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Seizing the Future: Predicting Epilepsy
After TBI

ECoG Spiking Activity and Signal Dimension Are Early Predictive Measures of Epileptogenesis in a Translational
Mouse Model of Traumatic Brain Injury

Di Sapia R, Rizzi M, Moro F, Lisi I, Caccamo A, Ravizza T, Vezzani A, Zanier ER. Neurobiol Dis. 2023;185:106251. PMID: 375363
83. doi:10.1016/j.nbd.2023.106251

The latency between traumatic brain injury (TBI) and the onset of epilepsy (PTE) represents an opportunity for counteracting
epileptogenesis. Antiepileptogenesis trials are hampered by the lack of sensitive biomarkers that allow to enrich patient’s
population at-risk for PTE. We aimed to assess whether specific ECoG signals predict PTE in a clinically relevant mouse model
with *60% epilepsy incidence. TBI was provoked in adult CD1 male mice by controlled cortical impact on the left parieto-
temporal cortex, then mice were implanted with two perilesional cortical screw electrodes and two similar electrodes in the
hemisphere contralateral to the lesion site. Acute seizures and spikes/sharp waves were ECoG-recorded during 1 week post-
TBI. These early ECoG events were analyzed according to PTE incidence as assessed by measuring spontaneous recurrent
seizures (SRS) at 5 months post-TBI. We found that incidence, number and duration of acute seizures during 3 days post-TBI
were similar in PTE mice and mice not developing epilepsy (No SRS mice). Control mice with cortical electrodes (naı̈ve, n¼ 5)
or with electrodes and craniotomy (sham, n ¼ 5) exhibited acute seizures but did not develop epilepsy. The daily number of
spikes/sharp waves at the perilesional electrodes was increased similarly in PTE (n ¼ 15) and No SRS (n ¼ 8) mice vs controls
(p < 0.05, n ¼ 10) from day 2 post-injury. Differently, the daily number of spikes/sharp waves at both contralateral electrodes
showed a progressive increase in PTE mice vs No SRS and control mice. In particular, spikes number was higher in PTE vs No
SRS mice (p < 0.05) at 6 and 7 days post-TBI, and this measure predicted epilepsy development with high accuracy (AUC ¼
0.77, p ¼ 0.03; CI 0.5830-0.9670). The cut-off value was validated in an independent cohort of TBI mice (n ¼ 12). The daily
spike number at the contralateral electrodes showed a circadian distribution in PTE mice which was not observed in No SRS
mice. Analysis of non-linear dynamics at each electrode site showed changes in dimensionality during 4 days post-TBI. This
measure yielded the best discrimination between PTE and No SRS mice (p < 0.01) at the cortical electrodes contralateral to
injury. Data show that epileptiform activity contralateral to the lesion site has the highest predictive value for PTE in this model
reinforcing the hypothesis that the hemisphere contralateral to the lesion core may drive epileptogenic networks after TBI.

Commentary

Traumatic brain injury (TBI) affects 69 million people world-

wide yearly.1 One of the severe long-term health risks of TBI is

post-traumatic epilepsy (PTE), defined as the development of

epileptic seizures months to years after TBI, which is different

from the acute seizures that commonly occur shortly after a

TBI.2 People with PTE have shorter life expectancies than

people without.3 The latent period between TBI and PTE

(months to years) presents a promising opportunity for thera-

peutic intervention4 if we can identify patients at risk of PTE

early enough. In a recent study, Rosella Di Sapia and col-

leagues5 identified cortical electrical signals that predict PTE

after a severe TBI in mice and may one day translate to markers

of PTE risk in humans.

The authors used a mouse model whereby a controlled

impact to the cortex induces a severe TBI. After implanting

two electrocorticogram (ECoG) electrodes (one anterior, one

posterior) on each brain hemisphere immediately after TBI,

they monitored the mice with 24/7 video and ECoG recordings

for 1 week, and then again for 3 weeks, 1.5 months, and 5

months after injury. At the 5-month time point, 65% of the TBI

mice displayed evidence of PTE, defined by at least one spon-

taneous seizure lasting more than 10 seconds. Post-traumatic

epilepsy seizures were characterized by generalized motor con-

vulsions and electrographic paroxysms in both hemispheres.

The authors then analyzed video and ECoG recordings taken

within the first week after TBI to look for patterns correlated

with PTE severity, including the number of epileptiform
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spikes, signal dimension, and acute seizures in each ECoG

channel.

Surprisingly, acute seizures after TBI were not predictive of

PTE: their incidence, number, and duration were similar in

mice that did and did not develop PTE. This finding is contrary

to the current belief that acute seizures may be predictive of

PTE. However, the acute seizures reported in the current study

seem to arise in part from surgery, as they also occurred in

naı̈ve mice that received the electrode implants but not the TBI.

These control mice did not develop PTE, confirming that TBI,

not just surgery, induces PTE in this model. Nevertheless, a

different surgical procedure (eg, with no electrode implants)

will be needed to test rigorously the relationship between early

seizures and eventual PTE.

The most remarkable finding was that cortical activity con-

tralateral to the contusion site had better predictive value in

this mouse model than ipsilateral cortical activity. Specifically,

the number of epileptiform spikes recorded at the contralateral

posterior electrode 7 days post-TBI positively correlated with

both the number and cumulative duration of PTE seizures.

Similarly, ECoG signals dimensionality, a measure of non-

linear dynamics estimated by analysis of recurrence, in the

contralateral hemisphere was highly predictive of PTE. The

ECoG signal dimension of the contralateral anterior electrode

provided the best discrimination between mice with or without

PTE with high sensitivity (92%), specificity (87%), and accu-

racy (90%). Since signal dimension excludes certain aspects of

the ECoG, such as high frequency oscillations,6 the list of

contralateral predictors of PTE may yet grow to include addi-

tional markers. This limitation of ECoG signal dimension mea-

sure may also hide potential markers in the ipsilateral region.

The drivers of injury-induced epilepsy, like PTE, are usually

thought to be related to circuit hyperexcitability near the injury

site. So, why were the ipsilateral ECoG signals less instructive?

One possibility is that the ipsilateral region is severely dam-

aged in this mouse model of severe TBI. A common caveat of

rodent models of TBI is that they need a more severe lesion

than humans to develop PTE because rodents are markedly

resilient to injury than are humans. The TBI induced in this

study is relatively severe, however histological analysis is

absent, precluding precise quantification of lost brain tissue

on the injured side. If most of the hemisphere was dead or the

lesion size variable between mice, it could explain in part why

the ipsilateral ECoG signatures are not reliable predictive mar-

kers. In other words, while the study strongly suggests that the

contralateral region harbors valid markers of future PTE, it

does not eliminate the possibility that the ipsilateral region does

as well.

Whether the findings reported in this mouse model will

translate to humans remains to be seen. It will require careful

monitoring of patients’ cortical signals, ideally 24/7, during the

acute post-TBI phase. It is, however, unclear whether the pre-

dictive features found in mice can be picked up on a scalp EEG,

as opposed to a brain ECoG, which is an intracranial EEG, and

during the deep sedation typically provided to patients with

severe TBI in the intensive care unit. But if so, this finding

could be transformative as it would help stratify the patient

population for clinical trials for anti-epileptogenesis therapies,

which would otherwise be too costly and inconclusive because

of the heterogeneous PTE outcomes. Whether the early predic-

tors uncovered in the present study have any value in females

remains unknown since the study only included male mice. If

the predictors are sex-dependent, sex will need to be included

in patient stratification strategies.

What might these predictive signatures of PTE tell us about

the origins of epileptogenesis? A tantalizing clue comes from the

observation that in TBI patients: dysfunctional thalamocortical

connectivity is associated with decreased complexity of EEG.7,8

The prominent and persistent decrease in ECoG signal dimen-

sionality in mice developing PTE may reflect functional altera-

tions of thalamic projections to the cerebral cortex. The thalamus

output to the cortex is indeed critical for seizure activity in

human and experimental epilepsy after acute cortical injury.9

Interestingly, the mice that eventually developed PTE

showed fluctuations in daily circadian ECoG spikes in the first

week post-TBI, with more spikes during the active (dark) phase

than during the inactive (day-time) phase. The finding that

circadian spike distribution is another PTE predictor also high-

lights the need for 24/7 monitoring and the importance of con-

sidering thalamocortical networks in this process, given that

thalamocortical neuromodulation is critical in circadian

rhythms.

In conclusion, the findings support the significance of cast-

ing a wide network10 when looking for predictors of PTE:

predictors such as changes in spike frequencies or ECoG signal

dimension suggest that epileptogenesis entails the early recruit-

ment of large-scale circuits, presumably including interhemi-

spheric circuits and thalamocortical circuits, far from the initial

lesion. Ultimately, we may be able to prevent PTE by targeting

these large-scale circuits early, taking advantage of the large

therapeutic window afforded by PTE latency. In the meantime,

PTE biomarkers found in this TBI animal model will be useful

in the lab to stratify mice to discover and test of anti-

epileptogenic therapies. It is also important to note that some

of the aspects of the early changes in ECoG dynamics may be

adaptive and important for recovery of the injured brain, war-

ranting preclinical studies to decipher both the adaptive and

maladaptive aspects of the early network changes after TBI,

which will be crucial to develop antiepileptogenesis therapies.

Jeanne T. Paz, PhD

Gladstone Institute of Neurological Disease,

Gladstone Institutes, and Department of Neurology,

University of California San Francisco

ORCID iD

Jeanne T. Paz https://orcid.org/0000-0001-6339-8130

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

204 Epilepsy Currents 24( 33)

https://orcid.org/0000-0001-6339-8130
https://orcid.org/0000-0001-6339-8130
https://orcid.org/0000-0001-6339-8130
https://orcid.org/0000-0001-6339-8130
https://orcid.org/0000-0001-6339-8130


References

1. World Health Organization. Neurological Disorders: Public

Health Challenges 2006. Accessed February 11, 2024. https://

www.who.int/publications-detail-redirect/9789241563369

2. Pitkänen A, Immonen R. Epilepsy related to traumatic brain

injury. Neurother J Am Soc Exp Neurother. 2014;11(2):286-296.

3. Silver JM, McAllister TW, Yudofsky SC, eds. Textbook of Traumatic

Brain Injury. 1st ed. American Psychiatric Publishing; 2005.

4. Thompson K, Pohlmann-Eden B, Campbell LA, Abel H. Pharma-

cological treatments for preventing epilepsy following traumatic

head injury. Cochrane Database Syst Rev. 2015;2015(8):

CD009900.

5. Di Sapia R, Rizzi M, Moro F, et al. ECoG spiking activity and

signal dimension are early predictive measures of epileptogenesis

in a translational mouse model of traumatic brain injury. Neuro-

biol Dis. 2023;185:106251. doi:10.1016/j.nbd.2023.106251

6. Bragin A, Li L, Almajano J, et al. Pathologic electrographic

changes after experimental traumatic brain injury. Epilepsia.

2016;57(5):735-745.

7. Mofakham S, Liu Y, Hensley A, et al. Injury to thalamocortical

projections following traumatic brain injury results in attractor

dynamics for cortical networks. Prog Neurobiol. 2022;210:

102215.

8. Mofakham S, Fry A, Adachi J, et al. Electrocorticography reveals

thalamic control of cortical dynamics following traumatic brain

injury. Commun Biol. 2021;4(1):1210.

9. Paz JT, Davidson TJ, Frechette ES, et al. Closed-loop optogenetic

control of thalamus as a tool for interrupting seizures after cortical

injury. Nat Neurosci. 2013;16(1):64-70.

10. Paz JT, Huguenard JR. Microcircuits and their interactions in

epilepsy: is the focus out of focus? Nat Neurosci. 2015;18(3):

351-359.

205Commentary

https://www.who.int/publications-detail-redirect/9789241563369
https://www.who.int/publications-detail-redirect/9789241563369

	Seizing the Future: Predicting Epilepsy After TBI
	Commentary
	ORCID iD
	Declaration of Conflicting Interests
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /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 false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


