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Outline

® Data

® Rhythms & functional networks
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® Dynamical proposal for seizure
termination
... and failure of termination.

Conditions




MacrOscale Data: Invasive EEG or ECoG

i

By, Multivariate, high density

~ |00 electrodes (surface & depth)
Sampling 500 Hz

Purpose: localize seizure focus.

P e. — -
[Kirsch, UCSF EEG Telemetry Unit]

Standard analysis: visual inspection.



Resective surgery:

Befo re After

Q: Can we develop quantitative tools to improve (avoid) surgery!?

* Better localize sites of origin ...
* Alternatives to surgery ...
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Temporal scales: rhythms

Fast ~ 20 Hz Slow ~ 2 Hz

|

[Fisher et al, 1992;
Alarcon et al 1995;

Lee, Spencer, et all 2000;
Worrell et al, 2004;
Weiss et al, 2013 ...]

Brain chirp
[Schiff et al, Clin Neurophys, 2000]

Intermediate ~ 10 Hz

Quantify: Time-frequency spectra

Seizure #1! | | Seizure #4

Y
&)

Frequency [Hz]
o

(&)

Y i)
H: Rhythms slow during seizure.




Spatial scales: coupling

Multiple electrodes

Long history
[Brazier, 1972 & 1973; Gotman, 1981 & 1983;...]

‘4 Many options for

- .

F-=—__ coupling measure

B : [Pereda et al, 2005; Greenblatt et al. 2012]

e, _
[Kirsch, UCSF EEG Telemetry Unit]
We employ cross correlation

[M.A. Kramer, U.T. Eden, S. S. Cash, E. D. Kolaczyk,

. . @ node  Network inference with confidence from multivariate
Functional network: edge time series, Phys Rev E, 2009.]

Repeat for all electrode pairs:


http://math.bu.edu/people/mak/Kramer_et_al_PRE_2009.pdf
http://math.bu.edu/people/mak/Kramer_et_al_PRE_2009.pdf
http://math.bu.edu/people/mak/Kramer_et_al_PRE_2009.pdf
http://math.bu.edu/people/mak/Kramer_et_al_PRE_2009.pdf

Results

Networks evolving in time

Node activities

Functional netwarks

Some examples ...




DenSIty The number of edges in a network

High

More correlated » Less correlated

Onset Termination
Voltage

10 s

Density before seizure = Density during seizure

Dynamics before seizure ¥ Dynamics during seizure



Population Results ;2

Energy *

Density s

Density

2 13 14 15 16 17 I8 19 110 +1

Intervals
[Guye et al 2006; Schindler et al
2007, 2008, 2010] [Steriade &
Amzica 1994;Topolnik et al 2004;
Timofeev & Steriade 2004]

[Netoff & Schiff 2002;
Jerger et al 2005;
Schindler et al 2007]

H: Seizure not a uniformly hypersynchronous event.



Components

Groups of electrodes connected by edges O
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One dominant component
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A fracturing and reforming of the seizure topology ...



Population Results

| | subjects, 48 seizures
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H: Networks fracture then reform during the seizure.

[M.A. Kramer, U.T. Eden, E. D. Kolaczyk, R. Zepeda, E. N. Eskandar, S. S. Cash, Coalescence and
Fragmentation of Cortical Networks during Focal Seizures, ] Neurosci, 30:10076-10085, 2010.]



http://math.bu.edu/people/mak/Kramer_Eden_J_Neuro_2010.pdf
http://math.bu.edu/people/mak/Kramer_Eden_J_Neuro_2010.pdf
http://math.bu.edu/people/mak/Kramer_Eden_J_Neuro_2010.pdf
http://math.bu.edu/people/mak/Kramer_Eden_J_Neuro_2010.pdf

Summary

® So far: Macroscale data

Rhythms slow during seizure (brain chirp)

Early: Middle:

fast, low amplitude slower; high amplitude  slower, high amplitude
“organized” “disorganized” “organized”

increased coupling reduced coupling increased coupling

fracturing coalesce



Microscale Data: Local field potential, LFP

. - 8 Contact Depth

+-Neuroport Array

(research)

eeeee ' Microelectrode array
——

SubFrontal Strip

(Purple/white) ggl'si:’er(igr';esf:/l&?eﬁﬁm)poral Re C O rd S VO Itage fro m
Anerior Subtempora small neural populations

Strip (Black, red/orange)

Schematic representation. Not to scale.

Consider the LFP data . ..



Brain chirp

LFP rhythms
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H: Rhythms slow at microscale during seizure.



Ex: dynamics across scales
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What'’s happening dynamically at the end of the seizure!
An aside ...



Critical transitions

® A tipping point at which the system shifts abruptly
from one state to another.

Cartoon: fixed point Potential well
fixed point
2 3 unstaV
O ("
§ stable @ fixed point
O




Critical transitions

More concrete example: Wilson-Cowan equations

Mean-field model of neural population activity

Activates

‘g “ inhibitory

Inhibits

excitatory

dE

Te'a"t‘ = —F + (ke — reE)Se(clE — col 'l"’

Ti“d'-t —1 + (k, — r,-,I)S,-(caE — C4I -I— Q)

[Wilson and Cowan, Biophys J, 1972]

To illustrate, begin with this model ...
Visualization: 2-dimensional

Applicability: Biophysical




Ex. Wilson-Cowan
Fix P and draw phase space [ P=-0.2]

Two attracting fixed
points (f.p.s)

repelling f.p

gauEss.

j stable manifold
(separatrix)

Biological interpretation of attracting f.p.s: “rest” and “activated”



Ex. Wilson-Cowan

Increase P (drive to excitatory population). .. what happens!?

P=0 P=0.2 T P=0.3

* Repelling f.p. moves left Bifurcation Only activated
state remains



Ex. Wilson-Cowan

Q: What happens at the bifurcation?

Plot the eigenvalues: Plot the bifurcation diagram:

Small change in P
. BigchangeinE

One eigenvalue of “rest” f.p.
-> 0

Small change in P Fold of fixed points
Small change in E P=0.2833

Near bifurcation: small parameter change = big state change.



Ex. Wilson-Cowan

Add noise to model, and consider “E” approaching the bifurcation:

Far from bifurcation:

Fluctuate around rest state

Observation: approaching bifurcation (yet preceding it), fluctuations change ...

Look for warning signs of impending transition ...




Warning signs ()
Critical transitions can be preceded by dynamical signatures:

® Critical slowing down

Near the transition, the system becomes increasingly slow in recovering
from small perturbations (there’s an eigenvalue approaching zero).

Manifests in autocorrelation:

Far from bifurcation Closer to bifurcation Near bifurcation

As bifurcation approached, AC at nonzero lag increases



Warning signs ()
Critical transitions can be preceded by dynamical signatures:

® Critical slowing down

Near the transition, the system becomes increasingly slow in recovering
from small perturbations (there’s an eigenvalue approaching zero).

Manifests in power spectrum:

Far from bifurcation Closer to bifurcation Near bifurcation

o)
S,
o}
2
S
a

400 600 800 1000 400 600 800 1000 0 400 600 800 100(
o 0 0

As bifurcation approached, power at low frequencies increases.



Warning signs (2)

® Flickering
The system moves back and forth between two alternative attractors before
the critical transition.
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Position:
active m— o
start reSt e —
+ noise “time”’

“Flicker” between
two states




Ex: ECoG data

Dynamical signatures of tipping point!  Visual inspection:

|. Critical slowing down! 2. Flickering?

Brain chirp
Autocorrelation!?

“Seizure state” “Post-seizure state”

Consider quantitative analysis . ..



Critical transition

® Signatures of a critical transitions in the approach
to seizure termination.

EEG ECoG(S) ECoG (D) LFP
Slowing rhythms YES YES YES YES

Increased temporal correlations YES YES YES YES

Increased spatial correlations YES YES e YES
Flickering YES YES YES

[M.A. Kramer,W.Truccolo, U.T. Eden, K. Q. Lepage, L. R. Hochberg, E. N. Eskandar, J. R. Madsen, |. W. Lee, A.
Maheshwari, E. Halgren, C. . Chu, S. S. Cash, Human seizures self-terminate across spatial scales via a critical

transition, Proc Nat Acad Sci USA, 2012]

Note: Evidence exists, but can not prove the transitions is critical


http://www.pnas.org/content/early/2012/12/03/1210047110
http://www.pnas.org/content/early/2012/12/03/1210047110
http://www.pnas.org/content/early/2012/12/03/1210047110
http://www.pnas.org/content/early/2012/12/03/1210047110

M Odel A “simple” biophysical model of seizure termination

Mean-field model of population activity,
(not “spikes” of individual neurons).

[Liley et al, Network, 2002]

Analyze model dynamics:

Conditions

o
Both! Post-seizure attractor

“ring” is N G ‘point”

stable ‘ is stable
o

Large Small
amplitude amplitude
rhythms, g e W Bl rhythms,
high var low var

Flickering between two attractors



System state (Voltage dynamics)

Model (details)

Bifurcation diagram (single “cortical column”)

Flickering

(high variance)

stable |.c. 1cr|t|cal transition

unstable \.C.
“
stable f.p.
Post-ictal
(low variance)

unstable f.p.

Conditions (E-to-E synaptic strength)

Saddle node of
limit cycles

Mimics behavior of
clinical data ...

* Critical slowing

* Flickering

Dynamical
mechanisms of
seizure
termination ...



SO Wh at? Relate to biophysical mechanisms.

Termination

Dynamical Principle Critical transition Non-cr%nsition

] . Subcritical  Fold  Subcritical Transcritical Supercritical Supercritical
Dynamical Mechanism

Hopf Pitchfork I Hopf Pitclhfork
|

Biophysical Mechanism h
|

lon concentration imbalances Synaptic transmission Reduced pH

[CI], [Na], [Kl, "  Weakened Imbalanced Excitation

Many proposed biophysical mechanisms of termination
We propose a dynamical principle of termination
(consistent with multi-scale data).

Constrain biophysical mechanisms ... requires modeling

Treat the dynamical mechanism ... induce transition by whatever
biophysical means convenient?



Model prediction

® Status epilepticus: failure of a seizure
to spontaneously self terminate.

® |n the model: failure to cross the bifurcation

80,06

[
post-ictal

critical transition

self-terminating seizure

We expect dynamical signatures ...



Dynamical signatures

® Approaching the critical transition:
- Autocorrelation increase (lag |0 ms)
- Dominant frequency decrease

: Model of status

: Status data

Ex: Self-terminating seizures

Note: two curves are anti-correlated ...



Dynamical signatures

® Population results:

The two measures
are anti-correlated.

c
Q
-
©

()

S

S

@)
@

(@)
T

O

S

)
N

® Supports conjecture: Status represents failure to
cross a critical transition.

[M.A. Kramer,W.Truccolo, U.T. Eden, K. Q. Lepage, L. R. Hochberg, E. N. Eskandar, J. R. Madsen, J.WV. Lee, A.
Maheshwari, E. Halgren, C. . Chu, S. S. Cash, Human seizures self-terminate across spatial scales via a critical
transition, Proc Nat Acad Sci USA, 2012]


http://www.pnas.org/content/early/2012/12/03/1210047110
http://www.pnas.org/content/early/2012/12/03/1210047110
http://www.pnas.org/content/early/2012/12/03/1210047110
http://www.pnas.org/content/early/2012/12/03/1210047110

Conclusions

® Seizures across spatlal and temporal scales

Termination: dynamical mechanisms.
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