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How do mental faculties and functions 
emerge from activities of the brain? 

• [Brodmann, 1909] “Mental faculties” (such as 
memory, will, imagination, and spatial 
perception) “are notions used to designate 
extraordinarily involved complexes of mental 
functions.  One cannot think of their taking place 
in any other way than through an infinitely 
complex and involved interaction and 
cooperation of numerous elementary 
activities…distributed more or less widely over 
the cortical surface.” 



Algorithms/Dynamics 

Activity supports Function 

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. 



This kind of scientific inference is 
challenging.  It generally requires: 

• Theory-driven experimental design 
– Task to elicit the functions of interest 

– Data suitable for modeling 

• Human participants engaged in the task 

• Refined sensing instruments 
– Adequate coverage for brain regions of interest 

– Multiple modalities to converge on signals of interest 

• Computational environment for integrated data 
analysis and modeling 



Primary neuromodalities 

• Magnetic Resonance Imaging (MRI) 

– Structural MRI (sMRI) 

– Diffusion MRI (dMRI) 

– Functional MRI (fMRI) 

– Magnetic Resonance Spectroscopy (MRS) 

• Positron Emission Tomography (PET) 

• Electroencephalography (EEG) 

• Magnetoencephalography (MEG) 

• Near-Infrared Spectroscopy (NIRS) 
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Primary neuromodalities 
• Magnetic Resonance Imaging (MRI) 

– Structural MRI (sMRI) & Diffusion MRI (dMRI) 

– Functional MRI (fMRI) 

• BOLD = Blood Oxygen Level Dependent 

• ASL = Arterial Spin Labeling 

– Magnetic Resonance Spectroscopy (MRS) 

• Positron Emission Tomography (PET) 

• Electroencephalography (EEG) 

• Magnetoencephalography (MEG) 

• Near-Infrared Spectroscopy (NIRS) 



BOLD signal mapping 

Statistical contrast Resting correlation 

Grecius et al., 2003 

Kiehl et al., 2005 



Computational tools: 
sMRI-fMRI 

• Matlab (open source) 
– SPM 

• C/C++ (open source) 
– FSL 

– AFNI 

– FreeSurfer 

• Python (open source) 
– NiPy 

• C/C++ (commercial) 
– BrainVoyager 



Primary neuromodalities 

• Magnetic Resonance Imaging (MRI) 

– Structural MRI (sMRI) & Diffusion MRI (dMRI) 

– Functional MRI (fMRI): BOLD, ASL 

– Magnetic Resonance Spectroscopy (MRS) 

• Positron Emission Tomography (PET) 

• Electroencephalography (EEG) 

– Event-related (ERP, ERBP/ERSP, ERCoh,…) 

• Magnetoencephalography (MEG) 

• Near-Infrared Spectroscopy (NIRS) 



Shugo Suwazono circa 1998 
Tom Nakada’s lab at Niigata U  



Source space of current dipoles 
Equivalent current dipole element = 

Source/sink of intrinsic (neural) current 

To be measurable at the surface, patch must be 0.5 cm2 - 5 cm2 



Volume conductor models 

Spherical (analytic) Boundary Element Method Finite Element Method 

RE Greenblatt, “Source 
estimation in clinical 
magnetoencephalography” 

Physical approximations + 
Geometry + 
Conductivity parameters + 
Solver 



Tissue Conductivity (S/m) 
TTiissssuuee LLoowweesstt HHiigghheesstt BBaasseelliinnee

WWhhiittee

mmaatttteerr
00..0088 11..1188 00..22

GGrraayy
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00..1166 00..4488 00..3333

CCSSFF 11..00 11..7799 11..7799

SSkkuullll 00..000044 00..0077 00..00113322

FFaatt 00..0022 00..0077 00..004455

MMuussccllee 00..004433 00..6677 00..3355

EEyyee 00..55 00..55 00..55

SSkkiinn 00..3355 00..3355 00..3355



The Problematic Inverse Problem 
• Non-unique 

– There may be ‘silent’ sources 
• Spatial cancellation: ‘closed field’ arrangement 

• Temporal cancellation:  random phase source signals 

• Ill-posed 
– There may be more unknowns (sources) than knowns 

(measured signals) 

• Ill-conditioned 
– The exact solution may be unstable 

• in the presence of noise (i.e., real data) 

• with slightly different signals (e.g., nearby time slices) 

• with different initial conditions (typically, when dipole fitting) 

 



Four classical kinds 
of dual pseudoinverses 

Spatial filters are designed using models, but their 
outputs are filtered data, not models of data. 



Computational tools: 
sMRI-EMEG 

• Matlab (open source) 
– BrainStorm 

– EEGLAB 

– FieldTrip 

– SPM 

• C/C++ (commercial) 
– ASA 

– BESA 

– Curry 

– EMSE 

 



Primary neuromodalities 
• Magnetic Resonance Imaging (MRI) 

– Structural MRI (sMRI) & Diffusion MRI (dMRI) 

– Functional MRI (fMRI): BOLD, ASL 

– Magnetic Resonance Spectroscopy (MRS) 

• Positron Emission Tomography (PET) 

• Electroencephalography (EEG) 

• Magnetoencephalography (MEG) 

• Near-Infrared Spectroscopy (NIRS) 
– Diffuse Optical Tomography (DOT) 

– Fast Optical Signal (FOS) 



Computational tools: 
sMRI-NIRS 

• NIRFAST/NIRViz (general purpose) 
– FEM mesh generation from MRI; NIR-DOT 

solutions; overlay on MRI/CT 

• NAVI-EMSE integration (specialized for brain) 
– FEM mesh generation from MRI (EMSE); NIR-DOT 

solutions (NAVI); overlay on MRI (NAVI) and 
interpolated display on cortical surface (EMSE) 

– Ready for EEG-NIRS integration 

– Yong Xu, Harry Graber, David Nichols, Alex 
Ossadtchi 



Historical trends in 
multimodal integration  

• Structure-Structure 

– sMRI-CT 

• Function-Structure 

– fMRI-sMRI 

• Function-Structure // Function-Structure 

– fMRI-sMRI // MEG-sMRI 

• (Function-Function)-Structure 

– (fMRI-EEG)-sMRI 

– Utilize information contained in joint data 

 



fMRI-EEG 
• The lure: Compensate for primary weaknesses? 

– BOLD fMRI signal is indirect and sluggish 
– EEG inverse solutions are ambiguous 

• Study neurovascular coupling itself 
• EEG artifacts in MRI environments: 

– Ballistocardiogram 
– RF pulse 
– Gradient switching 

• Ullsperger and Debener: Simultaneous EEG and 
fMRI: Recording, Analysis, and Application.  
Oxford, 2010. 
 

 



fMRI-EEG analysis approaches 

• Model-driven fusion (e.g., Valdes-Sosa) 

– Detailed biophysical modeling 

– Solve jointly for neuronal activity 

• Data-driven fusion (e.g., Calhoun) 

– Joint or parallel ICA 

– No underlying model 

• Convolution models of BOLD HRF with generic 
spatial filters for EEG source estimators 

– GLM with EEG band power as a regressor 

 

 



fMRI-NIRS 



BOLD signal change related to arterial 
blood flow change and [HbR] change 

Steinbrink et al., MRI 24 (2006) p 497 







EEG-NIRS 
• EEG and NIRS measurements depend on 

different physical properties (conductivities vs. 
absorption and scattering coefficients) of the 
same head tissues, such as scalp, skull, CBF, 
gray matter, and white matter. 

• Forward models are needed to estimate 
neuroelectric sources (EEG) or cerebral 
hemodynamic states (NIRS) in a common 
anatomical space using suitable inverse 
methods. 



Whole head FEM mesh suitable for an 
EEG head modeling, and submesh 

under optodes suitable for NIR-DOT 







 ROIs for beamforming were determined by radially projecting  optode locations 
through the inner skull for 1 cm beneath it. 

Determination of ROIs based on optical sensor positions 





 Based on the  EEG data covariance matirx we calculated beamformer timeseries for 
the dipolar omni-directional ROIs. 
 
In order to compare the obtained spatial distribution we visualized it in a similar 
manner as NIRS data using EMSE topographic display tool 

EEG based virtual electrodes,  
Butterworth IIR 0-5 Hz, order 4,  
230 ms post stim 

NIRS, oxy-dOxy @ 5.6 s latency  

Comparison of EEG and NIRS maps 

Left hand  



FOS detection via EEG-NIRS 



Use modality 1 to enhance modality 2 



Prospects for fMRI-EEG-NIRS 
• Higher-order relationships 

– Improve tests of BOLD signal models by 
augmenting hemodynamic measures from fMRI-
NIRS with estimates of neuronal activity (via EEG 
or via FOS detection using EEG-NIRS) 

– Cerebral metabolic rate of oxygen estimated with 
fMRI-NIRS (Tak et al., 2010) may be related to 
neuroelectric activity via concurrent EEG 

• Fruitfulness of studies combining fMRI-EEG 
and EEG-NIRS in parallel 

 

 







Computational frameworks suitable 
for multimodal integration 

• Problem Solving Environments (PSEs) 
– “A PSE is a computer system that provides all the 

computational facilities needed to solve a target class of 
problems. These features include advanced solution 
methods, automatic and semiautomatic selection of 
solution methods, and ways to easily incorporate novel 
solution methods. Moreover, PSEs use the language of the 
target class of problems…” (Gallopoulos et al., 1994) 

– SCIRun, BioPSE 

• Matlab + Toolboxes + applications 
• “Pylab”: Python + NumPy + SciPy + NiPy 
• Hybrid pipelines 

– NiPype (NiPy, AFNI, FSL, SPM, FreeSurfer, …) 

 
 


