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Abstract. Surgery is an effective treatment for intractable epilepsy where the seizure cannot be controlled
by medication. Intractable epilepsy is generally treated by removing epileptic foci and propagation paths.
It is, therefore, important to determine epileptic foci and propagation paths in surgery. Surgical site is
determined by visual inspection using magnetoencephalogram , magnetic resonance imaging,
electroencephalogram and, electrocorticogram. However, diagnosis by visual inspection of a doctor is
fraught with problems which depends on the experience. We aim for establishment of diagnostic
indicator which can show quantitative and objective evidence. In this paper, we propose a new
connectivity analysis. In the connectivity analysis, we calculate the maximum correlation value and the
delay time for each channel-to-channel using correlation function from ECoG which is recorded at
preoperative evaluation for intractable epilepsy patients. A connectivity strength is defined by using
linear combination of the maximum correlation value and its delay time between channels of ECoG.
Then, the propagation structure of epileptiform discharges is estimated by using minimum spanning tree
whose each edge length is reverse of the connectivity strength. We applied the method to ECoG of a
patient with temporal robe intractable epilepsy. The result shows that a estimated propagation structure
was consistent with the result of MEG analysis.
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1. Introduction

Epilepsy is a common cranial nerve disease that affects up to 1% of the population. Seizure is caused
by epileptiform discharges propagating throughout the brain leading to loss of normal brain function.
Epileptic seizures have a lot of symptoms as they propagate throughout the brain. About 75% of these
patients can control seizures by medication, but 25% of them cannot be cured by medication, which is
known as intractable epilepsy [Cascino, 1994]. Intractable epilepsy can be treated by surgery [Wiebe et
al, 2001]. Patients are cured by removing epileptic foci and propagation structure. In order to further
improve the surgical outcome and avoid any neurological deficits from the removal of the lesion, the
precise origin of the seizure activity must be accurately localized [Niedermeyer and Silva, 2010].
Epileptic foci and propagation paths are diagnosed by visual inspection of doctor using
electrocorticogram (ECoG), which is recorded for inspection before operation [Jenssen et al, 2011],
magnetic resonance imaging (MRI) and, magnetoencephalogram (MEQG). Visual inspection depends on
the experience of the doctor to diagnose epileptic foci and propagation path of epileptiform discharges
from ECoG, less experienced doctors cannot accurately diagnose the surgical site.

Connectivity analysis has been a wide area in the brain research these days. In particular, functional
brain network analysis of fMRI data is visually conducted by many researchers. However, there are few
research on connectivity analysis of patients with epilepsy. Mizuno, et.al. proposed a method estimating
epileptic foci and connectivity of epileptiform discharges, which was observed from ECoG, using cross
correlation map [Mizuno-Matsumoto et al, 1999]. The method, however, indicates only a cross-
correlation map of the channels in order to express the connectivity between the channels. After
estimating the quantitative propagation structure of epileptiform discharges using cross-correlation
function, visualization using a graph theory has not been reported.



In this paper, we developed a new method of estimation and visualization of epileptic foci and
propagation structure of epileptiform discharges. We used cross-correlation function and the minimum
spanning tree of graph theory. We estimated propagation structure of epileptiform discharges from ECoG
which was a patient’s data at seizure onset using connectivity analysis. We consider the effectiveness of
our method by comparing the estimated results and the results of MEG.

2. Methods

2.1. Data acquisition

We used the ECoG which was recorded on subdural for inspection before operation'. Placement of
intracranial Electrodes of a patient is shown in Fig. 1. Channel zero to channel 15 were located at the left
frontal lobe, channel 16 to channel 23 were located at the interior left temporal lobe, channel 40 to
channel 44 were located at the interior right temporal lobe, and channel 24 to channel 39 were located at
the left temporal lobe. The ECoG of the patient was shown in Fig. 2. The ECoG shown in green is the
frontal lobe, blue is the interior temporal lobe and, red is the temporal lobe. The patient lost their normal
brain function after the propagation of epileptiform discharges throughout the brain which was at around
35 seconds. After that, the high amplitude of epileptiform discharges last almost 100 seconds, then,
epileptiform discharges terminated around 140 seconds. After the termination of epileptiform discharges,
flat ECoG were observed for a while.

Figure 1. Electrode layout of the patient: Electrodes were placed at pink circles and the numbers represent
channel number of bipolar EEG mesurment
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Figure 2. A Typical ECoG signals of the patient during ictal period. Green line: frontal robe, Blue line: interior
temporal lobe, Red line: temporal lobe.

! This study has been reviewed and approved by Ethics Review Committee of Kindai University,
Faculty of Medicine (21-135) and Faculty of Biology-Oriented Science and Technology (H26-1-008).
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2.2. Connectivity Analysis
First, we calculated cross-correlation function from ECoG every channel-to-channel as follows:
E[(xi(8)— ) (xj(t— )~ uj)]

pij(T) = J ) (D

E[(xi ()= mi)?1E[(xj(0) - pj)?]

where x; and x; are ECoG of channel i and j, and y; and p; are averages of x; and x;, respectively. E[']
shows expected value and 7 is the delay time. In this report, the range of T was from —0.1 seconds to 0.1
seconds. Time averaging window for calculating correlation function was set to one second. Next, we
searched the maximum correlation value maxr{|pi : (T)|} and its delay time 7;; from cross-correlation
function p;;(7). Here, in order to eliminate the influence of small value of the maximum correlation
maxr{|pi]- (1')|} which is to be statistically uncorrelated, namely null hypothesis fails to reject with
99.9% confidence interval using the z-test, was assigned as zero. In the case of the maximum correlation

value was zero, a delay time T was set to 0.1 seconds, which is the longest delay time in this study. The
correlation maps between channel to channel is shown in Fig. 3.
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Figure 3. Maximum correlation max, { pl.j|} map of ECoG signals between the channels.

Then, we defined connectivity strength as follows:

d;j = a(max.{|p;(O[}) + (1 - @) {1 - %} ’ N

where max,{l pij (T) |} is maximum correlation value of each channel-to-channel with respect to . To
use normalized delay time, absolute value of the delay time at maximum correlation |7;;| was divided by

the longest delay time 7,4, = 0.1 in this study. « is an arbitrary constant which determines the weights
of both the maximum correlation term and the delay term. In this study, o was set to 0.5, i.e., the weight
of the maximum correlation value and the delay time was the same. In order to configure the minimum
spanning tree, the inverse connectivity strength 1 — d;; was used as edge length.

Finally, we configured minimum spanning tree using connectivity strength to edges. We estimated
and visualized the propagation structure of epileptiform discharges. The minimum tree is a undirected
graph which does not have closed path together with the minimal total weighting for its edges. In other
words, the estimated propagation structure results of epileptiform discharges formed in this report
assumes there is no ECoG loop between channels.




3. Results

The estimated minimal spanning tree of seizure onset of the patient is shown in Fig. 4. In the
estimation results, circles indicate nodes and the number represents the channel number. The colors of
the circle indicate the position of the channel. Light gray, gray and dark gray present frontal robe, interior
temporal robe and exterior temporal robe, respectively. Also, the lines indicate that the stronger the
connectivity thicker the line. In this study, a root node of the minimum spanning tree configured the node
which has the highest connectivity strength.

In the estimated results of propagation structure, the channels located in the left temporal lobe is first
connected and then they are connected to the interior left temporal lobe then the connections are made
to the left frontal lobe.

Connectivity strength 26
dii=> 09 ==
27,
08 <dij< 09 Pe—
07 <dij< 08 R 28'
dE<dij=07F 29 39

Hew ®

FTOOe ®@
6 @
®

Figure 4. Estimated Minimum Spanning Tree. Dark gray: exterior temporal robe channels, Gray: interior
temporal robe channels, Light gray: frontal robe channels

4. Discussion

Fig. 5 shows the results of MEG of a sporadic epileptiform discharge of the patient. The result
indicates the epileptiform spikes in red moving from the left temporal lobe to the interior left temporal
lobe then finally to the left frontal lobe. As we mentioned earlier, the estimated propagation structure of
epileptiform discharges of the patient begin at the left temporal lobe where the epileptic foci were located.
Then epileptiform discharge propagates to the interior left temporal lobe, then finally to the left frontal
lobe. Both results show the same appearance of propagation structure. Since both results indicate a
similar propagation structure, that our method used in this study is considered to be effective in
demonstrating the sporadic epileptiform discharges and the onset of the epileptic seizure is similar.
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Figure 5. The result of the MEG Analysis

5. Conclusions

We developed a new analysis method of connectivity analysis using cross-correlation function and
minimum spanning tree based on the graph theory. Estimated propagation structures of seizure onset
obtained by proposed method were similar to the results of the MEG analysis. These results show the
effectiveness of the method. The connectivity analysis using ECoG for the propagation structure of
epileptiform discharges enables quantitative estimation without using a large-scale system like MEG.

Acknowledgements

This research was supported in part by JSPS KAKENHI JP17K 10912, 15K06123, Kindai University
Grant-aided for Strategic Research, 14-1V-1, 15-111-22 and KD1703.

References

Cascino G. D. Commentary: How has neuroimaging improved patient care? Epilepsia, 35(s6), S103-S107, 1994.

Jenssen S. Roberts CM, Gracely EJ. Dlugos DJ, Sperling MR. Focal seizure propagation in the intracranial EEG. Epilepsy
Research, 93(1), 25-32,2011.

Mizuno-Matsumoto Y, Okazaki K, Kato A, Yoshimine T, Sato Y, Tamura S, and Hayakawa T. Visualization of epileptogenic
phenomena using cross-correlation analysis: localization of epileptic foci and propagation of epileptiform discharges. [EEE
Transaction on Biomedical Engineering, 46(3), 271-279,1999.

Niedermeyer E. and Silva FHL, Electroencephalography:Basic Principles, Clinical Applications, and Related Fields. Lippincott
Williams & Wikins, 2010.

Wiebe S1, Blume WT, Girvin JP, and Eliasziw M. A Randomized, Controlled Trial of Surgery for Temporal Lobe Epilepsy. The
new England Journal of Medicine. 345(5), pp. 311-318, 2001.

10




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



