technique for providing a
measure of the similarity could be used, such as rank coefficient of correlation or ANOVA

(Analysis Of Variance).

Each wave’s (in this instance “wave” preferably describes that portion of the EEG signal
between two adjacent peaks or two adjacent troughs) amplitude is scaled to lie within a

constant range (0 to 1) and by duration to encompass 50 data points (see Fig 8). Each
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wave is then smoothed by a 7-point moving average procedure and the coefficient of
linear correlation (r) calculated between successive pairs of waves. An example criterion

for presence of a seizure-like event is that at least 4 consecutive values for r exceed 0.4.

As mentioned above, Fig 8 shows a wave, scaled to 0-1 amplitude and 50 points duration.
25 points from the middle of the wave are taken, and amplitude averages of the signal in
the left, right, and central portions are computed (0.7, 0.45, and 0.15 respectively in the
example of Fig 8). The "central power ratio" or CPR is the ratio of the central average to
the lesser of the two other averages (0.15/0.45 = 0.33 in this illustration). This calculation
is repeated 15 times, starting at point 5 (as if it was the left side of the central portion) then
at point 6 and éompleting the series of calculations at point 20. The parameter "minCPR"
is the lowest CPR obtained from this data set. This parameter is saved for use elsewheré.
This criteria for the application of the internal and amplitude criteria is average

minCPR<0.8.

Fig 9 depicts another criterion to assess whether the wave is acceptable for further
processing and inclusion in the seizure determination decision and shows another wave,
scaled in amplitude to between 0-1 and in duration to 50 points. The algorithm starts at
point 25 and measures a horizontal line across the trough of the wave. The algorithm
raises the starting point by 1/100 units, and repeats the procedure until the length
measured is 25 points. Then the algorithm calculates the ratio between the current
measuring height (central height at which width of wave = 25 pts) and the height of the
lower wave shape boundary that is at either O or 50 pts. This ratio is termed the "fill-in
criterion" and we have found that this test works better on smaller regular waves than
does the minCPR test described in relation to Fig 8. basically, this criterion ensures that
only waves with a central minimum (that is, a dip in their middle portion) are included in
processing for seizure detection. For example, for the wave shown in Figures 8 and 9, the
minCPR result is too big and thereby falsely indicates that the wave does not have a

central trough whereas the fill-in criterion result indicates a central trough.
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Additional absolute amplitude criterion. in order to reject apparent seizures of altogether

too low an amplitude, and assuming that a train of four waves has been obtained, the
relevant rejection procedure takes the average amplitude of the peaks, and the average
amplitude of the troughs and selects the minimum of them - min AvgAmpl. This value is
compared to an absolute threshold - currently set at 5 microvolts. If the value is less, the
train is disregarded (see box “Ampl > 5 uV” in Fig 11) by setting all amplitude and interval

ratios to zero which effectively suppresses the seizure detection at this point.

Noise suppression. In order to reject artefaéts introduced by electromagnetic noise

produced by external electrical and/or mechanical equipment such as by ventilator activity
(which for pre-term babies includes a vibratory component), one set of normal and inverse
wave processing is carried out with a 50 mS ATI, and a refractory period RP of 25 mS.
(lower left; Fig 11). Waves of a regular and known frequency (for example, the ventilator
frequency is usually manually set by a healthcare professional attending the patient) are
detected through measurement of intervals between critical points, derived as described
previously. The average of two intervals is examined for peaks, troughs, and APIs and
waves at about the ventilator frequency are taken to be an artefact. Further, average
noise amplitude is derived from average amplitude of peaks and troughs. The algorithm
multiplies these by the threshold fraction (tF) which is a constant, for example 1.5, and the
resulting parameter "MaxNoiseAmpl x tF" is compared with the previously obtained
parameter minAvgAmpl. The test for presence of unacceptable levels of artefactual noise
of ventilator origin is: Occurs at the time points of Api, and if "MaxNoiseAmpl x tF" is
greater than minAvgAmpl, and if the frequency is in the right range, then for either of
normal and inverse waves, the test is positive. In that case, any apparent seizures

detected within other channels are blocked.

3. INTEGRATING CRITERIA (GLOBAL SEIZURE CRITERIA)

Figure 10 illustrates typical performance of the process in accordance with the invention

with an example set of real data (the example data shown is actually the serial
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combination of six separate data sets). The time scale (horizontal 1001) extends from 0
(at left) to 125 minutes. The first set of bars 1006 shows the primary total detections, that
is, the output of the process illustrated in Figure 11. The curves towards the top of Figure
10 illustrate (1003) the time covered by detected seizures per minute expressed as a
percentage on a linear amplitude scale 1002 (from all channels from ATI variants), and
then on a logarithmic amplitude scale 1004, the number of logical positive detections per
minute is displayed as curve 1005. Graph 1007 shows integrated detections (determined
as described below), for comparison with an independently identified occurrence series

1008 (as determined by an expert clinician).

In thé example shown in Figure 11, "integrated detections" refers to the results of a
procedure in which, for example, a moving window 60 sec long is applied to the duration
of seizure in 4 sec intervals. A threshold is set at 0.35 of the maximum length per 4
seconds. Time intervals where the duration of seizures per 4s is above the threshold are
considered to be “global” seizures. Further processes can close gaps (non-seizure
intervals between adjacent global seizures) if they are less than, for example 2 sec, or
25% of the adjacent global seizures’ duration (maximum length of gap allowed to discard
= about 15 sec) and then in a further process any global seizure shorter than about 10
seconds may be discarded. This combination resulted in bar graph 1007 - integrated
detections. Bars 1009 reveal four differences from the expert clinician verdicts were
revealed as shown in the lowest bar 1008; one missed seizure, one false positive, another
missed seizure and another false positive. Note that the total duration of errors arising

from the invention is low (2 sec of false positives in this example of 125 minutes).

There are a variety of ways in which the primary total detections 1006 can be converted to
integrated detections 1007, such as:

i) closing gaps shorter than some predefined length,

ii) selecting elementary events shorter than some predefined length,

iiii) taking the median of the seizure length per short period of time (for example,

seconds),
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iv) taking 25% ranking value of the seizure length per short period of time (for
example, 4 seconds),
V) calculating a moving rectangular window average, and/or

Vi) calculating a moving exponentially forgetting average.

The whole procedure is preferably implemented in software and carried out in real time,

using any appropriate programming environment such as LABVIEW ™ manufactured by
National Instruments, Austin, Texas, USA (at least during development), C or derivatives
such as C++, Java, or in assembler, as is appropriate for technical requirements, and as

is known in the art.
EXAMPLE 2

The procedures described above have been implemented by integrating with existing
software within the "Brain Rescue Monitor" (BRM) device made by the applicant. This
device runs software to display and record parameters such as spectral edge, intensity (2-
20 Hz) and amplitude of incoming or stored EEG waveforms. The BRM implementation is
preferably used in combination with signal quality measures to ensure reliability. These
signal quality measures may include some or all of the following:

1) sufficiently low contact impedance (< about 10 kQ),

2) appropriate amplitude range,

3) absence of high frequency/EMG interference,

4) absence of electrode artefacts,

5) absence of motion artefacts,

6) absence of amplifier errors,

7) absence of ECG artefact.

The implementation was successful. Fig 12 illustrates the facility of recall provided by the
entire instrument; the lowest panel 1203 of this screen capture image taken from the
user's display panel shows a period within a 2.3 hour data collection procedure (see time

scale 1208), during which total seizures were verified (profile of hits, 1204, and user's
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selection of panel data indicated by 1209).

The two upper screens 1201 and 1202 show the recalled original waves from the left and
right channels (displayed over a 1 minute period as indicated by time scale 1207) from
which the seizures were extracted. Note that black bars 1206 have been drawn over the
captured image in order to indicate the waves recognised (in the right side trace only) by
the software according to this invention as seizures. Originally the detected seizure waves
were indicated in a different colour (red). The position in time of the recalled and displayed
waveforms is shown by the user-controllable vertical bar 1205 within the bottom panel
1203 (this is a facility of use to clinicians who may wish to verify the appearance of the
detected seizure, given that some types are less serious than others) Scale 1210 is in

microvolts for the recalled EEG waveforms.
In this environment we note for example that:

(a) the invention is capable of detecting relatively small seizures that might not be noticed
by eye. They may be small by virtue of involving only a small volume of the brain, by being
relatively remote from the recording electrodes, or as a result of the effect of existing

medication.

(b) There is for example a class of minor seizures known as "PLED" (periodic lateralised
epileptiform seizures) which are currently believed to be of little or no clinical significance
either in terms of an indication for treatment requirements or in reflecting possible
outcomes. The invention is being adapted in order to detect the periodic recurrence of
such seizures in order to determine their relevance to clinical applications, taking
advantage of the long-term monitoring facility provided by the invention. Sometimes

PLED seizures precede major seizures.

(c) Rather than being limited solely to use in real-time, "bedside" applications, this

equipment might be used from time to time on a previously recorded set of EEG signals.

~The display of Fig 12 was generated within a standard lap-top PC running a simulation of
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the clinical instrument based on files of real data recorded previously.
VARIATIONS

It will be realised that numerical test procedures of this type, applied to biological signals,
involve a varying amount of predetermined constants and processes such as the
"integrated detections" and the "raised moving average" as described previously. Some of
these variables may have been optimised in response to the characteristics of EEG
signals from a particular population of patients, such as neonatal infants. In this invention,
the reliance on original collection of critical points forms one contrast with prior-art
methods such as FFT or others that take the data in bulk. In time, it may become apparent
that other values for the selected constants, other constants, and other combinations of
AT duration, block (epoch) duration and refractory period for example are more
appropriate either in general or for particular kinds of patient or particular kinds of clinical
syndromes. For example, it may be that fewer runs - less variety of simultaneous

sampling conditions (see column 1, Table 1) are sufficient.

Optionally, the filtering transformations applied to the incoming signals may include one or
more procedures capable of removing artefacts from the signals or at least capable of

detecting and excluding artefacts from the incoming signals.

Of course the procedure may be applied to indirectly acquired signals, such as signals
collected, optionally stored in a storage device, and telemetered or otherwise
communicated to the device running the software which implements this invention from a

source, which may be in spatial and/or temporal proximity.

In relation to the procedures leading up to a determination of "seizure present", we can
carry out an integration on the single (one of 24, 30...) channel first, then join them with a
form of "OR" function. Integration can be carried out with different levels of certainty - such

as larger sensitivity for a general overview, and more conservatively for a treatment alarm.

The software has been shown to work within a brain monitoring machine. It may be
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installed within any electroencephalograph, which typically has a large number of input
channels, as a backup for human analysis of plotted waves from typically up to an hour's
use. It may be used as part of a program for detérmining the appropriate drug treatment
for a person prone to epileptiform seizures where its sensitivity over the prior-art

assessment of numbers of actual seizures is an advantage.

FURTHER IMPROVEMENTS

We believe that further improvement in the accuracy of the seizure detection system

described above may be made by one or more of the following enhancements:

1. Altering the Crit1 and Crit2 seizure detection criteria to include not only minimum
amplitude and interval considerations but also average amplitude and interval.
Alternatively, we may alter the Crit1 and Crit2 calculations to 6nly take into account peaks
(both normal and inverse) and not troughs or Apis. The Crit1 and Crit2 values may also be
calculated using the primary values of intervals and/or amplitudes rather than their ratios

to avoid a single out of order interval (or amplitude) damaging two consecutive ratios.

2. Improving shape regularity analysis whereby wave shape recognition is carried out and
adjacent waves are examined for change in shape to thereby aid in detecting whether
seizures are occurring or continuing. This is already carried out by calculating the
coefficient of correlation, but could be improved by, for example, altering the seizure
detection criteria dependent upon the shape of waves detected. For example, spike-like
waves could have different seizure detection criteria than sine-like waves. The wave
shar;e recognition procedure could also be used to identify waveshapes with potential

clinical importance, for example spikes, spike-waves etc.

3. Including within the seizure detection criterion an analysis of change in amplitude of the

waves.

4. Double directed time scaling for the wave shapes analysis consisting of first obtaining

the projection of a first wave in a second wave and the projection of the second wave in
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the first wave. The data obtained is then combined for shape analysis to obtain exactly
paired wave shapes. That is, a) both waves are scaled along Y-axes into the range 0-1 as
before; b) both waves are scaled along time axes between 0 and 1 as before; c) in order
to have equal numbers of time points in both wave shapes the values of wave 1 are
interpolated for the time points of wave 2 and added to wave 1 while the values of wave 2
are interpolated for the time points of wave 1 and added to wave 2; d) the resulting waves
are then smoothed as before (although this is not essential), and; e) the coefficient of

correlation is calculated.

5. The degree of interruption caused by a detected seizure may be considered by the
integrating criteria. For example, if in one minute there are 15 occurrences of primary
detected seizures each of 2 seconds duration or 2 occurrences of 15 seconds duration
each, then the total duration of the seizure events is the same but it is preferred to
minimise the number of interruptions that occur in the detected seizures and this may be

accounted for in the integration criteria.

6. Add an uninterrupted interval (for example, 10 seconds) aspect to the seizure detection
criteria. That is, we may not only assess the integrated seizures, which are required to
have at least 21 seconds of primary seizures per minute to be detected (0.35 of 1 minute),
but if a primary seizure is long enough (for example, 10 seconds) then it might be

considered as a final (integrated) seizure.

7. A “level of certainty” assessment may be determined for each seizure episode
determined by the invention. The “level of certainty” could be a percentage calculated
based, for example, upon the amount that the Crit1 and/or Crit2 criteria are exceeded.
The “level of certainty” assessment could also or alternatively be simplified by being

LI 11

represented by for example “low”, “medium” or “high”.

8. Artefact rejection on the basis of electrode impedance or high frequency could be

incorporated into the algorithm to reduce false positive seizure detections.
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9. An ECG (electrocardiogram) signal showing the patient’s heart rate and rhythm could

be incorporated into the algorithm as a means to determine artefacts in the EEG signal for

rejection.

10. Artefacts at a particular frequency introduced by the operation of external electrical
and/or mechanical equipment such as a ventilator may be detected and disregarded. For
example, if there is a suspicion that something in the environment, for example a pump,
around the patient is causing a regular artefact in the EEG signal and its frequency is

known then the algorithm can detect and disregard this frequency.

11. Hyper synchronisation (that is, an excessive level of regularity in the interval,
amplitude or shape) may also be used as a criteria for detecting external artefacts. There
is a suspicion that external sources of noise or perhaps even ECG (or even ECG
superimposed upon the EEG signal), which are regular, are more regular than an EEG
seizure wave. Accordingly, the criteria for seizure can have not only a lower boundary (for
example, 0.8) but also a higher boundary (for example, 0.95 or 0.98) thereby isolating

likely artificially created artefacts.

12. The pulse threshold fraction (see Figures 3 and 4) may be made to last for more than
one (for example two) iterations. Alternatively, the pulse threshold fraction may be set to
zero to remove it from the calculations however it has been found that it may be an
important feature because even with larger averaging constants and RP, the running

mean reduces quickly and false peaks are detected.

13. Seizure algorithms specifically for ICU use. (that is, for detecting severe more
prolonged seizures) may be produced by adapting the invention previously described.
This would be achieved by combining the periodic waveform detection with
timing/continuity criteria to detect severe seizures greater than about 10-20 seconds
overall duration. This would avoid detection of spurious or less important short seizures
(such as PLED seizures). The minimum duration of seizures could usefully be about 5

seconds through to about 1 minute.
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This software is operational within even an existing computer-based instrument used for
monitoring brain activity. Such instruments, such as the Brain Monitor made by the
applicant, already display brain activity on a screen and would otherwise rely on a human
observer, or a crude system for spotting seizures, to raise an alarm to get the patient
further medicated with anti-seizure treatments, because seizure activity can be intrinsically

damaging to the brain.
Accuracy appears to be closely similar to that of an experienced clinician.

If the accuracy is found to be satisfactory, automated infusion of an anti-seizure drug may
be carried out as a result of detected seizures that rise over a predetermined frequency of

occurrence. This is compatible with a "just-enough treatment” regime.

The invention can be included within existing devices, as referred to in this specification.
Here, the invention can provide a warning system to alert others to the presence of
seizures. The invention can operate continuously over the extended periods (24-96 hours
or more) that equipment of this type is normally used, and it does not change its

thresholds or judgement over time (a risk with human operators).

Finally, it will be understood that the scope of this invention as described and/or illustrated
herein is not limited to the specified embodiments. Those of skill in the art will appreciate
that various modifications, additions, known equivalents, and substitutions are possible

without departing from the scope and spirit of the invention as set forth.
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CLAIMS

1. A method of detecting seizures in an electroencephalogram (EEG) signal

comprising the steps of:

i) obtaining representative numerical data characterising the waveform shape of

the EEG signal at a plurality of times within the EEG signal,

i) carrying out a calculation or calculations on at least some of the representative
numerical data to produce related numerical data at a plurality of times within the EEG

signal,

iii) comparing the related numerical data at at least some of said plurality of times

to predetermined criteria, and

iv) determining that a seizure event has taken place at a particular time or times in
the EEG signal if the comparison at that time or times indicates that the related data is

within the predetermined criteria.

2. A method of detecting seizures as claimed in claim 1, wherein the EEG signal is
comprised of multiple separate channels and the method is carried out on each channel

individually and the individual results combined together.

3. A method of detecting seizures as claimed in claim 1 or claim 2, wherein the

method also includes the steps of:

v) analysing the length of time between adjacent positive determinations of a

seizure event, and

vi) determining that a seizure event has taken place within said period of time if

said length of time is less than a predetermined minimum time value.

4. A method of detecting seizures as claimed in any one of the preceding claims,
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wherein said step of obtaining representative numerical data comprises determining the

positions of local peaks and troughs within the EEG signal.

5. A method of detecting seizures as claimed in claim 4, wherein said step of

obtaining representative numerical data comprises the steps of:

a) averaging or low-pass filtering the EEG signal to obtain an averaged EEG

signal,

b) comparing the EEG signal to the averaged EEG signal to locate intersection

positions where the EEG signal intersects with the averaged EEG signal,

c) for each pair of first and subsequent intersection points, determining the location
of each peak (or trough) of the EEG signal and, for each pair of subsequent and its
subsequent intersection point, determining the location of each trough (or peak) of the

EEG signal, and

d) recording the position of each trough, subsequent peak and two corresponding

intersection points in respective data groups.

6. A method of detecting seizures as claimed in claim 5, wherein a comparison is
made between the amount of time between adjacent peaks and a predetermined
refractory time period and if the time between adjacent peaks is less than the refractory

time period then the later occurring of the adjacent peaks is disregarded.

7. A method of detecting seizures as claimed in claim 6, wherein if a plurality of
peaks of the EEG signal are recorded within said refractory time period then all but the

maximum of those peaks are disregarded.

8. A method of detecting seizures as claimed in claim 6 or claim 7, wherein the
averaged EEG signal is determined by a moving average calculation based upon a
predetermined time window of the EEG signal and wherein the step of obtaining

representative numerical data is repeated a plurality of times with different time window
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and refractory time period values and the individual results combined.

9. A method of detecting seizures as claimed in any one of the preceding claims,
wherein the step of obtaining representative numerical data is carried out on the EEG

signal and also on an inverted version of the EEG signal and the results combined.

10. A method of detecting seizures as claimed in any one of claims 5 to 8, wherein the
step of carrying out a calculation or calculations on at least some of the representative
numerical data includes determining the amplitude of the peak and trough in each data
group with respect to a predetermined base level and associating the determined

amplitude with its respective group.

11. A method of detecting seizures as claimed in claim 10, wherein the base level for
determining amplitude is a line connecting the troughs either side of said peak and the
base level for determining trough amplitude is a line connecting the peaks either side of

said trough.

12. A method of detecting seizures as claimed in any one of claims 5 to 8, 10 or 11,
wherein the step of carrying out a calculation or calculations on at least some of the
representative numerical data includes determining the time interval between the peak
and/or trough and/or one or both intersection points from a first data group with their
corresponding respective peak and/or trough and/or one or both intersection points from a
subsequent data group and associating the determined time interval or intervals with one

of the data groups.

13. A method of detecting seizures as claimed in claim 10 and 12, wherein for each
pair of adjacent data groups, the determined amplitudes are compared to obtain said
related numerical data in the form of a numerical indication of the similarity of the
amplitude of the adjacent data groups and/or one or more of the respective determined
time interval differences are compared to obtain said related numerical data in the form of

a numerical indication of the similarity of the intervals of the adjacent data groups.
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14. A method of detecting seizures as claimed in claim 13, wherein numerical values
indicative of amplitude and interval difference are combined in predetermined ratios to

provide said predetermined criteria.

15. A method of detecting seizures as claimed in claim 14, wherein the numerical
values indicative of amplitude and interval difference are combined in a plurality of

different ratios in order to produce multiple separate criteria as said predetermined criteria.

16. A method of detecting seizures as claimed in claim 14 or claim 15, wherein a
determination that a seizure event has taken place only if the related data remains within

the predetermined criteria for a predetermined number of adjacent data groups.

17. A method of detecting seizures as claimed in any one of claims 5 to 8, wherein
said related numerical data also includes data representative of the change in shape of

the EEG signal as described by a predetermined number of serially adjacent data groups.

18. A method of detecting seizures as claimed in claim any one of claims 5 to 8,
wherein each point in said averaged EEG signal is shifted upwards by a predetermined

amount prior to the step of comparing the EEG signal to the averaged EEG signal.

19. A method of detecting seizures as claimed in claim 10, wherein a seizure event will
not be determined for times within the EEG signal where the amplitude or average
amplitude of a predetermined number of serially adjacent peaks or a predetermined

number of serially adjacent troughs is less than a predetermined threshold.

20. A method of detecting seizures as claimed in any one of the preceding claims,
wherein noise introduced into the EEG signal by external electrical and/or mechanical
equipment is detected and a seizure event will not be determined to have occurred during

periods of time in which the determined noise exceeds a predetermined threshold.

21. A method of detecting seizures as claimed in claim 8, wherein one of the different

time window and refractory time period value combinations detects noise added to the
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EEG signal by external electrical and/or mechanical equipment.

22. A method of detecting seizures as claimed in any one of the preceding claims
wherein said EEG signal is first divided into segments of a predetermined length and each

segment is analysed separately.

23. A method of detecting seizures as claimed in claim 22, wherein the EEG signal
undergoes analogue to digital conversion and is then band-pass filtered prior to said step

of obtaining representative numerical data characterising the waveform.

24. A method of detecting seizures as claimed in any one of the preceding claims,

further including the step of:

comparing the shapes of adjacent portions of the EEG signal to obtain related
numerical data indicative of the variability of the shape of the EEG signal from portion to

portion,

wherein a seizure event will not be determined to have occurred for times within
the EEG signal where the related numerical data indicative of the variability of the shape

of the EEG signal does not meet predetermined variability criteria.

25. A method of detecting seizures as claimed in claim 24, wherein the related
numerical data includes the linear coefficient of correlation between adjacent portions of

the EEG signal.

26. A method of detecting seizures as claimed in any one of the preceding claims,

further including the step of:

analysing the shape of a selected portion or portions of the EEG signal to obtain
related numerical data indicative of the shape of the selected portion or respective

portions of the EEG signal,

wherein a seizure event will not be determined to have occurred for times within
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the EEG signal where the related numerical data indicative of the shape of the selected

portion or portions of the EEG signal does not meet predetermined shape criteria.

27. A method of detecting seizures as claimed in claim 26, wherein the portion of the
EEG signal is between adjacent peaks in the EEG signal and the predetermined shape
criteria include a requirement that each portion of the EEG waveform must include a

central dip in amplitude.

28. A computer program which when executed causes a computer to carry out the

method according to any one of the preceding claims.

29. A computer readable medium on which the computer program of claim 28 is

stored.

30. A device for detecting seizures in an electroencephalogram (EEG) signal

comprising:
means for receiving an EEG signal, and

control means programmed to carry out the method according to any one of claims

1 to 27 on the received EEG signal.

31.  Adevice for detecting seizures in an electroencephalogram (EEG) signal

comprising:

means for obtaining representative numerical data characterising the waveform

shape of the EEG signal at a plurality of times within the EEG signal,

means for carrying out a calculation or calculations on at least some of the
representative numerical data to produce related numerical data at a plurality of times

within the EEG signal,

means for comparing the related numerical data at at least some of said plurality of

times to predetermined criteria, and
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means for determining that a seizure event has taken place at a particular time or
times in the EEG signal if the comparison at that time or times indicates that the related

data is within the predetermined criteria.

32. A device for detecting seizures as claimed in claim 31, wherein the EEG signal is
comprised of multiple separate channels and the means for obtaining representative
numerical data obtains representative numerical data on each channel individually and the
individual results produced by the means for determining that a seizure event has taken

are combined together.

33. A device for detecting seizures as claimed in claim 31 or claim 32, further

comprising:

means for analysing the length of time between adjacent positive determinations of

a seizure event, and

means for determining that a seizure event has taken place within said period of

time if said length of time is less than a predetermined minimum time value.

34. A device for detecting seizures as claimed in any one of claims 31 to 33, wherein
said means for obtaining representative numerical data determines the positions of local

peaks and troughs within the EEG signal.

35. A device for detecting seizures as claimed in claim 34, wherein said means for

obtaining representative numerical data:
a) averages or low-pass filters the EEG signal to obtain an averaged EEG signal,

b) compares the EEG signal to the averaged EEG signal to locate intersection

positions where the EEG signal intersects with the averaged EEG signal,

c) for each pair of first and subsequent intersection points, determines the location

of each peak (or tfough) of the EEG signal and, for each pair of subsequent and its
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subsequent intersection point, determines the location of each trough (or peak) of the

EEG signal, and

d) records the position of each trough, subsequent peak and two corresponding

intersection points in respective data groups.

36.  Adevice for detecting seizures as claimed in claim 35, wherein a comparison is
made between the amount of time between adjacent peaks and a predetermined
refractory time period and if the time between adjacent peaks is less than the refractory

time period then the later occurring of the adjacent peaks is disregarded.

37.  Adevice for detecting seizures as claimed in claim 36, wherein if a plurality of
peaks of the EEG signal are recorded within said refractory time period then all but the

maximum of those peaks are disregarded.

38.  Adevice for detecting seizures as claimed in claim 36 or claim 37, wherein the
averaged EEG signal is determined by a moving average calculation based upon a
predetermined time window of the EEG signal and wherein the means for obtaining
representative numerical data from the EEG signal obtains a plurality of sets of
representative data, each with different time window and refractory time period values,

and the individual sets are combined.

39. A device for detecting seizures as claimed in any one of claims 31 to 38, wherein
the means for obtaining representative numerical data obtains said numerical data from
the EEG signal and also from an inverted version of the EEG signal and the results are

combined.

40.  Adevice for detecting seizures as claimed in any one of claims 35 to 38, wherein
the means for carrying out a calculation or calculations on at least some of the
representative numerical data determines the amplitude of the peak and trough in each
data group with respect to a predetermined base level and associates the determined

amplitude with its respective group.
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41.  Adevice for detecting seizures as claimed in claim 40, wherein the base level for
determining amplitude is a line connecting the troughs either side of said peak and the
base level for determining trough amplitude is a line connecting the peaks either side of

said trough.

42.  Adevice for detecting seizures as claimed in any one of claims 35 to 38, 40 or 41,
whierein the means for carrying out a calculation or calculations on at least some of the
representative numerical data determines the time interval between the peak and/or
trough and/or one or both intersection points from a first data group with their
corresponding respective peak and/or trough and/or one or both intersection points from a
subsequent data group and associates the determined time interval or intervals with one

of the data groups.

43. A device for detecting seizures as claimed in claim 40 and 42, wherein for each
pair of adjacent data groups, the determined amplitudes are compared to obtain said
related numerical data in the form of a numerical indication of the similarity of the
amplitude of the adjacent data groups and/or one or more of the respective determined
time interval differences are compared to obtain said related numerical data in the form of

a numerical indication of the similarity of the intervals of the adjacent data groups.

44. A device for detecting seizures as claimed in claim 43, wherein numerical values
indicative of amplitude and interval difference are combined in predetermined ratios to

provide said predetermined criteria.

45. A device for detecting seizures as claimed in claim 44, wherein the numerical
values indicative of amplitude and interval difference are combined in a plurality of

different ratios in order to produce multiple separate criteria as said predetermined criteria.

46. A device for detecting seizures as claimed in claim 44 or claim 45, wherein a
determination is made that a seizure event has taken place only if the related data

remains within the predetermined criteria for a predetermined number of adjacent data
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groups.‘

47. A device for detecting seizures as claimed in any one of claims 35 to 38, wherein
said related numerical data also includes data representative of the change in shape of

the EEG signal as described by a predetermined number of serially adjacent data groups.

48.  Adevice for detecting seizures as claimed in claim any one of claims 35 to 38,
wherein each point in said averaged EEG signal is shifted upwards by a predetermined

amount prior to the step of comparing the EEG signal to the averaged EEG signal.

49. A device for detecting seizures as claimed in claim 40, wherein a seizure event will
not be determined for times within the EEG signal where the amplitude or average
amplitude of a predetermined number of serially adjacent peaks or a predetermined

number of serially adjacent troughs is less than a predetermined threshold.

50. A device for detecting seizures as claimed in any one of claims 31 to 49, wherein
noise introduced into the EEG signal by external electrical and/or mechanical equipment
is detected and a seizure event will not be determined to have occurred during periods of

time in which the determined noise exceeds a predetermined threshold.

51. A device for detecting seizures as claimed in claim 38, wherein one of the different
time window and refractory time period value combinations detects noise added to the

EEG signal by external electrical and/or mechanical equipment.

52. A device for detecting seizures as claimed in any one of claims 31 to 51, wherein
said EEG signal is first divided into segments of a predetermined length and each

segment is analysed separately.

53. A device for detecting seizures as claimed in claim 52, wherein the EEG signal
undergoes analogue to digital conversion and is then band-pass filtered prior to said

means for obtaining representative numerical data characterising the waveform.

54. A device for detecting seizures as claimed in any one of claims 31 to 53, further
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comprising:

means for comparing the shapes of adjacent portions of the EEG signal to obtain
related numerical data indicative of the variability of the shape of the EEG signal from

portion to portion,

wherein a seizure event will not be determined to have occurred for times within
the EEG signal where the related numerical data indicative of the variability of the shape

of the EEG signal does not meet predetermined variability criteria.

55. A device for detecting seizures as claimed in claim 54, wherein the related
numerical data includes the linear coefficient of correlation between adjacent portions of

the EEG signal.

56. A device for detecting seizures as claimed in any one of claims 31 to 55, further

comprising:

means for analysing the shape of a selected portion or portions of the EEG signal
to obtain related numerical data indicative of the shape of the selected portion or

respective portions of the EEG signal,

wherein a seizure event will not be determined to have occurred for times within
the EEG signal where the related numerical data indicative of the shape of the selected

portion or portions of the EEG signal does not meet predetermined shape criteria.

57.  Adevice for detecting seizures as claimed in claim 56, wherein the portion of the
EEG signal is between adjacent peaks in the EEG signal and the predetermined shape
criteria include a requirement that each portion of the EEG waveform must include a

central dip in amplitude.

45



WO 2005/018448 PCT/NZ2004/000198

Api

Bpi
Peak
Trough

l ‘. 1

4 00

“Fig 1
® Api

201 RP A Peak
Y Trough

30|

® Peaks
~— EEG fiitered o
~— Moving average Fig 3

= Lifted moving average



WO 2005/018448

4

2/6

302 302A 3028

W
01

gl

|

402

ud,. n'x'l 'I

PCT/NZ2004/000198




WO 2005/018448 PCT/NZ2004/000198

3/6
seizure seggu?;
ted detection

detelc

< seizure >

Intervals’ Ratio—
mplitudes’ Ratio

éombined Criteria CO 9 6b

e
—
woro——

0.0

slart SeiZUre  and of
l detecti

\ g c%ete;ctionis
0 detect a seizue
(_..__.k____\

T

seizure

—— Interyals’ Ratio sgehind Crit2)

0.0 1 — Amplitudes’ Rat

Combined Criteria1
~*~ Combined Criteria2



WO 2005/018448 PCT/NZ2004/000198
4/6

start end

N i J ®
Y
MINCPR=0.22 JCI 9 8

Left height
1.0 LY IS

_minimum _

0.8

0.6

0.4

0.2

0.0

0 10

£ 50 pts

' Start from the middie °
| (25th pomt)
LTS 19



WO 2005/018448 PCT/NZ2004/000198

5/6

MINULES e 1001
H ] 5 k] »

9 L3 ] 5 ® 43 n 7 8 ] ] LS B ' S 120 s
l 1002

1001,

0 U] 5

% dthrn

1005

006

1
1A |1 1 A 1 nmnnmmium

S—

07

ifN@Enl fIim II.;0

1008

- A1 TR Ty
|

usionszozswzsqossussassm;smsssassmmsmusmns

api-by-api detection N averages=4, 1 detection
eaks lntHaH!% 5( mplgatig);%(m
1 Wave in r-sm>0.
movAvg/RP ,TE%':‘TZ‘._; detection [roudh ! AND avg minCPR<0.8
100/60ms | ) apt's | N 88 :
TN Crit 2:

S~ i Navera e=4, 4 detections |
movszg./RP  normal \‘\ ) {Am Isaﬂ%‘)’?‘ggw.as
300/150ms | inverse . "~ 2. ! AND min r-smad3

RIS R N AND avg minCPR<0.8
3 N RN Vi
movAvg/Rp |Dormal SIERIIEISINN O
Runs 7007350 ms | inverse Rt SN ‘¥E==55'¢=5\*
e~ o . _ LT SREIIITAWA A
TTT e oS 33ay, SS33AMA (24 Inputs:
Uz asgiRAA \ oo >
movA‘i/ p |normal _ RRGLETS twq s
inverse LEEE AND eizure
1000/500 ms ) z ovent

Ampl>6 uV
Ventilator Noise Detection
»
0
(normal | -z No nolse 11
msoo\?é\g %I,EP inverse »oozoz oR-»| higher 0.67 &19
——®--» -z of Ampl




WO 2005/018448 PCT/NZ2004/000198
6/6

W«M,vwrmmwdﬂwﬂw WJ‘;,MMFWAWMMW%UW,\, -y M i "NMM%

‘ T IR N F— PE——
. ) AN Wby ey i " cApgcam 1 3 " A
L el ey PRt -'M'WWM‘ﬁ%ﬂm’r1w*m‘*ﬁn\m‘ﬁfrrrrmf'ﬂm'-r,m« :

Lig 12



International application No.
PCT/NZ2004/000198

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
Imt.CL"  A61B 5/0476

According to International Patent Classification (IPC) or to both national classification and IPC -

B. . FIELDS SEARCHED

| Minimum documentation searched (classification system followed by classification symbols)

SEE ELECTRONIC DATABASES CONSULTED

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

DWPIL A61B/IC, EEG, electroenceph, cerebral, brain, neuro, wave, function, activity, seizure, paralys, epilepsy,
convulse, event, episode, instant, real time, oline, determine, automate, rapid, simultaneous, predict, detect, prognose,
diagnose, compare, determine, monitor. '

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
e ‘ claim No.
RU 2188575 C1 (SANKT PETERBURGSKIJ NI PSIK) 10 September 2002 ,
X Abstract, page 4 column 1 line 45 — page 7 column 1 line 9. 1-57
US 6442421 B1 (LE VAN QUYEN ET AL.) 27 August 2002
X Abstract, Fig. 1-3, column 2 line 29 — column 7 line 65. 1-57
WO 2003030734 A2 (NEUROPACE, INC) 17 April 2003
X Abstract, Fig. 1-21, page 6 line 10 — page 62 line 12 1-57
WO 1997026823 A1 (UNIVERSITY OF KANSAS) 31 July 1997 ’
X Abstract, Fig. 1-15, page 4 line 6 — page 23 line 6. 1-57
Further documents are listed in the continuation of Box C See patent family annex
* Special categories of cited documents: \
"A"  document defining the general state of the art which is "T"  later document published after the international filing date or priority date and not in
not considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention
"E"  earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken
' alone
"L"  document which may throw doubts on priority claim(s) "Y"  document of particular relevance; the claimed invention cannot be considered to
or which is cited to establish the publication date of involve an inventive step when the document is combined with one or more other
another citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"O"  document referring to an oral disclosure, use, exhibition

il 1t -
or other means '& document member of the same patent family

"P*  document published prior to the international filing date
but later than the priority date claimed

Date of the actual completion of the international seatch Date of mailing of the international search report
22 October 2004 1.5 NoV 2004

Name and mailing address of the ISA/AU . Authorized officer

AUSTRALIAN PATENT OFFICE

PO BOX 200, WODEN ACT 2606, AUSTRALIA
E-mail address: pct@ipaustralia.gov.au

Facsimile No. (02) 6285 3929




INTERNATIONAL SEARCH REPORT

International application No.

PCT/NZ2004/000198
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.
WO 2000010455 A1 (EMORY UNIVERSITY) 2 March 2000
X Abstract, Fig. 1-29, page 5 line 26 — page 43 line 4 1-57
US 5311876 A (OLSEN ET AL.) 17 May 1994
X Abstract, Fig. 1A -3, column 4 line 1 — column 10 line 44 1-57
US 2002/0035338 A1 (DEAR ET AL.) 21 March 2002
X Abstract, Fig. 1-19, paragraph [0007] — paragraph [0099] 1-57




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/NZ2004/000198

| This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars

which are merely given for the purpose of information.

Patent Document Cited in : Patent Family Member
Search Report

RU 2188575 NONE

US 6442421 US 2002095099

WO 0330734 NONE

WO 9726823 AU 17528/97 EP US 5995868

US 6549804

WO 0010455 AU  59002/99 EP US 6658287
US 5311876 : NONE

US 2002035338 NONE

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

END OF ANNEX

Form PCT/ISA/210 (patent family annex) (January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

