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Algorithms/Dynamics

ActivitysupportsFunction

Neuroimaging and 
neurophysiological measures 
reflect brain activity, e.g., 
hemodynamic (~energy) or 
neuroelectric (~information)

Cognitive neuroscientists 
design tasks which engage 
brain functions like 
detecting, monitoring, 
predicting,  recalling, 
deciding, controlling, etc.

Brain dynamics physically govern 
brain activity, while brain algorithms
computationally implement brain 
functions.  Algorithms/dynamics must 
be studied indirectly, i.e., inferred 
from experimental data plus theory 
plus modeling.

Conjecture: Brain algorithms 
are dynamic, and brain 
dynamics are algorithmic.   
I.e., physics and computation 
are deeply united in the brain 
at all organizational levels.
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Brain connectivity

Anatomical / 
Structural

Gross dissection of 
fiber bundles

Microscopic 
methods

Diffusion Spectrum 
Imaging (DSI) 
tractography

Functional

Temporal 
covariation

Cross-correlation

“Co-oscillation”

Coherency

Phase 
synchronization

Composite 
synchrony profile 

(CSP)

Effective / Causal

Model-based

Structural equation 
modeling (SEM)

Dynamic causal 
modeling (DCM)

Model-free

Granger causality

Quasi-causal 
information (QCI)



A-L Foville.  Traité complete de l’anatomie.  1844.



Schmahmann JD, Pandya DN.  Fiber Pathways of the Brain.  2006.  p. 84
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Human Connectome Project
• NIH Blueprint for Neuroscience Research: $30M
• Systematic collection of noninvasive brain imaging data (DSI 

tractography, resting state fMRI, EEG/MEG) from 100s of 
healthy subjects

• “The HCP is truly a grand and critical challenge: to map the 
wiring diagram of the entire, living human brain.”  -Thomas 
Insel, Director of NIMH

• “Neuroscientists have only a piecemeal understanding of 
brain connectivity.  If we knew more about the connections 
within the brain—and especially their susceptibility to 
change—we would know more about brain dysfunction in 
aging, mental health disorders, addiction and neurological 
disease.”  -Story Landis, Director of NINDS

• Data publicly available in ~5 years
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Electrocorticography - ECoG

R. Emerson MD, Columbia P&S
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From Richard 
Greenblatt’s CSRC 
colloquium talk of 10/30; 
collaboration with Leo 
Towle & Alex Ossadtchi



QCI – Theta/High Gamma



nobelprize.org

Norbert Wiener



Wiener-Granger Causality
• “Suppose that we have three terms, X(t), Y(t), and W(t), 

and that we first attempt to forecast X(t+1) using past 
terms X(t) and W(t).  We then try to forecast X(t+1) using 
past terms X(t), Y(t), and W(t).  If the second forecast is 
found to be more successful, according to standard cost 
functions, then the past of Y appears to contain information 
helpful in forecasting X(t+1) that is not in past X(t) or W(t).  
In particular, W(t) could be a vector of possible explanatory 
variables.  Thus, Y(t) would ‘Granger cause’ X(t+1) if (a) Y(t) 
occurs before X(t+1); and (b) it contains information useful 
in forecasting X(t+1) that is not found in a group of other 
appropriate variables.”  -Clive WJ Granger

• Typically based on linear regression of stochastic processes.
• See: Seth AK (2007): Scholarpedia 2(7):1667.



Quasi-Causal Information (QCI)  is a measure 
within a framework for statistical inference 
which addresses the following question:



Conditional Mutual Information

e.g., Cover & Thomas



Linear Entropy Uses
Gaussian Probability Densities

Shannon



Nonlinear Entropy Uses
Non-Gaussian Probability Densities

Ivanov-Rozhkova



Linear vs. Nonlinear



Schema for event-related data
and statistical significance testing

• I(X(T<), Y(T>) | X(T>), Y(T<), X(T0), Y(T0), Z())

• I(X(T>), Y(T<) | X(T<), Y(T>), X(T0), Y(T0), Z())

• Null distribution: Destroy causality by randomly interchanging 
T< and T> across trials



Hippocampus circuit schematic

Johnston D, Amaral DG, chap. 11 in GM Shepherd (ed.), The Synaptic 
Organization of the Brain (5th edition), 2004, p. 462.



Boutros-Bonn paired click intracranial EEG

• 100 paired clicks: S1 to S2, 500 ms; S2 to S1, 8 s

• “States”: analytic time series via Hilbert transform

• Linear QCI with minimal confounds



Posterior HPC – Prefrontal, paired click

Repeated pattern.  First, prefrontalHPC at 85 ms flips to HPCprefrontal at 150 ms.
Then again, prefrontalHPC at 300 ms flips to HPCprefrontal at 365 ms.



Computational Issues (I)
• Long computation time, especially for 

randomization statistics
– Parallel computations for pairs, context, bands, 

and randomizations

• Combinatorial explosion of possible contexts
– Limit by known anatomical connections

• How to handle areas not measured, but 
anatomically connected?
– Use computational modeling to fill in

– Incorporate lag information



Computational Issues (II)
• Data mining problem

– “search for intracranial intelligence”

• Diminishing statistical significance: Multiple 
comparisons explode as search continues

• Merging results across participants
– Individual differences probably more variable for 

functional/effective connectivity

• What can we learn about “communication 
channels” within brain-wide networks?
– From physical measures to bio-communicational and 

bio-computational significance



Ongoing work

• Side-by-side comparison of QCI with Granger 
causality (Huhn, Erdi)

• Intracranial validation study with CCEP data 
(Burgess, Enatsu)

• Extracranial-to-intracranial validation study with 
same patient, same task data (Boutros)

• Cognitive applications (Boutros; Clark, Moores, 
Greenblatt)

• Epilepsy applications (Towle, Greenblatt, 
Ossatdchi)


