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Can we use network theory to capture 
aspects of the brain’s dynamics, as 
measured by fMRI? 
Can we extract meaningful functional 

information?

Extract, analyze, model … interpret

Functional brain networks



4/1/2008 4

Network Extracted

Correlation Matrix

(N2=2x1010)
Thresholded Matrix

MR 

Signal

M1

V1

PP

1 N
1

N

1 N
1

N

Extracting functional networks



4/1/2008 5

Scale-free connectivity
Universal exponent

Non-assortativeness
No hierarchies

Small-world topology
Dense local structure (c>103cErdos)
Short geodesic mean path (d≈dErdos)
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Hubs vs [activity-rest]: finger tapping

Hub analysis Activity analysis

Large 
visual cue

Auditory cue

Small 
visual cue
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Going beyond simple correlation

Not enough discriminatory power in 
correlational networks
How to capture more of the dynamical 
structure of 10,000+ variables
Delayed correlations
Granger approach

Build auto-regressive models
Determine “causal links”
But, needs to fill and invert matrices of size ~N2
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If ¿13 = ¿12 + ¿23

ci j (¿) = h(vi (t ¡ ¿) ¡ hvi i )(vj (t) ¡ hvi j )i ¾¡ 1
i ¾¡ 1

j
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If ci j (¿ = 0) > CT ) si j

Else If ci j (¿ > 0) > CT ) di j

I f c13 < c23 ) remove d13

If c13 > c23 ) remove d23

Directional links

If d12 ^ d13 ) remove s23
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Scale-free connectivity
Different exponents for directed and non-directed 

Non-assortativeness
Small-world topology

Topological regularities, redux
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Directional links: out-hubs

Auditory ≠ Visual
(voxel-wise p-stats)

da > dv
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Where to

Exhaustive pattern dissection
Focusing on psychiatric diseases
Development of parallelized motif algorithm
Feasible (1024-node Blue Gene rack)

8 mins. for links analysis
45 mins. for pattern analysis for n={3,4,5}

Models of large-scale directed networks
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Measuring cycles

•Cycles in many biological networks, including fMRI, seem to be 
negatively correlated
•The topological structure lends itself to be modeled as a spin system
•Edges are spins with s={+1,-1} values, plus s={0} for non-directed 
links
•The cycle can be characterized in part by |M|=|Σsi|
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Magnetization as global feature



4/1/2008 14

Magnetization as global feature
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Modeling the cycles

•Only the variance is meaningful: compute M2

•Edge interaction determined by energy parameter J
•Need to account for high density of non-directed links: chemical 
potential λ
•Fit unique parameters J and λ for each network
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Blume-Capel spin model
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Network J λ
ecoli -1.55 -1
yeast -1.25 -∞
neuron -0.65 0.2
brain -2.2 1.1
signaling -0.35 -0.05
foodweb -0.8 -∞
traceroute -0.97 -∞
electrical -1.35 -∞
faa 0 -∞

Ising anti-ferromagnetic statistics
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Is it just local?
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Exclusion principle
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Architecture: beyond exclusion
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Dynamical implications
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Granger Causality Analysis
Defines causal influence of a voxel using predictability of future 
activities of other voxels
Stochastic process X has causal influence on process Y

if the predictability of Y can be improved using the past values of 
X, i.e., 
ρ(Y|U) < ρ(Y|U - X)
U = universe of all the available information
ρ(Y|Z) represents the error in prediction of Y using information 
contained in Z

Linear case, Granger causality determined by coefficients of 
multivariate autoregressive model (MAR)
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Multivariate Autoregressive Modeling
V(t) = C1 V(t – 1) + C2 V(t-2) + … + CK V(k) + ε(t)

C: matrices of MAR coefficients
ε iid noise. 
Model usually solved using standard techniques (such as least squares).

Model with N voxels, T time points has
O(N2k) variables
O(NT) equations
Can be solved reliably only if NT > O(N2k)
T > O(Nk)

fMRI datasets
Small number of time points T = O(1000)
Large number of voxels N = O(50,000)
For model order k, number of parameters O(kN2), number of constraints 
O(TN)
MAR models underdetermined

Use sparse regression from machine learning
Lasso, L1 penalization of regressors
And lots of cpu cycles!
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α = 0.000
α = 0.010
α = 0.050
α = 0.070

Inference Efficacy
Simulated Data Real Data

Alcohol Normal Schiz .83 Prec
.83 Rec

19 1 2 Alcohol

2 19 1 Normal

1 2 15 Schiz

GLM 2 GM 80%
GM 2 GLM 40%

Multi-feature Discrimination

Predictability Maps vs Linear Maps

10,000 voxels, 50,000 links
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