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Overview
• Summary: humans with severe structural brain 

damage present an important opportunity to test 
models of large-scale brain dynamics and their 
functional roles

• Plan
– A neurological view of consciousness
– Neural substrates
– Evidence from animal studies
– A minimal model
– Opportunities to study large scale brain dynamics in man



A Neurological View
• Arousal

– coma to delirium
– arousal necessary but not sufficient for organized behavior 

• Attention
– spatial and/or  temporal selectivity
– maintenance over time

• A conceptual scheme for global disorders of consciousness
– Operational definition of reflexive vs. conscious behavior
– “Hard Data”: metabolic imaging at rest and with activation

• State changes over time
– Slow timescales: well-recognized in survival following devastating 

injuries
– Rapid timescales: not so well recognized or understood



Some Definitions
• Coma

– unarousable unresponsiveness with eyes closed
– brainstem and spinal reflexes may be present
– always transient

• Vegetative State (Jennett and Plum, 1972)
– unresponsiveness with cyclic periods of “asleep” and “awake” states 

manifest by spontaneous eye opening
– arousal to stimulation and conjugate eye movements typically present

• Minimally Conscious State  (Giacino et al., 2002)
– severely altered consciousness with intermittent but definite 

behavioral evidence of self or environmental awareness
– non-stereotyped motor responses, fragments of speech

• Locked-in State (Plum and Posner, 1966)
– Apparent unresponsiveness due to complete de-efferentation
– Eyes may be open or closed
– Not a disorder of consciousness
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Laureys, Owen, and Schiff  (2004)

Resting Cerebral Metabolism Across States

18FDG PET
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Laureys, Owen, and Schiff  (2004)

Cerebral Metabolism is Absent in  
Brain Death
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Schiff, Ribary 
et al., 2002
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Resting Cerebral Metabolism is 
Markedly Reduced in Persistent 

Vegetative State

minimal cortical activity (4/5 patients)

18FDG-PET

normal
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basal ganglion and 
thalamic hemorrhages, 

VS for 25 years, 
occasional words

Schiff, Ribary 
et al., 1999
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Activation by Noxious Stimuli in 
Vegetative State: Disconnection
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Schiff, Rodriguez-Moreno, et al., 2005
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EEG Correlates of State



EEG Correlates of Hemispheric 
Dysfunction in VS: Coherence, 

not Power
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EEG Correlates of Hemispheric 
Dysfunction in MCS: Coherence, 

not Power
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EEG Correlates of Hemispheric 
Dysfunction in MCS: 

Sleep-Wake Dependence

blunt head trauma,
VS for < 1 yr,

MCS for 2.5 yrs, 
follows commands
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EEG Correlates of Hemispheric 
Dysfunction in MCS: 
Harmonic Structure

blunt head trauma,
VS for < 1 yr,

MCS for 2.5 yrs, 
follows commands
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Neural Substrates
• Neurologic abnormalities producing disturbances of consciousness

– Diffuse cortical
– Reticular activating system (Moruzzi and Magoun, 1949)

• Arousal and gating systems
– Midbrain glutamatergic neurons: excitation of thalamic intralaminar nuclei (Steriade 

and Glenn, 1982)
– Pontine cholinergic neurons: inhibition of thalamic reticular nucleus and excitation of 

thalamic relay nuclei (Steriade et al., 1997, et al.)
– Thalamic reticular nucleus inhibits relay neurons (Skinner and Yingling, 1977)

• Thalamic relay nuclei
– Excitation to cortical granular layers

• LGN, etc: primary cortices
• Pulvinar: association cortices

– Reciprocal inhibition (via interneurons) from cortical output layers
• Thalamic intralaminar nuclei

– Project to superficial and infragranular layers in specific combinations of cortices
– Project to basal ganglia
– Hypothesis: supports inter-regional coactivations that enable organized behavior



Moruzzi and Magoun et al. 1949 Penfield, WG, Jasper, HH, (1954) Epilepsy and
the functional anatomy of the human brain

First demonstrations of control of arousal regulation 
through electrical stimulation of the central thalamus



Plum, 1991 (and previous)

Localization of focal subcortical injuries 
producing acute coma

80% of cases include dark regions
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Jones, 1998

core matrix

Core and matrix of the primate thalamus
staining for three calcium binding proteins

in human thalamus

Staining for calbindin and calretinin 
subdivide the “matrix” component.

Munkle et al.  1999, 2000

core matrix



Scannell et al. 1999

Multidimensional scaling of 
thalamocortical connectivities

Projections from intralaminar nuclei

Adapted from:
Posner and Raichle 1994, 
Munkle et al. 2000.



Adapted from Llinas et al. 1994, by Purpura and Schiff 1997

Relationship Between Thalamic Specific and 
Intralaminar Projections

Intralaminar stimulation (CL)

Specific Relay Stimulation (VB)

Llinás, Leznik, and Urbano (2002)

specific relay 
nuclei

intralaminar 
nuclei



Central Thalamic Activity and Stimulation in 
a Reaction Time Task (macaque)

with Keith Purpura



MRI Localization of Recording Site

Schiff and Purpura

Atlas section from
Ilinsky and Kultas- 

Ilinsky, 2002
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Axial MRI image
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Single- and Multi-Unit Responses

Responses
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Local Field Potential Responses
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Performance degrades over time, but recovers 
with central thalamic stimulation

Analysis: thanks to Emery Brown and Anne Smith

Continuous stimulation: 500 μA bipolar, 50 Hz
(50 μs per phase, interphase 10 μs)
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Towards a More Rigorous Link 
Between Circuitry, EEG, and Behavior

• The Robinson model as a starting point
– What it explains
– What it may not explain

• Where we are headed



Thalamocortical Population Model (Robinson)

Robinson, Rennie, Rowe 2002

A population-based continuum model
For each neuronal population a:

Firing rate Q is an instantaneous sigmoidal 
function of cell body potential Va :
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Thalamocortical Population Model (Robinson)

Robinson, Rennie, Rowe 2002

Partial connectivity

Only thalamocortical and 
corticothalamic delays are 
nonzero; these are t0 /2.

Special Features

Filtering from synaptic input to cell 
body potential is universal, with β=4α.

All axonal lengths are 
negligible except for cortical 
excitatory.

Four populations (a=e, i, s, r):
cortical excitatory and inhibitory, thalamic specific (relay) and reticular

νei <0, νsr <0, 
others positive



Comparison with Real EEG

DeBellis 2005

Human EEG Model φe
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Qualitative Analysis
• Strategy

– 8 coupled nonlinear delay differential equations 
(variables: φa , φa ́ )

– Identify the fixed points
– Linearize
– Find eigenmodes: (λI-A-Be-λt)v=0

• Results
– One fixed point in physiological range for each state
– Each fixed point is stable
– Linearized spectrum very close to that of numerical 

solutions

DeBellis 2005
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State Transitions
Sequence of states 

corresponds to an orderly 
change of model parameters

DeBellis 2005

Solutions of
det(λI-A-Be-λt) =0

Appearance of new dominant frequencies corresponds to 
shifts in position of dominant eigenvalues

Eyes 
open

Eyes 
closed

Re λ < 0 Re λ < 0



Robinson Model: Reasons for Enthusiasm

• With above simplifications, there are 15 
parameters (including 2 dimensional constants)

• With reasonable physiological choices for the 
parameters, space-clamped behavior accounts 
for EEG spectra in
– Wakefulness (eyes open, eyes closed)
– The four sleep stages
– Spike/wave epilepsy

• It also accounts for the sequence of state 
transitions



What is Missing

• In each state, the linearized Robinson model is as good as 
the full model.  That is, model does not account for aspects 
of the EEG beyond the power spectrum
– Lengths and shapes of envelopes of narrowband activity 
– Correlations across frequency bands

• Vertex waves and K complexes
• Harmonic stacks

– Any other nonlinear phenomenon
• No distinction between specific and nonspecific thalamic 

nuclei, cortical laminae, …
• Spatial aspects entirely unexplored

– Coherence
– Role of the details of thalamocortical connectivity

• Unclear whether large-scale activity is a just a correlate or a 
“cause” of behavioral state



Studying Brain Dynamics in 
Humans with Severe Damage

• Ethical Considerations
– A large, mostly young population, typically marginalized and 

considered hopeless
– No ability to consent
– Denied possibility of benefit from medical advances (Fins & Schiff)

• Scientific and Medical Considerations
– No control over lesion, each is different (maybe an advantage?)
– Anatomic imaging, metabolic imaging, and long-term EEG monitoring 

are becoming available (significant logistical barriers)
– It is the system of interest, not merely a model

• language
• rich behavioral repertoire

– Technology for safe perturbation exists: deep brain stimulation
– Major up-side
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