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D. Liley 
Plan 

 EEG and its typical features. 

 Complexity of the human brain. 

 Mean field modeling approach. 

 General results of interest. 

 Finding non trivial correlations using bifurcations. 

 Open problems and future directions. 
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  First recorded in humans in the late 1920’s by the Austrian 
Psychiatrist Hans Berger from his son. He intended to prove 
that psychokinesis exists. 

  Source of EEG is ionic current flowing within cerebral cortex 
in response to ongoing neural activity. 

  The alpha rhythm: near sinusoidal oscillations of 8 - 13 Hz. It 
is the most notable feature of the EEG. 

  EEG correlated with behaviour & affected by drugs.  

  Physiological basis for, and significance of, EEG dynamics 
still subject of great uncertainty. 

The human electroencephalogram 
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Brain waves are state-dependent 
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Typical awake EEG power spectrum 
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The human alpha rhythm 
 Classical alpha (occipital,reactive to EO) 8-13 Hz; sub-bands;

10.2 + 0.9 Hz (e.g. Petersen & Eeg-Olofsson 1972). 

  5-7% of healthy individuals appear to have little or no alpha 
rhythm (Shaw 2004). 

   Can exhibit substantial intra-individual variation e.g. 

  Menstrual cycle variation ~ 0.3 – 1 Hz (Creutzfeld et al 1976; Pitot and 
Gastaut 1954), increase maximal during mid/late luteal phase (Becker 
et al 1982). 

  Body temperature variation e.g. therapeutic hyperthermia (up to 41oC/
106oF) slows EEG to delta (< 4 Hz) (Dubois et al 1980). 

 Other “alpha’s” identified based on reactivity/topography. 

  Rolandic (central) mu rhythm (Gastaut et al 1952). 
  “Third rhythm” (mid-temporal) - tau rhythm (Niedermeyer 1990). 
  Kappa rhythm (fronto-temporal) ? (Kennedy et al 1948). 
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Two broad classes of EEG theory 

 Discrete/network (microscopic):Traub, Whittington 

  individual neurons modelled 

  spike based synaptic coupling 

 Bulk/continuum/CFT (meso/macro-scopic): Liley, 
Freeman, Nunez, Robinson et al 

  populations of neurons modelled 

  population activity assumed to be continuously 
distributed in space 

  rate based synaptic coupling 
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Cortical neurons are densely connected 

vertical organisation 

horizontal “parcellation” & 
organisation 

0.3-1 mm 
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Anatomical complexity 

in cortex per neuron 

number of 
neurons 

~1010 - 

number of 
synapses 

~1014 ~104 

length of axon 
(m) 

~109 ~0.1 
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Cortical  neurons 
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Brain/cortex is more than just neurons 

COMPONENT % BY VOLUME* 

dendrites 29 

axons 29 

Spines (necks + heads) 12 

glia 9 

Extracellular space 5 

Blood vessels/cell bodies 16 

*mouse;Braitenberg V, Schuz A . (1998). Cortex : statistics and geometry of neuronal connectivity. Spinger, NY.  

neuron 

glial cell 
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Continuum EEG theories preferable 

  EEG spatially coarse measure. 

 Whole extent of cortex can be modelled. 

 Uncertainties in microscopic anatomy and physiology can 
be smoothed over. 

  Explicit equations enable semi-analytic solutions. 

 Certain formulations are computationally efficient, thus 
allowing extensive parameter space searching. 
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EEG model population topologies 
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Modelling the EEG* 

number of synapses *Liley DTJ & Wright JJ (1994). Network:Comp. Neural Sys. 5:175 
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Physiological conversion operations 

population/cortical 
single neuron 



D. Liley 
A mathematical model of the EEG 
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Two parameter numerical continuations* 

saddle node (per. orbit) 

period doubling 

termination of chaotic wedge for 
pee, pei < 0 
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Shilnikov saddle node bifurcation* 

Co-existence of more than two orbits homoclinic to a saddle 
leads to infinitely many periodic orbits. 

termination of chaotic wedge for 
pee, pei < 0 

*van Veen L &  Liley DTJ  (2006) Phys. Rev. Lett.  97:208101 
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Multistability* (I) 

(light grey) 

K-Y dimension = 2.086 +/- 0.003 
LLE = 3.4 +/- 0.1 s-1  
(dark grey) 

(red) 

*Dafilis MP, Frascoli F, Cadusch PJ and Liley DTJ  Physica D, 238, 1056 (2009). 
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Multistability (II) 



D. Liley 
A nested orbit in a sea of chaos 
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A homoclinic doubling cascade 

Frascoli F, Dafilis MP, van Veen L, Bojak I and  Liley DTJ  (2008) Proc. of SPIE 7270:72700V 
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Alphoid Chaos 
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Correlations and bifurcations 

 Parameter space is large and complicated. 

 Standard linear statistical methods fail. 

 Two main classes of bifurcation plots are found for a 
large number of sets. 

 A partition of the parameter space is possible. 

 They correlate with anesthesia, periodic orbits and 
parameter distributions. 

 Thalamus acts as a modulator between families. 
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Large parameter space (32 Dimensions) 

All parameters measurable, but weak 
constraints from extant data. Particle 
Swarm Optimization to find typical 
firing rates (0.1-20/s) & power spectra. 
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Standard linear statistical methods fail 
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Two classes of plots (I) 
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Response to Simulated Anesthetics 
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Distribution of parameters 
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Repertoire of periodic orbits (Family 1) 
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Repertoire of periodic orbits (Family 2) 
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The role of the thalamus (I) 
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The role of the thalamus (II) 
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Conclusions (I) 

 Bifurcation plots represent a possible method for 
exploring complex parameter space. 

 Family 2 plots may represent a cortical default state. 

 The thalamus is not a passive relay station. 
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Conclusions (open themes) 

 Characterize response to anesthetic in terms of 
bifurcation plots (unfolding? normal forms?) 

 Existence of different routes to chaos for different 
parameter sets (role of p2c, c2c,h2c?) 

 Biphasic response and emergence of 40 Hz 
activity: analysis of nonlinear parameter 
dependence (role of Family 2 plots?) 

 Existence of 1:4 and 1:3 resonance points (EEG?) 

 Inhomogeneous solutions: bifurcation analysis of 
the ‘full’ PDE system for realistic connections. 
(TBI?) 


