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Our Problem

m Looking for a mechanism of seizure generation
and ways to control them
m Simulation models to study funamental Issues
— coupling, entrainment (synchronization), seizures
m Design of feedback controllers for seizure
suppression
— controllability, observability
— control objectives



Electrical Stimulation as a lireatment for
Epilepsy

H No systemic and central nerveus system side effiects

m Periodic (fixed-form) stimulation: biphasic pulses

— Cyberonics (\Vagus nerve, US FDA approved),
Medtronic, Neuropace (deep brain stimulation)

— Recent results: still not a complete solution

B 30% of patients experience >50% reduction of seizure
frequency but < 10% become seizure free

m Proposed: feedback decoupling (taking advantage of
postulated structure)



Average T-index over multiple sites
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of brain sites indicates
upcoming seizures (or, at least, susceptibility to them)

lasemidis, 1997 ‘% S0



Epileptic Brain Stimulation Results

NO STIMULATION €——> smmmom Warning—based stimulation of epileptic

'"H = m brain (thalamus) in rat leads to reduction of

" m seizure frequency. But after the 4t day, the
e os 'I\ entrainment measure (PEP) increases and
v seizures reappear despite continuing

0.3} stimulation, indicating loss of effective

I | '
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In the same rat, perodic stimulation
shows no reduction in the entrainment
measure (PEP) of brain sites, nor in
seizure frequency.

Time [Days])




Epileptic Brain Stimulation Results

“T-index synchronization measure:”
When elevated, there are no seizures.
When control is lost, T-index level
drops back to baseline levels and
seizures return.

Mean Seizures per Day

Baseling
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Key Ohservations

m Spatially distributed properties vs. lumped ones
— coupling and synchroenization
— network vs. cell/group destabilization

m Seizure controllability correlates well with the ability to
disentrain the brain

— Seizure frequency was reduced when the stimulation achieved
disentrainment

— Seizure freguency was not reduced when the stimulation did
not affect entrainment



SIMuiaueR MedelS Gl epIEPHC SEIZUNES
B [raub (SUNY Downstate, 1981- ...):

— First-principles, compartmental model of interconnected neurons,
electrical current by Hodgkin-Huxley eguations, 200 cells

m Freeman (Berkeley, ~1975 - ...):

— Spatio-temporal lattice of nonlinear processing elements,
Emulation of basic oscillation patterns, Stochastic chaos

W Lopes da Silva, et al. (Epilepsia, 2003):

— Semi-physical models with “intermediate level” modules

m lasemidis et al. (Vienna, 2003; Patras, 2001):

— Chaotic oscillators with diffusive coupling



Simulation models of epileptic seizures

B General functional characteristics but not
necessarily precise prediction

— mechanisms of seizure generation
— Epilepsy as a system characteristic

B Importance of interconnections (coupling)

B Feedback for homeostasis
— with learning interpretations

B Suggestions for viable feedback control strategies

| ¢l |



Simulation models of epileptic seizures

B Coupled oscillator models show synchronization but
no Instability

///‘\
// Bidirectional
< > coupling (varying)
2

\/k Bi-directional
\\\ coupling (constant)
L3
N

Oscillator interconnections for the
MATLAB “brain emulator”

m Internal feedback - local destabilization

— Parameter adaptation-like term: feedback gain k;,
Tsakalis, CDC 2005 (S




Model selzure details
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Details on controller design

1oVt External
- Definition of e
ConeINOI|ECUVE: ¥
I ill Internal
— Stanilizationy
o MOdeI MatChlngr) Proposed Feedback
. . Stimulator to Feedback
— Desynchronization? e -

Conjectured Functional
Description of the Brain

B Recover normal operation by
undoing the pathology: Feedback
Decoupling
— Minimal interference

| ¢l |



DetzllSieRrcontrellieiraesIgn

N

N
=0y~ i+ ), (6 - X))+ 2, Ui,

j=1,i#j j=1,i#j

= B X+ 2, (X, = 73)

u; = ki (x;—x;), k; =PI {corr [x;,x;]-c*}

m Adaptive feedback decoupling
m Design of a Pl controller/estimator
m Recovery of normal behavior

Tsakalis, CDC 2005



Feedback stimulation of the
“Epileptic Brain™

Oscillator Outputs

e

Coupling and its estimate
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Increasing the network complexity.
Impulse-train vs. Decoupling feedback control

Consistent explanation of observations:
failure of stimulation to suppress seizures
possibly related to number of pathological
connections.
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Neurophysiology-based models

B [he occurrence of seizures and their control via feedback
decoupling have been verified and studied In various neuron
population models that have been proposed In the literature.

— Jansen’s model of cortical neural mass, modified by David and
Friston

» Jansen, Zouridakis, Brandt, A neurophysiologically-based mathematical model of flash visual evoked
potentials”, Biological Cybernetics, 68, 275-283, 1993

» David and Friston, A neural mass model for MEG/EEG: coupling and neuronal dynamics”, ’ A%I I
NIAr A Irmnama 9N 1749 17CC 95NND m 7 Y



Neurophysiology-based models

— |nteracting cortical populations suffezynski
et al. 2004)

— homeostasis: balance of inhibition-excitation

— Interconnection through excitatory neurons
only (AMPA)

— c2, c4: Pl feedback adjustment to maintain an
average firing rate output
— lack of adjustment can cause seizure-like bursts




Discussion

B Models of interacting populations (neuropysiology-based)
— coupling-induced seizures, synchronization

m Conjectured model structure suggests a potentially viable
control strategy
— neurophysiological effect of electrical stimulation, charge balance,

tissue damage, etc. to be addressed
— Unified treatment algorithms for AED and electrical stimulation
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