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(57) ABSTRACT 

Amethod and a system are provided for detection of seizures 
by applying advanced numerical analysis techniques to 
digitized Waveforms of an electroencephalogram (EEG) 
recording. In an embodiment, the advanced numerical analy 
sis techniques implemented in the method and system for 
detecting seizures include a combination of matching pur 
suit, neural network rules, and connected-object clustering 
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METHOD AND SYSTEM FOR DETECTING 
SEIZURES USING ELECTROENCEPHALOGRAMS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to detection of sei 
Zures, and more particularly, to detection of seizures With 
advanced algorithms. 

[0003] 2. Background Art 

[0004] Epilepsy is a condition characteriZed by recurrent 
seiZures Which are the outWard manifestation of excessive or 
hypersynchronous abnormal electrical activity of neurons in 
the cerebral cortex of the brain. A seiZure patient may suffer 
from several different types of seiZures, or any combination 
thereof. For example, a common type of epilepsy is called 
the grand mal seiZure, Which is manifested by symptoms of 
convulsions With tonic-clonic contractions of muscles. 
Another type of epilepsy is called the absence seiZure, Which 
is characteriZed by brief and sudden loss of consciousness. 
Other types of seiZures include complex partial seiZure, 
Which is characteriZed by a complete loss of consciousness, 
and psychomotor seiZure, Which is characteriZed by cloud 
ing of consciousness for one to tWo minutes. Some types of 
seiZures may involve the entire brain, While other types of 
seiZures may affect only a local portion of the brain. 

[0005] Electroencephalograms (EEGs) have been 
employed to record electrical signals generated by different 
parts of the brain. In a typical EEG, a plurality of electrodes 
are placed across the scalp of a seiZure patient With prede 
termined spacings. FIG. 1 shoWs a diagram illustrating a 
typical arrangement of electrodes positioned on the scalp of 
an epilepsy patient along standard lines of measurements. 
Voltages measured across predetermined pairs of electrodes, 
for example, C3-F3, F3-F7, F7-T3, T3-T5, etc., are mea 
sured simultaneously and recorded as Waveforms over a 
long period of time. Such simultaneous recording of voltage 
Waveforms across different pairs of electrodes is commonly 
referred to as a montage, a typical example of Which is 
illustrated in FIG. 2. The voltage Waveform across a given 
pair of electrodes in the montage of an EEG recording is 
commonly referred to as a channel. A seiZure is typically 
manifested by a highly rhythmic pattern of voltage Wave 
forms on an EEG recording. HoWever, depending upon the 
individual patient, different types of seiZures, and various 
other factors, an onset of seiZure is sometimes not readily 
discernable by a human reader from a montage of an EEG 
recording. For example, sometimes a seiZure may manifest 
itself as a random Waveform pattern across a montage of an 
EEG recording. Sometimes recording errors may occur in 
one or more channels of a montage of an EEG recording. 
Sometimes an onset of seiZure is not shoWn on an EEG 

recording as a rhythmic pattern of Waveforms, but rather as 
an abnormal change from the background Waveform pattern. 

[0006] A human reader of an EEG recording may need to 
go through hours or even days of recorded Waveforms to 
determine the onset, duration, and type of seiZures that may 
have occurred during that time. The human reader may miss 
an occurrence of a seiZure, Which is referred to as a false 
negative, or may mark a segment of the Waveforms as a 
seiZure event, Which is referred to as a false positive. 

[0007] Conventional algorithms have been developed to 
assist a human reader in detecting seiZures using traditional 
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fast Fourier transform (FFT) or other spectral analysis 
techniques. While these traditional techniques are usually 
effective in detecting highly rhythmic patterns of Waveforms 
in order to identify a seiZure event, some types of seiZures 
Which are not manifested by such highly rhythmic patterns 
may still be missed. Signal processing using conventional 
spectral analysis techniques may also sometimes return false 
positives, depending upon the perimeters set by the algo 
rithm. 

[0008] Therefore, there is a need for an improved system 
and method for detecting seiZures from EEG recordings With 
a high degree of reliability. 

SUMMARY OF THE INVENTION 

[0009] The present invention provides a method of detect 
ing a seiZure, generally comprising the steps of: 

[0010] (a) dividing a digitiZed Waveform of an elec 
troencephalogram (EEG) recording into a plurality 
of epochs each having a ?rst predetermined duration; 

[0011] (b) computing matching pursuit for a given 
one of the epochs to obtain a plurality of seiZure 
atoms; 

[0012] (c) describing the seiZure atoms and the given 
epoch With at least one neural netWork (NN) rule; 

[0013] (d) applying connected-object clustering to 
the epochs in a sliding WindoW of a second prede 
termined duration to obtain a clustering result; and 

[0014] (e) establishing a seiZure point from the clus 
tering result. 

[0015] Advantageously, the method in an embodiment 
according to the present invention Which utiliZes advanced 
numerical analysis techniques including matching pursuit, 
neural netWork rules and connected-object clustering is 
capable of improving seiZure detection With a high degree of 
accuracy and reliability. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The present invention Will be described With par 
ticular embodiments thereof, and references Will be made to 
the draWings in Which: 

[0017] FIG. 1 is a diagram illustrating a typical arrange 
ment of electrodes positioned on the scalp of an epilepsy 
patient; 

[0018] FIG. 2 shoWs a typical montage of an EEG record 
ing With eight channels of voltage Waveforms across eight 
pairs of electrodes; 

[0019] FIG. 3 is a flow chart illustrating an embodiment 
of a method for detecting seiZures according to the present 
invention; 

[0020] FIG. 4 is a flow chart illustrating an embodiment 
of connected-object clustering for establishing a seiZure 
point according to the present invention; and 

[0021] FIG. 5 is a block diagram illustrating a computer 
system for processing EEG recordings to identify seiZure 
events in an embodiment according to the present invention. 
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DETAILED DESCRIPTION 

[0022] FIG. 3 is a How chart illustrating a method of 
seizure detection using advanced numerical algorithms in an 
embodiment according to the present invention. Initially, 
digitiZed Waveforms of an electroencephalogram (EEG) 
recording indicated by block 100 is received by a computer 
Which processes these Waveforms to detect seiZure events. In 
this patent application, a singular Waveform is de?ned as one 
of a plurality of Waveforms of an EEG recording measured 
across a given pair of electrodes as illustrated in FIG. 1. An 
EEG recording typically includes a plurality of voltage 
Waveforms recorded simultaneously across a plurality of 
predetermined pairs of electrodes. A simultaneous recording 
of such multiple Waveforms across multiple pairs of elec 
trodes is commonly referred to as a montage. The Waveform 
measured across each designated pair of electrodes for 
indicating activity in a given region of the brain is com 
monly referred to as a channel. 

[0023] FIG. 2 illustrates a typical montage of an EEG 
recording With eight channels of simultaneous Waveforms 
recorded over a given period of time. For example, a ?rst 
Waveform 10 in FIG. 2 is a voltage Waveform measured 
across a pair of electrodes C3 and F3 in FIG. 1, While a 
second Waveform 12 in FIG. 2 is a voltage Waveform 
measured across another pair of electrodes F3 and F7 in 
FIG. 1. The remaining Waveforms 14, 16, 18, 20, 22, and 24 
in FIG. 2 are the voltage Waveforms measured across pairs 
of electrodes F7-T3, T3-T5, C4-F4, F4-F8, F8-T4, and 
T4-T6, respectively. In FIG. 2, it is assumed that the EEG 
recording starts at an initial time T=0. The spacing betWeen 
immediately adjacent vertical lines in the EEG recording of 
FIG. 2 depicts an interval of one second. 

[0024] Referring to FIG. 3, after the digitiZed Waveforms’ 
of the EEG recording is received by the computer, the 
algorithm is initialiZed and the start of the EEG recording is 
set at a time T=0 as indicated by block 102. The computer 
then determines Whether unprocessed EEG data is available 
at the time T as indicated by block 104 and causes a time 
delay or a sleep of a predetermined duration, for example, 
one second, if unprocessed EEG data is unavailable at the 
time T, as indicated by block 106. 

[0025] If unprocessed EEG data is available at the time T, 
each digitiZed Waveform of the EEG recording is entered for 
processing in an iterative manner until the processing of all 
Waveforms of the montage of the EEG recording is com 
plete, as indicated by block 108. For example, referring to 
FIG. 2, the processing of the ?rst Waveform 10 is folloWed 
by the processing of the second Waveform 12 and so on, until 
the last Waveform 24 is processed. For each Waveform of the 
digitiZed EEG recording, the method according to an 
embodiment of the present invention utiliZes three algorith 
mic techniques, namely, matching pursuit, small neural 
netWork (NN) rules and connected-object hierarchical clus 
tering algorithms as indicated by blocks 110, 112 and 114, 
respectively, for enhanced seiZure detection. 

[0026] Before each digitiZed EEG Waveform is processed 
With matching pursuit, small neural netWork rules and 
connected-object clustering algorithms, an EEG recording 
Which typically contains EEG data over a period of many 
hours or even days is divided into relatively small segments 
of time to facilitate data processing. Typical characteristics 
of seiZures alloW for partitioning of time to increase com 
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putational efficiency While detecting seiZures With a high 
degree of accuracy. A short seiZure lasts for about tWo 
seconds. 

[0027] In an embodiment, a digitiZed EEG Waveform is 
divided into tWo-second intervals, each interval commonly 
referred to as an epoch. To enhance the probability of 
detection of short-duration seiZures, the processing of EEG 
data is applied to each tWo-second epoch With a time shift of 
one second. For example, referring to FIG. 2, matching 
pursuit is computed for a given Waveform for a ?rst epoch 
of tWo seconds betWeen times T=0 and T=2, folloWed by a 
second epoch betWeen times T=1 and T=3, folloWed by a 
third epoch betWeen times T=2 and T=4, and so on. Such an 
overlap of one second for each successive tWo-second epoch 
alloWs for a greater probability of detection of short-duration 
seiZures. 

[0028] The matching pursuit algorithm that is applied to 
each tWo-second epoch as indicated by block 110 in the How 
chart of FIG. 3 is described mathematically in Wicker 
hauser,Aa'aptea' WaveletAnalysis From Theory to Software, 
A. K. Peters, Wellesley, Mass., 1994, and Mallat,A Wavelet 
Tour of Signal Processing, Academic Press, San Diego, 
1999, both of Which are incorporated herein by reference. 

[0029] The matching pursuit algorithm has been devel 
oped as a result of the desire to improve the time and 
frequency resolution of traditional fast Fourier transform 
(EFT) algorithms. It is Well knoWn in the art that Wavelets 
typically give high-frequency bands better time resolution 
With corresponding loss in frequency resolution. It is also 
Well knoWn in the art that Wavelet packets typically alloW 
the time-frequency resolution to ?t to the signal for different 
frequency bands, thereby resulting in a trade-off betWeen the 
frequency resolution and the time resolution Within a given 
frequency band. For example, With conventional Wavelet 
packet processing, each frequency band may be processed 
With a high frequency resolution and a loW time resolution, 
or alternatively, With a loW frequency resolution and a high 
time resolution. The matching pursuit algorithm, Which is an 
improvement over conventional Wavelet packet algorithms, 
affords complete ?exibility to different parts of signals, even 
Within the same frequency band, in a trade-off betWeen 
frequency resolution and time resolution. 

[0030] The matching pursuit algorithm proceeds by 
decomposing the original EEG Waveform into a sum of 
orthogonal “atoms” that are localiZed in time and frequency: 
f(t)=ZaIgI(t). The atoms have the form 

[0031] Where t is time, s>0 is the scale, u is the translation 
and v is the frequency. The index I=2(s, v, u) describes the 
chosen set of parameters. If g(t)=e_m , then gI(t) is called a 
Gabor atom, Which is a sinusoid of frequency v With an 
exponentially localiZed time WindoW centered on u. From 
the set of all possible atoms, called the Gabor dictionary 
(i.e., all values of the index I), the best single atom is found 
in each step and then subtracted from the Waveform. This 
continues for a ?xed number of iterations or until the error 
of the residual Waveform reaches an acceptable siZe. 
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[0032] The use of Gabor atoms as described above offers 
precise time-frequency resolution, but it is relatively sloW— 
about ~22 ms per atom for each tWo-second epoch of 32 
channels sampled at 32 HZ on a 866 MHZ processor coded 
in C++. A faster version of matching pursuit is achieved by 
using a Wavelet packet dictionary in place of the Gabor 
dictionary. (Like the Gabor dictionary, the Wavelet packet is 
a redundant division of the time-frequency plane into vari 
ous siZed rectangles.) This results in a speed improvement of 
about eighteen times With some loss in resolution, Which is 
usually acceptable in seiZure detection applications. 

[0033] After the matching pursuit algorithm is applied to 
each tWo-second epoch (SZEpoch) by decomposing the 
epochs of the EEG Waveform into atoms (SZAtoms), the 
seiZure atoms and the seiZure epoch are described With one 
or more neural netWork (NN) rules, as indicated by block 
112 in the How chart of FIG. 3. Small neural netWorks can 
be combined With domain expertise to create NN rules, 
Which are similar to expert system rules that propagate the 
strength or uncertainty in the inputs to the NN. A math 
ematical description of such NN rules is described in Wilson 
et al., Spike detection: reduction of model complexity via 
small neural networks constrained by domain expertise, 
Clinical Neurophysiology, submitted Mar. 5, 2002. Using 
this methodology, the NNs are not over-trained and the 
number of required training samples can be reduced by 
reducing the model complexity. Tendency rules are used to 
encode Weak expert knoWledge and describe the general 
shape of the NN’s transfer function, i.e., the graph of the NN 
inputs vs. output. 

[0034] Inputs are displayed on the X and y axes, and the 
output is displayed on the Z axis. If the NN has more than 
tWo inputs, then the other inputs are held constant at their 
average value, and pairs of inputs are examined. For 
example, the tendency rule SZRhythm/BkRhythm and 
SZAmp/BkAmp->Perception encompasses the general 
notion that seiZures should be more rhythmic and probably 
at higher voltages compared to the background activity. Any. 
NN-rule Which has a transfer function that contradicts this 
knoWledge is not accepted. 

[0035] Rules are traditionally Written in the form if X and 
Y then Z. Boolean logic describes hoW to combine these 
types of rules if X, Y and Z are variables taking the possible 
values of true and false. Expert and fuZZy systems are 
developed from rules With the understanding that many 
interesting problems can best be expressed using non 
Boolean variables. They extend Boolean logic to alloW rules 
that propagate the uncertainty and/or strength of the premise 
to the rule’s conclusion. If the rule has only a single 
conclusion, then the general form of these rules is a function 
that takes one or more inputs and has a single output, Which 
is the essence of a neural netWork. If the NN is suf?ciently 
simple, it may be possible to describe it linguistically as one 
or more rules. 

[0036] The rules that are developed for detection of sei 
Zures in one embodiment are very small NNs consisting of 
tWo to ?ve inputs and a single output. Expert knoWledge is 
used to choose the inputs and the related output. After the 
NN is trained, it is only accepted if the response surface, i.e., 
What the rule says, is consistent With the expert knoWledge. 
The requirement that the NN be consistent With expert 
knoWledge, rather than simply a “black box,” is important to 
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this embodiment. It is preferred that small neural netWorks 
that can be analyZed via their response surface be imple 
mented to alloW for penetration of the conventional “black 
box” shell. In contrast, the response surface of a poorly 
de?ned netWork Which displays discontinuities or contra 
dicts domain knoWledge is undesirable in these applications. 

[0037] It is typical that an EEG recording includes EEG 
data recorded over a relatively long period of time, from 
several hours to several days, for example. The EEG data 
covering the total time period of many hours or days usually 
need not be analyZed at once. In an embodiment, connected 
object clustering algorithm is applied to a plurality of epochs 
in a sliding WindoW of a pre-determined duration, for 
example, 60 seconds, as indicated by block 114 in the How 
chart of FIG. 3. 

[0038] As illustrated in FIG. 2, a sixty-second sliding 
WindoW includes thirty epochs of tWo seconds each and 
initially starts With T=0. The initial sixty-second sliding 
WindoW covers a time period betWeen T=0 and T=60. After 
the EEG data for this sixty-second WindoW is processed, the 
sliding WindoW shifts to the right by one second covering a 
time period betWeen T=1 and T=61. As the sixty-second 
sliding WindoW shifts progressively in one-second intervals, 
EEG data that are older than sixty seconds are discarded. By 
applying the sliding WindoW to the EEG Waveform, con 
nected-object clustering can be performed on the epochs to 
obtain a clustering result With improved computational 
speed and ef?ciency. 

[0039] One of the complicating aspects of seiZure detec 
tion is the need to perform tWo tasks at roughly the same 
time: to identify the event and to determine its approximate 
endpoints. A novel type of clustering is implemented in an 
embodiment to identify the onset and approximate duration 
of an event of brain activity, and then to decide Whether the 
event is a seiZure event. 

[0040] Clustering methods fall into tWo general catego 
ries: hierarchical and partitional (Jain, A. K. and Dubes, R. 
C., Algorithms for clustering data, EngleWood Cliffs, N.J., 
Prentice Hall, 1988). Partitional methods require as input the 
appropriate number of groups, and the groups found are 
dependent on the order that the objects are submitted. The 
computational complexity (i.e., the approximate number of 
operations) for these algorithms is O(N*K*R), Where N is 
the number of objects, K is the number of groups, and R is 
the number of iterations. Hierarchical methods generate a 
nested sequence that alloWs the appropriate number of 
groups to be identi?ed interactively, using a dendrogram, for 
example, or via a heuristic method. The high computational 
complexity [O(N*N*N)] of hierarchical algorithms makes 
them undesirable for seiZure detection applications. For 
example, an eight-hour record includes N=28,800 one 
second epochs. These requirements can be reduced to 
O(N*log(M)), Where M is the maximum number of groups 
in the nested structure, by taking advantage of the connected 
nature of the epochs. The folloWing are the steps of an 
embodiment of the connected-object clustering algorithm: 

[0041] Step 1. Given an ordered list of N connected 
objects, break the list into tWo groups of k and N-k objects 
for k=1 . . . N-l. If N=1, then stop this branch of the 

algorithm. 
[0042] Step 2. Choose index k to maximiZe the difference 
betWeen the tWo groups. Stop if the desired number of 
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groups is found. Stop this branch of the algorithm if the 
difference between the tWo groups is too small. 

[0043] Step 3. Apply the algorithm to the tWo resulting 
groups. 

[0044] Step 2 requires a function that rates the difference 
betWeen tWo groups. The Davies-Bouldin index (Jain, A. K. 
and Dubes, R. C., Algorithms for clustering data, Engle 
Wood Cliffs, N.J., Prentice Hall, 1988, p. 186) is used, Which 
Was developed as a Way to determine the “correct” number 
of clusters. For K clusters, the index is given by 

[0045] for K>1. 

[0046] In this application, a single parameter is used to 
describe the objects With K=2, such that the summed term 
can be simpli?ed to 

[0047] Where nj, hi and 01- are the number of objects, the 
mean and the standard deviation of cluster j. The splitting 
index k is chosen to maximiZe DB(K). 

[0048] The nested structure of the clustering is captured by 
storing the indexes k in a tree at each step. DB(K) can also 
be used to choose overall partitioning of the tree, because for 
strongly clustered data it Will be minimiZed at the “correct” 
number of clusters. 

[0049] A desirable feature of this algorithm, not easily 
supported by other clustering methods, is that neW objects 
(e.g., neW EEG epochs as they are acquired) can be added 
to the end of the list Without having to start over. KomZak 
(KomZak, Jiri, Hierarchical clustering speed up using posi 
tion lists and data position hierarchy, WWW.kmi.open.ac.uk/ 
papers/kmi-tr-115.pdf, 2001) has developed a more general, 
but sloWer, O(N*N), method for speeding up clustering by 
using sorted objects. 

[0050] Klatchko et al. (Klatchko, A., Raviv, G., Webber, 
W. R., and Lesser, R. P., Enhancing the detection of seizures 
with a clustering algorithm, Electroencephalogr. Clin. Neu 
rophysiol 106: 52-63, 1998) apply clustering (via directed 
graph) to seiZure detection to enhance an existing detector. 
Candidate seiZure epochs are grouped together if they inde 
pendently have a probability that exceeds a cutoff value, are 
in the same or neighboring channels, and occur simulta 
neously or sequentially. This method does not Work When 
there are gaps, i.e., non-seiZure epochs, in the sequence of 
candidate epochs. Because the grouping condition only 
considers proximal pairs of epochs, the same result can be 
achieved Without clustering. 

[0051] FIG. 4 is a How chart illustrating an example of a 
connected-object clustering algorithm With tWo branches in 
an embodiment according to the present invention. Initially, 
an ordered list of N connected objects is supplied to the 
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algorithm as indicated by block 200. M, Which is the total 
number of groups in the nested structure, is initially set to 
one, as indicated by block 202. The algorithm then deter 
mines Whether N=1 as indicated by block 204, and the 
current branch of the algorithm is stopped if N=1, as 
indicated by block 206. If N is greater than 1, the algorithm 
enters an iterative loop as indicated by blocks 208, 210, and 
212 in FIG. 4. Within this loop for k=1 to N-1, the 
difference betWeen tWo groups of k and N-k objects is 
stored in the computer memory as Diff[k] until the end of the 
loop. 
[0052] Subsequently, k is selected such that the difference 
Diff[k] betWeen the tWo groups of k and N-k objects is 
maximiZed, and M is incremented by 1, as indicated by 
block 214 in FIG. 4. The connected-object clustering algo 
rithm determines Whether M is equal to a desired count as 
indicated by block 216, and stops all branches of the 
algorithm as indicated by block 218 if M is equal to the 
desired count. If M is not equal to the desired count, the 
algorithm is branched via recursion as indicated by block 
220. One branch of the algorithm sets N=k as indicated by 
block 222 While another branch sets N=N-k as indicated by 
block 224. These tWo branches of the algorithm are then 
looped back to block 204 as illustrated in FIG. 4. 

[0053] Referring back to FIG. 3, after the connected 
object clustering algorithm is applied to the epochs in the 
sixty-second sliding WindoW as indicated by block 114, a 
seiZure point (SZPt) is established from the clustering result 
and described With neural netWork rules, as indicated by 
block 116. A determination is then made as to Whether the 
seiZure point is valid and better than a pre-existing seiZure 
point, if any, as indicated by block 118. If the seiZure point 
derived from the current Waveform is better than a pre 
existing seiZure point established from a previous Wave 
form, the current seiZure point is then regarded as the “best” 
seiZure point, as indicated by block 120. OtherWise, the 
pre-existing seiZure point remains as the “best” seiZure 
point. Subsequently, the matching pursuit, neural netWork 
rules and connected-object clustering algorithms as indi 
cated by blocks 110, 112, and 114 are applied to other 
digitiZed Waveforms in the montage of the EEG recording 
until all of the Waveforms Within the sixty-second sliding 
WindoW for all channels of the montage are processed. 

[0054] After all of the Waveforms in the sixty-second 
sliding WindoW of the montage are processed, one or more 
seiZure events (SZEvts) are established by analyZing a 
plurality of proximal seiZure points from the Waveforms of 
the montage, as indicated by block 122 in FIG. 3. After a 
seiZure event is established With the seiZure points that are 
temporally close to each other from the Waveforms of the 
montage, the algorithm determines Whether such a seiZure 
event (SZEvt) is valid, as indicated by block 124 in FIG. 3. 

[0055] If the seiZure event is valid, the computer noti?es 
the user that a seiZure has been identi?ed, as indicated by 
block 126 in FIG. 3. The time of onset of the seiZure and a 
description of the seiZure based upon the EEG data, includ 
ing, for example, the duration, type, and severity of the 
seiZure, may be saved in the computer in an embodiment as 
indicated by block 128 in FIG. 3. 

[0056] After all Waveforms of the montage Within a given 
sixty-second sliding WindoW is processed, the sliding Win 
doW is shifted by a small increment of time, for example, 
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one second, until the Whole EEG recording is processed, as 
indicated by blocks 130 and 132. If the EEG recording has 
been completely processed, the program ends as indicated 
by block 134. If the processing of the EEG recording has not 
been completed, one second is added to the time T and the 
sliding WindoW is shifted by one second as indicated by 
block 132. The program then loops back to block 104 to 
process neW EEG data Within the neWly shifted siXty-second 
WindoW. 

[0057] FIG. 5 is a simpli?ed block diagram illustrating a 
computer system or an article of manufacture for processing 
EEG data according to embodiments of the present inven 
tion. As illustrated in FIG. 5, the computer system includes 
a central processing unit (CPU) 300, a computer readable 
medium such as a memory 302, an input device such as a 
keyboard 304, and output devices such as a display monitor 
306 and a printer 308. The digitiZed EEG recording 310 is 
read into the memory 302 for processing by the CPU 300, 
Which is capable of running a computer program code 
comprising instructions for performing process steps that 
include matching pursuit, neural netWork rules, and con 
nected-object clustering algorithms according to embodi 
ments of the present invention. 

[0058] From the above description of embodiments of the 
invention, it is manifest that various equivalents can be used 
to implement the concepts of the present invention Without 
departing from its scope. Moreover, While the invention has 
been described With speci?c reference to certain embodi 
ments, a person of ordinary skill in the art Would recogniZe 
that changes can be made in form and detail Without 
departing from the spirit and the scope of the invention. The 
described embodiments are to be considered in all respects 
as illustrative and not restrictive. It should also be under 
stood that the invention is not limited to the particular 
embodiments described herein, but is capable of many 
equivalents, rearrangements, modi?cations, and substitu 
tions Without departing from the scope of the invention as set 
forth in the claims. 

What is claimed is: 
1. A method of detecting a seiZure, comprising the steps 

of: 

a) dividing a digitiZed Waveform of an electroencephalo 
gram (EEG) recording into a plurality of epochs each 
having a ?rst predetermined duration; 

(b) computing matching pursuit for a given one of the 
epochs to obtain a plurality of seiZure atoms; 

(c) describing the seiZure atoms and the given epoch With 
at least one neural netWork (NN) rule; 

(d) applying connected-object clustering to the epochs in 
a sliding WindoW of a second predetermined duration to 
obtain a clustering result; and 

(e) establishing a seiZure point from the clustering result. 
2. The method of claim 1, further comprising the step of 

determining Whether the seiZure point is valid. 
3. The method of claim 1, further comprising the steps of 

repeating steps (b)-(e) and determining Whether a succeed 
ing seiZure point is better than a preceding seiZure point. 

4. The method of claim 1, Wherein the ?rst predetermined 
duration is less than the second predetermined duration. 
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5. The method of claim 4, Wherein the ?rst predetermined 
duration is about 2 seconds. 

6. The method of claim 4, Wherein the second predeter 
mined duration is about 60 seconds. 

7. The method of claim 1, further comprising the step of 
setting an initial time T=0 prior to the step of computing 
matching pursuit for the given epoch. 

8. The method of claim 7, further comprising the steps of 
determining Whether unprocessed EEG data is available at 
the time T, and causing a time delay of a third predetermined 
duration if unprocessed EEG data is unavailable at the time 
T. 

9. The method of claim 8, Wherein the digital Waveform 
is one of a plurality of Waveforms forming a montage of the 
EEG recording, the method further comprising the steps of 
obtaining a subsequent Waveform of the EEG recording and 
repeating steps (b)-(e) if unprocessed EEG data is available 
at the time T. 

10. The method of claim 9, further comprising the step of 
establishing a seiZure event With a plurality of proximal 
seiZure points from the Waveforms of the montage. 

11. The method of claim 10, further comprising the step 
of determining Whether the seiZure event is valid. 

12. The method of claim 11, further comprising the step 
of notifying a user that a seiZure is identi?ed if the seiZure 
event is valid. 

13. The method of claim 12, further comprising the step 
of saving the time T and a description of the seiZure. 

14. The method of claim 11, further comprising the steps 
of adding a time of the third predetermined duration to the 
time T and shifting the sliding WindoW by the time of the 
third predetermined duration until the EEG recording is 
?nished. 

15. The method of claim 14, Wherein the third predeter 
mined duration is about 1 second. 

16. A computer readable medium comprising a plurality 
of instructions, Which When eXecuted by a computer, cause 
the computer to perform the steps of: 

(a) dividing a digitiZed Waveform of an electroencepha 
logram (EEG) recording into a plurality of epochs each 
having a ?rst predetermined duration; 

(b) computing matching pursuit for a given one of the 
epochs to obtain a plurality of seiZure atoms; 

(c) describing the seiZure atoms and the given epoch With 
at least one neural netWork (NN) rule; 

(d) applying connected-object clustering to the epochs in 
a sliding WindoW of a second predetermined duration to 
obtain a clustering result; and 

(e) establishing a seiZure point from the clustering result. 
17. The computer readable medium as set forth in claim 

16, further comprising instructions Which cause the com 
puter to perform the step of determining Whether the seiZure 
point is valid. 

18. The computer readable medium as set forth in claim 
16, further comprising instructions Which cause the com 
puter to perform the steps of: 

repeating steps (b)-(e); and 

determining Whether a succeeding seiZure point is better 
than a preceding seiZure point. 
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19. The computer readable medium as set forth in claim 
16, Wherein the ?rst predetermined duration is less than the 
second predetermined duration. 

20. The computer readable medium as set forth in claim 
19, Wherein the ?rst predetermined duration is about 2 
seconds. 

21. The computer readable medium as set forth in claim 
19, Wherein the second predetermined duration is about 60 
seconds. 

22. The computer readable medium as set forth in claim 
16, further comprising instructions Which cause the com 
puter to perform the step of setting an initial time T=0 prior 
to the step of computing matching pursuit for the given 
epoch. 

23. The computer readable medium as set forth in claim 
22, further comprising instructions Which cause the com 
puter to perform the steps of: 

determining Whether unprocessed EEG data is available at 
the time T; and causing a time delay of a third prede 
termined duration if unprocessed EEG data is unavail 
able at the time T. 

24. The computer readable medium as set forth in claim 
23, Wherein the digitiZed Waveform is one of a plurality of 
Waveforms of the EEG recording Which includes a montage 
of multiple channels of simultaneous Waveforms, the com 
puter readable medium further comprising instructions 
Which cause the computer to perform the steps of: 

obtaining a subsequent Waveform of the EEG recording; 
and 

repeating steps (b)-(e) if unprocessed EEG data is avail 
able at the time T. 

25. The computer readable medium as set forth in claim 
24, further comprising instructions Which cause the com 
puter to perform the step of establishing a seiZure event With 
a plurality of proXimal seiZure points from the Waveforms of 
the montage. 

26. The computer readable medium as set forth in claim 
25, further comprising instructions Which cause the com 
puter to perform the step of determining Whether the seiZure 
event is valid. 

27. The computer readable medium as set forth in claim 
26, further comprising instructions Which cause the com 
puter to perform the step of notifying a user that a seiZure is 
identi?ed if the seiZure event is valid. 

28. The computer readable medium as set forth in claim 
27, further comprising instructions Which cause the com 
puter to perform the step of saving the time T and a 
description of the seiZure. 

29. The computer readable medium as set forth in claim 
26, further comprising instructions Which cause the com 
puter to perform the steps of: 

adding a time of the third predetermined duration to the 
time T; and 

shifting the sliding WindoW by the time of the third 
predetermined duration until the EEG recording is 
?nished. 

30. The computer readable medium as set forth in claim 
29, Wherein the third predetermined duration is about 1 
second. 

31. An article of manufacture, including a computer 
readable medium having computer readable program code 
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means embodied therein for detecting a seiZure, the com 
puter readable program code means in the article of manu 
facture comprising: 

(a) computer readable program code means for dividing a 
digitiZed Waveform of an electroencephalogram (EEG) 
recording into a plurality of epochs each having a ?rst 
predetermined duration; 

(b) computer readable program code means for computing 
matching pursuit for a given one of the epochs to obtain 
a plurality of seiZure atoms; 

(c) computer readable program code means for describing 
the seiZure atoms and the given epoch With at least one 
neural netWork (NN) rule; 

(d) computer readable program code means for applying 
connected-object clustering to the epochs in a sliding 
WindoW of a second predetermined duration to obtain a 
clustering result; and 

(e) computer readable program code means for establish 
ing a seiZure point from the clustering result. 

32. The article of manufacture as set forth in claim 31, 
Wherein the computer readable program code means further 
comprises computer readable program code means for deter 
mining Whether the seiZure point is valid. 

33. The article of manufacture as set forth in claim 31, 
Wherein the computer readable program code means further 
comprises: 

computer readable program code means for repeating 
steps performed by computer readable program code 
means (b)-(e); and 

computer readable program code means for determining 
Whether a succeeding seiZure point is better than a 
preceding seiZure point. 

34. The article of manufacture as set forth in claim 31, 
Wherein the ?rst predetermined duration is less than the 
second predetermined duration. 

35. The article of manufacture as set forth in claim 34, 
Wherein the ?rst predetermined duration is about 2 seconds. 

36. The article of manufacture as set forth in claim 34, 
Wherein the second predetermined duration is about 60 
seconds. 

37. The article of manufacture as set forth in claim 31, 
Wherein the computer readable program code means further 
comprises computer readable program code means for set 
ting an initial time T=0 prior to computing matching pursuit 
for the given epoch. 

38. The article of manufacture as set forth in claim 37, 
Wherein the computer readable program code means further 
comprises: 

computer readable program code means for determining 
Whether unprocessed EEG data is available at the time 
T; and 

computer readable program code means for causing a 
time delay of a third predetermined duration if unproc 
essed EEG data is unavailable at the time T. 

39. The article of manufacture as set forth in claim 38, 
Wherein the digitiZed Waveform is one of a plurality of 
Waveforms of the EEG recording Which includes a montage 
of multiple channels of simultaneous Waveforms, and 
Wherein the computer readable program code means further 
comprises: 
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computer readable program code means for obtaining a 
subsequent Waveform of the EEG recording; and 

computer readable program code means for repeating 
steps performed by computer readable program code 
means (b)-(e) if unprocessed EEG data is available at 
the time T. 

40. The article of manufacture as set forth in claim 39, 
Wherein the computer readable program code means further 
comprises computer readable program code means for estab 
lishing a seiZure event With a plurality of proximal seiZure 
points from the Waveforms of the montage. 

41. The article of manufacture as set forth in claim 40, 
Wherein the computer readable program code means further 
comprises computer readable program code means for deter 
mining Whether the seiZure event is valid. 

42. The article of manufacture as set forth in claim 41, 
Wherein the computer readable program code means further 
comprises computer readable program code means for noti 
fying a user that a seiZure is identi?ed if the seiZure event is 
valid. 
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43. The article of manufacture as set forth in claim 42, 
Wherein the computer readable program code means further 
comprises computer readable program code means for sav 
ing the time T and a description of the seiZure. 

44. The article of manufacture as set forth in claim 41, 
Wherein the computer readable program code means further 
comprises: 

computer readable program code means for adding the 
time of the third predetermined duration to the time T; 
and 

computer readable program code means for shifting the 
sliding WindoW by the time of the third predetermined 
duration until the EEG recording is ?nished. 

45. The article of manufacture as set forth in claim 44, 
Wherein the third predetermined duration is about 1 second. 


