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INTRODUCTION 
Two main classes of brain imaging:  
•  Functional: commonly measured by fMRI 
•  Structural: measured by diffusion tensor imaging (DTI) 

 
Functional Connectivity (FC) measures the temporal coherence 
between the BOLD signal (a proxy for brain activity) of spatially remote 
brain locations. 
•  FC network: a set of functionally connected brain regions  
•  FC networks can be identified from fMRI data.  
•  Independent Component Analysis (ICA) is a popular data-driven 

method for extracting FC networks, and has several advantages 
over other techniques. 

 
Structural Connectivity (SC) measures the anatomical connections 
between brain areas 
•  Probabilistic tractography estimates the SC distribution in the 

brain based on DTI data. 
 
FC analysis excludes information about the underlying structural 
connectivity in the brain, yet it is thought that structural fiber tracts 
facilitate inter-regional interactions in brain activity. 
 
Why combine information across modalities (i.e. fMRI and DTI)? 
1.  To better understand the relationship between brain structure 

and function. FC is usually, but not always accompanied by 
strong SC3 

2.  To characterize pathophysiology of disease. Many disorders 
exhibit disruptions in FC and/or SC (e.g. Multiple Sclerosis, 
Stroke, Alzheimer’s Disease) 

• Our Goal: develop statistical methods that combine FC and SC, and 
provide a convenient framework to conduct statistical inference
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DATA APPLICATION 
Data 
• resting-state fMRI and DTI scans for 20 subjects with Major 
Depressive Disorder (MDD) & 20 healthy controls 

• Studies of MDD do not agree about the mechanism of connectivity 
disruption, and the pathology is unclear4  

Analysis 
• Group ICA on controls’ rs-fMRI data yields 9 resting state networks: 

• For each IC, estimate the SC distribution by running a probabilistic 
tractography procedure, initiating N=5000 streams from each voxel in 
the IC mask. 

Results: 
 

 
 

METHODS
Research Questions: 
1. What is the strength of SC underlying FC networks estimated by data-driven methods like ICA ? 
2. Due to the stochastic nature of ICA, results vary. Can SC be used to inform the reliability of FC networks estimated by ICA? 
 
We propose a novel measure of the strength of SC (sSC) underlying an FC network: 
 

         
                           Estimated by: 

 
 
where: 
 
 
 
 
•  The sSC measure represents the above-baseline strength of SC underlying an FC network.  
•  We divide by the maximum possible value to standardize and make comparable between FC networks of different sizes 
  
Inference Framework 
If we consider the     x1 vector, N*, as the set of Njk for all voxel pairs (j,k), we can express     as a function of N* 

 
                                                    where: 

if                               then 
 
 
We assume N* ~ MVN(µ, Σ) where Σ is a     x     variance-covariance matrix with elements cov(Njk,Nj’k’)  
•  Estimation of Σ is difficult because it is high-dimensional and has spatial dependencies.  
•  We can model cov(Njk,Nj’k’) as a function of distance using a parametric semivariogram model. 
•  Once Σ is estimated, we can estimate Var(    ) by the Delta method: 
 
 
 
Hypothesis testing: 
 
 
 
 
 
 
 
 
 
SIMULATION STUDIES
We simulate a 10x10 voxel brain slice with 2 FC networks. 
                        True source signal maps: 
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1. Does an FC network have above-
baseline sSC? 
Hypotheses and test statistic: 
 
 
 
 
 

2. Does sSC differ between two FC 
networks? 
Hypotheses: 
 
 
Use permutation test (permute network id within 
subject) to evaluate 
 

3. Does sSC of an FC network differ 
between subject groups? 
Hypotheses and test statistic: 
 
 
 
 
 
Non-parametric alternative: use permutation 
test (permute group id) 

• We test 4 conditions, 300 simulation runs each. 

• Steps: generate fMRI data, run group ICA to estimate FC 
network maps, and generate N* to estimate SC. Estimate Σ 
by fitting an empirical semivariogram, and calculate Var(	  	  	  	  )	  
for use in hypothesis testing. Compare to results using a 
bootstrap variance estimator. 
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Simulation Results: 
 
 
 
 
 
 
 
 
 

a) Estimator of sSC shows low bias in all conditions. 
b) Theoretical variance term tends to slightly underestimate the 

variance of sSC. The bootstrap estimator performs well. 
c) Coverage prob. is close to 95% using the theoretical and 

bootstrap terms. 
Conclusion: we recommend using the bootstrap estimator of 
variance when V is large, in order to avoid estimating Σ CBIS website:

http://web1.sph.emory.edu/bios/CBIS/

red=IC	  mask,	  blue=SC	  
(p=0	  from	  permuta%on	  test	  for	  

difference	  between	  ICs)	  

The strength of SC 
is positively 
associated with the 
reliability of ICs 

Within normal FC 
networks, there is 
no difference in 
strength of SC 
between MDD and 
control groups 
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CONCLUSIONS 
• The proposed sSC measure combines 
info from the fMRI and DTI modalities 

• sSC can be used to inform the 
reliability of networks estimated by ICA 


