
The finite element method 

(FEM) has been adapted to 

solve optical (via NAVI) or 

electromagnetic (via EMSE) 

forward problems. EMSE 

provides users with a tool for 

segmentation and FEM mesh 

generation from individual or 

standard MRIs. Fig.2 shows 

FEM meshs generated for EEG 

and Optical  compuations.  

[Left], a whole-head FEM mesh 

suitable for EEG source 

reconstruction techniques. 

[Right], coronal view of a mesh 

situated beneath an optode 

array using a standard (MNI 

average) MRI.    
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INTRODUCTION  
 

Following the brain’s own tendency to integrate multiple sensory modalities (visual, auditory, somatosensory, 

etc.), multimodal integration of neuroimaging techniques has been a recurring theme in the field. Here, the 

combination of electroencephalography (EEG) and functional near infrared spectroscopy (fNIRS) is considered. 

A principal reason for the interest in EEG-fNIRS is the expectation that evaluation of neurovascular coupling 

can have practical utility in, e.g., studies of the alpha rhythm [1], or of epilepsy [2].  
 

    A requirement for integration of EEG and fNIRS, which depend on different physical properties (EEG – 

conductivities; fNIRS – absorption and scattering coefficients) of the same head tissues, is forward models that 

can be used for estimation of neuroelectric sources or cerebral hemodynamic states in a common anatomical 

space (e.g., derived from structural MRI). To address this need, we have introduced NAVI [3,4], a MATLAB-

based environment that supports many of the principal data transformations common to evaluation of 

bioelectric and hemodynamic studies, and is geared mainly toward supporting atlas-based parametric 

mapping with full 3D tomographic capabilities. The package includes modules for image formation, display and 

analysis; an electronic ledger that automatically records metadata associated with the various data 

transformation resources; and a number of utilities modeled principally after strategies supported by SPM8 

[5,6]: GLM-based parametric mapping of detected hemodynamic response functions; atlas-based mapping of 

image findings onto identified brain regions, with an automated anatomical labeling functionality; and 

examination of effective connectivity via strategies such as dynamic causal modeling [7]. The data analysis 

environment also includes the EMSE Suite (Source Signal Imaging, Inc.), which comprises software modules 

for integrating EEG with structural MRI [8]: spatial mapping of sensor positions and MRI co-registration; review 

of EEG data, with various spatial and temporal filters for treating artifacts; mapping signal-space measures 

topographically onto the head surface; computing and displaying solutions to the cortical current-density 

inverse-problem; display of MRI data, with tissue segmentation capabilities; mesh generation based on 

segmented MRIs; and statistical nonparametric mapping, via randomization of experimental conditions, in 

either signal space or source space. 

FLOWCHART FOR INTEGRATED NIRS/EEG FRAMEWORK  

FEM MESH GENERATION 

Figure 7. NIRS-EEG Motor Study. (A), exemplary head gear for concurrent NIRS-EEG measures. (B) 

OxyHb NIRS topographies of time averages (3-6 s) with radial projections to MNI standard cortex for left 

(left) and right (right) motor conditions (via EMSE).  (C), EEG sensorimotor mu rhythm (8-12 Hz, Hilbert 

envelope) time averaged (2.5 – 4.5 s) for left and right motor conditions (as in B). Subjects seated 

comfortably were instructed to relax their arms. The experiment comprised 2 blocks of motor execution by 

means of hand gripping (24 trials per block per condition). Each trial began with a 2-second presentation of 

a fixation cross. For executed movements, the cross remained in place and the subjects were instructed to 

open and close their hands with an approximate frequency of 1Hz. Then after 4 s the cross disappeared 

and the screen remained blank for 10.5 +/- 1.5 s. [11, 12] 
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Shown in Fig. 1 is a flowchart of 

the integrated analysis environ-

ment [9]. Key elements include: 

segmentation, registration and 

mesh generation resources 

applied to a common ana-

tomical framework (provided by 

MRI); inverse solvers for both 

sensing domains; signal filter-

ing; statistical parametric (indivi-

dual- and group-level GLM) and 

nonparametric mapping (sup-

ported by separate domain or 

montage views); and additional 

processing in support of effec-

tive connectivity studies. Also 

indicated (dotted arrows) are 

the points where structural 

information and functional 

features derived from inverse-

problem computations will feed 

back into available forward-

problem solvers. This is 

intended to support computa-

tionally more intensive solutions 

for a given domain (e.g., 

coupled forward-inverse com-

putations using nonlinear 

solvers), and coupled solutions 

across domains (e.g., DCM), for 

which primary data is available 

from the programmable phan-

tom, while solution validation 

has thus far resisted systematic 

verification. 

CONCLUSION. We have developed an integrated NIRS-EEG mapping and analysis environment that 

uses 3D FEM head models and inverse solvers to generate topographic and 3D tomographic source 

reconstructions for both sensing domains.   
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Fig. 1. Flowchart for integrated NIRS/EEG framework.  
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Fig. 2. FEM mesh for solving optical or electromagnetic forward problems. 

(Left) a whole head segmented mesh; (Right) a mesh for optical imaging 

region. Where tan = scalp; blue = skull; yellow =CSF; red = gray matter; 

green = white matter. 

Fig. 3. Optode co-registration and cortical mapping. (L) NAVI atlas 

brain; (R) MNI average brain. 

3D OPTICAL IMAGE TOMOGRAPHIC RECONSTRUCTION 

PHANTOM STUDIES 

NIRS TOPOGRAPIC MAPPING 

NIRS-EEG EXPERIMENTAL STUDIES 

3D digitizer data comprising sensor, fudicial and subject reference frame (e.g., Polhemus Patriot), is loaded into 

EMSE Locator or NAVI Model Generator; subject measures are registered to specified target atlas by rigid affine 

transform.  Figure 3 shows examples of NIRS sensor positions registered to the NAVI and MNI brain atlases.  

Figure 4 shows NIRS channel setup and topographic mapping resource.  Matlab GUI (Panel A) is configured 

for EEG 10-20 system and arbitrary sensor positions.  Channel setup (2D-Panel B, 3D-Panel C) representation 

also supports identification of user defined S-D channels having high S/N for subsequent real-time display.  

Real-time displays of 2D surface (Panel D), 3D head surface (Panel E) and 3D cortical surface (Panel F) are 

shown. 
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Figure 5A shows orthogonal views of frontal activation; B,3D 

FEM Image Atlas..  Steps involved include:  1) Generation of 

3D FEM mesh from NAVI Brain Model Generator; 2) 3D image 

recovery by normalized difference method [10]; 3) Anatomical 

labeling adapted from Automated Anatomical Labeling (AAL) 

feature of SPM [6].  Overlay established by computing affine 

transform between AAL atlas and NAVI imaging atlas.  

Figure 6.   Taken from: R.L. Barbour, et al, IEEE Transactions on Neural Systems and 

Rehabilitation Engineering, Vol. 20, pp. 170-183 (2012). 

(A) 

(B) 

Figure 6 shows exemplary use of integrated resource with programmable phantom. (A) Anthropomorphic 

head phantom containing programmable NIRS-EEG source array. (B) Recovered dynamic behavior from 

macaque head form. (C) Registered, GLM coefficient finding from effective connectivity study. 
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