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NFT: Introduction 

♦  A MATLAB toolbox for realistic head modeling and 
 forward problem solving. 

♦  Can use available subject information: 
–  T1-weighted 3-D MR images and/or 
–  Digitized sensor (electrode) locations 

♦  Implements all head modeling steps: 
•  Segmentation of MR images 
•  Mesh generation 
•  Warping a template head model to the sensor positions 
•  Sensor/head image co-registration 
•  Lead field matrix: Source space à Sensors 



NFT Main Menu 

Subject Selection 

Head Modeling 

Forward Modeling 



Subject Selection 

♦ Select subject folder name 
♦ Specify subject code 

♦ Specify session name 



Head modeling from an MR head image 

T1-weighted 

Tissue 
Segmentation 

BEM mesh 
construction 

MR image 

Electrode Registration 

Co-registered MNI template head models for four subjects
S1 S2 S3 S4

After electrode position model warping

Electrode locations

Figure 2: Registered (upper row) and head shape-warped (middle row) MNI template model scalp meshes plotted on the scalp surface of the
reference head models with co-registered MNI electrode locations. Co-registered electrode locations with the subjects’ scalp surfaces (red dots) and
selected electrodes used in MNI and spherical head model source localization (green circles) are shown in the lower row.

Figure 3: Scalp, skull, CSF and brain tissue boundaries for (a) four-layer MR-based realistic, (b) four-layer warped MNI, and (c) four-layer MNI
head models plotted on a sagittal slice of subject S1.
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Preparing the MR image for segmentation 

♦ Perform inhomogeneity correction 
♦ Convert to 1x1x1 pixels 
♦ Arrange direction of the image 
♦ Save in Analyze format 

Use	  FREESURFER	  to	  



Image Segmentation 

♦  Interface for Segmenting the MR image 



Mesh Generation 

♦ Generate a mesh for a 3- or 4-layer BEM head model 
–  (triangulation, correction, coarsening, refinement) 



Source Space Generation 

♦ Here, generate a simple source space: 
–    A regular grid within the brain space 
–    with a given spacing & min. dist. to the mesh 



Electrode Co-Registration 



Electrode Position-Based  
Template Head Warping 



Forward Model Generation  

♦ Generates the Forward Model from meshes 
– BEM or FEM 

 
♦ Generates three structures: 
– Mesh 
– Model (Mesh + Electrical Properties) 
– Session (Model + Sensors) 



Head Mesh 
BEM Matrices 

BEM Matrices Transfer Matrices 

BEM Matrix 
Generator 

Transfer Matrices 
Dipole Field Exp. 

Lead Field Matrix 

Sensor locations 
[# of sensors x # of nodes] 

[# of sensors x # of dipoles] 

Invert Sensor 
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Forward Problem Solution 



Forward Problem Solution 



Solving inverse problems   NIST 



A Four-Layer BEM Head Model 
 

Realistic 4-layer head model 

# of elements 
 
Scalp:    6,900 
Skull:    6,800 
CSF:    9,000 
Brain:    8,800 
_____________ 
Total  31,500 
 

Z. Akalin Acar, 2010 

Neuroelectromagnetic 

  Forward head modeling 

    Toolbox (NFT) 
 



Source localization error comparisons 

BEM Head Models: 
♦  4-layer MR-based realistic BEM head model 
♦  3-layer MR-based realistic BEM head model 
♦ MNI template head model  
♦ Electrode-warped MNI template head model 
♦ Spherical BEM head model 



Source Localization Error 

•  Using a simple 3-layer spherical head model 
•  Instead of a good 4-layer realistic BEM head model… 

Z. Akalin Acar, 2010 



↑ RLS-4
↓ SPH

↑ RLS-4
↓ MNI-3

↑ RLS-4
↓ wMNI-3

↑ RLS-4
↓ MNI-4

↑ RLS-4
↓ wMNI-4

Figure 4: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) for spherical (top row) and four MNI-template
based head models computed from source dipole scalp projections computed using a four-layer realistic subject MR image based BEM forward
head model (subject S1 in Figure 2). The forward and inverse models are indicated to the left of each row (↑: forward model, ↓: inverse model).
The source space was a regular Cartesian grid of single current dipole sources with 8-mm spacing filling the brain volume. The three columns show
the errors for equivalent dipole sources that were oriented in x-, y-, and z-directions, respectively (see insets). Note that, maximum error shown
was 25 mm so as to use the same scaling for all the plots while retaining some contrast for the lower-error plots. Maximum localization errors were
given in Table 3.
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Figure 7: Magnitude-sorted localization error distributions in four subjects (S1-4) for source localization performed using spherical (blue) or
MNI template-based head models, each showing best localization prformance for the 4-layer electrode position-warped MNI template head model
(wMNI-4).

SPH MNI-3 wMNI-3 MNI-4 wMNI-4

S1 9.5 10.5 9.0 9.3 7.8

S2 6.6 5.5 5.3 4.3 4.1

S3 7.0 10.3 8.0 10.0 6.2

S4 7.8 7.6 6.1 7.3 5.1

Mean 8.4 7.6 6.5 7.0 5.4

Table 2: Median dipole source localization error magnitudes (in mm) for four subjects (plus the mean model) when the inverse problem is solved
using spherical and MNI head models adapted to the subject head shape.

dipoles that has the corresponding PRV. Although, all of the head model estimates gave similarly low (1%) residual
variances, the warped four-layer MNI models (green) produced the least PRV.

Next, we co-registered the other three subjects MR images to the MR image of subject S1 using Freesurfer volume
registration (surfer.nmr.mgh.harvard.edu). Localization error magnitude and orientation maps were interpolated
to a 1-mm 3-D grid of source locations from the 8-mm spaced source location grids. These error maps were then
transformed to the S1 coordinate system to obtain mean error maps across the four subjects using the same volume
registration for the source space. As the subject head shapes were quite different, in some brain regions the co-
registered error directions differed, thus partly cancelling each other in the mean error images. Figure 9 shows the
mean dipole source localization error directions (arrows) and magnitudes (colors), and Table 2 the median localization
error magnitudes (in mm).

4. Effect of white matter modeling

Next, we explored the effects of adding a fifth white matter (WM) layer to one of the reference head models (S1).
Several studies have investigated the effects of the anisotropy of white matter conductivity (Gullmar 2010; Hallez
2008; Ramon 2006; Wolters 2006). Here, we show equivalent dipole source localization results for sources through
the brain volume, but using BEM models that cannot take into account tissue anisotropy.
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Effect of Number of Electrodes 
q  Single dipole source 
q  3-layer spherical head model 
q  1152 solution points 

Michel et al, 2004 

Z. Akalin Acar, 2010 



Fig. 16 
Channel number 

Effect of Number of Electrodes 



Effects of Skull Conductivity Estimation 

Measurements of skull conductivity: 

In vivo In vitro 

Hoekama et al, 2003 

•  MR-EIT 
•  Magnetic stimulation 
•  Current injection 

He et al, 2005 

Z. Akalin Acar, 2010 



Brain to skull ratio 

Rush and Driscoll 1968 80 

Cohen and Cuffin 1983 80 

Oostendorp et al 2000 15 

Lai et al 2005 25 

Skull conductivity 
by age 
 
 
 
 

Measurement Age σ (mS/m) Sd (mS/m)!

Agar-agar phantom – 43.6 3.1 

Patient 1 11 80.1 5.5 

Patient 2 25 71.2 8.3 

Patient 3 36 53.7 4.3 

Patient 4 46 34.4 2.3 

Patient 5 50 32.0 4.5 

Post mortem skull 68 21.4 1.3 

Hoekama et al, 2003 

Z. Akalin Acar, 2010 

Skull Conductivity Measurements 



Source Localization Errors 

•  Forward model  (individual BEM) – brain/skull cond. 25 
•  Inverse model  (individual BEM) – brain/skull cond. 80 

Z. Akalin Acar, 2010 

•  Forward model  (individual BEM) – brain/skull cond. 25 
•  Inverse model  (individual BEM) – brain/skull cond. 15 



Source Localization Errors 

Z. Akalin Acar, 2010 



Zeynep Akalin Acar,, S. Makeig, G. Worrell, ‘09 

Conformal cortical patch 
source dictionary 



à Model a source as a  
sum of overlapping patches 

Z. Akalin Acar, 2010 

Conformal cortical patch basis model 

Sparse 
   Compact 
        Smooth 
 

- Cheng Cao 2011 



of an IC from an intracranial data set 

Equivalent Current Dipole Model 

Estimated IC cortical 
projection 

Z. Akalin Acar, 2010 

Source models 

Sparse Patch Basis Model 





Summary	  I	  
•  Forward	  modeling	  

	  is	  required	  to	  interpret	  the	  scalp	  topographies	  
•  Interpre6ng	  scalp	  topographies	  means	  

	   	  inverse	  modelling	  or	  “source	  es<ma<on”	  
•  Mathema6cal	  techniques	  are	  available	  	  

	   	  to	  aid	  in	  interpre6ng	  scalp	  topographies	  	  
	   	   	  à	  These	  are	  inverse	  source	  models	  

R. Oostenveld & S. Makeig, 2010 



Summary	  II	  
•  Inverse	  modeling	  

– Model	  assump6ons	  for	  	  the	  (volume	  conductor)	  head	  
– Model	  assump6ons	  for	  source	  (equiv.	  dipole	  source)	  
– Addi6onal	  assump6ons	  on	  source	  loca6on/orienta6on	  

•  Single	  point-‐like	  sources	  
•  Mul<ple	  point-‐like	  sources	  
•  Distributed	  sources	  

– Different	  mathema6cal	  solu6ons	  
• Dipole	  fiQng	  (linear	  and	  nonlinear)	  
•  Linear	  es6ma6on	  (regularized)	  

•  For	  EEG	  inverse	  modeling,	  conduc<vity	  is	  key!	  
R. Oostenveld & S. Makeig, 2010 



	  Source	  modeling	  
	  forward	  problem	  

physiological	  source	  
electrical	  current	  

body	  6ssue	  
volume	  conductor	  

observed	  	  	  	  	  	  	  	  
poten6al	  or	  field	  

R. Oostenveld, Z. Akalin Acar & S. Makeig, 2010 

Forward Problem 

Inverse Problem 

EEG or 
  MEG 

inverse	  problem	  



Source Localization Requirements 

♦ Selected/processed EEG signal  
   à  Simple single-source scalp map ! 

♦ Number/positions of electrodes on the head surface 
♦ Numerical head model 
♦ Co-registration of EEG electrodes with head model 
♦ Evidence/assumptions about the source space 
♦ Choice of inverse model 
♦ Choice of numerical method 
 

Z. Akalin Acar, 2010 
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3-‐	  and	  4-‐layer	  MR-‐based	  realis<c	  head	  model	  

Scalp maps of 2 components Sources of 2 components 
green dipoles  - 4-layer  
yellow dipoles - 3-layer 



Scalp maps of 2 components Sources of 2 components 
 

MNI template head model 



Scalp maps of 2 components Sources of 2 components 
 

Electrode-position warped MNI 

template head model 



are loaded with the MNI head mesh when warping starts. The corresponding landmarks on the sensors are calculated
automatically. These landmarks are used to find the best-fitting warping parameters using a non-rigid thin plate spline
method (Darvas 2006; Bookstein 1999). All the surfaces and the source space are warped using the same warping
parameters. This results in more realistic head models compared to mapping electrodes to a template mesh. Reverse
warping parameters that warp the sensor coordinates to the template mesh are also computed. These parameters can
be used to map source localization results to the original template head model (Akalin Acar 2010). Co-registration
of electrode locations with fixed MNI models also starts with an initial co-registration and locating landmarks, then a
rigid transformation is applied, and finally the electrode locations are projected on the MNI scalp surface.

Four-layer individual BEM head model Four-layer MNI template BEM head model

Figure 1: A realistic head model generated from a subject T1-weighted whole head MR image (left) and an MNI template model fit to the same
(subject S1) head (right). The four shells of the BEM models (scalp, skull, CSF, and grey matter) are shown to the right of each model.

Here we asked whether warping the model head shape to the measured electrode positions (wMNI) was more
accurate than warping the measured electrode positions to the fixed template head model (MNI). Results of the head
model warping for the four subjects with co-registered electrode locations are shown in Figure 2. After warping,
median sensor distance from the template model scalp mesh decreased by 3-7 mm. Figure 3 shows scalp, skull, CSF
and brain tissue boundaries for a four-layer MR-based realistic, a four-layer warped MNI, and a four-layer MNI head
models plotted on a sagittal slice of subject S1.

3. EEG head modeling errors

EEG head modeling errors were examined assuming an individual MR head image is not available but the digitized
electrode locations are available. To assess localization errors for dipole sources located anywhere in the brain, the
EEG scalp potential maps were simulated in the subject-specific reference head models (RLS-4) for a rectangular 3-D
grid of dipole locations with 8-mm spacing through the cortical volume. To better understand the effect of source
orientation on source localization, three orthogonal (x, y, z oriented) simulated dipoles were placed at each grid
location. (Here x ran anterior to posterior, y left to right, and z bottom to top of the head). The resulting 3-D grid
source spaces for the four subjects comprised 6,075-7,512 dipoles (at 2,025-2,504 grid locations). For each subject, the
simulated scalp projections of each dipole source to the 256 scalp electrodes were then localized in the five template
head models, using gradient descent seeded by the best-fitting location in the subject source-space grid. Note that
simulations were performed without adding sensor (or other) noise. Therefore the localization errors presented in this
section represent a best-case scenario with ideal signal-to-noise ratio (SNR).

In BEM modeling, as the dipoles get closer to a surface, numerical inaccuracy increases. Here, we set the minimum
distance of a dipole to the brain surface to 2 mm. In previous studies we compared our BEM implementation accuracy
using spherical head models (Akalin Acar 2010; Akalin Acar 2004). Using a four layer spherical model with 61-,
65-, 71-, and 75-mm radii (Meijs 1989), all with 1,026 nodes per layer, we obtained a 1.7% change in scalp map
topographies even when the dipoles were located 1 mm away from the brain surface.

3.1. Error graphics for one subject

We first present results for one subject (S1). Figure 4 shows the equivalent dipole source localization error di-
rections and magnitudes for the spherical (top row) and the four MNI-template based head models for this subject,
computed from source dipole scalp projections simulated using the reference MR image-based four-layer forward head
model. Localization errors for three sets of equivalent source dipoles oriented in the x, y, and z directions, respectively,
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↑ RLS-4
↓ SPH

↑ RLS-4
↓ MNI-3

↑ RLS-4
↓ wMNI-3

↑ RLS-4
↓ MNI-4

↑ RLS-4
↓ wMNI-4

Figure 9: Mean dipole source localization error directions (arrows) and magnitudes (colors) for four subjects using spherical and MNI template-
based head models to localize equivalent dipole sources simulated in a subject-specific four-layer realistic BEM head model. Other details as in
Figure 3.
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Fig. 11 
5 à 4-layer 

Figure 10: High-resolution white matter segmentation obtained using Freesurfer (left), and the decimated BEM white matter mesh (right) consisting
of 10,240 triangular faces.

A

↑ RLS-5
↓ RLS-4

B

↑ RLS-5
↓ wMNI-4

Figure 11: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) relative to simulated dipole projections using a
four-layer reference head model (S1) for EEG data simulated using a five-layer BEM head model including a white matter layer. The white matter
boundary in the five-layer model is outlined in white. Other details as in Figure 3.

↑ RLS-4
↓ RLS-4

↑ RLS-4
↓ RLS-4

Figure 12: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) in a four-layer reference BEM head model when
the co-registered scalp electrode positions were tilted 5 degrees backwards (top row), or 5 degrees to the left (bottom row) before dipole localization.
White arrows in the leftmost panels show the approximate size of the simulated location error. Other details as in Figure 3.
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Fig. 12 
Cap shifts 

Figure 10: High-resolution white matter segmentation obtained using Freesurfer (left), and the decimated BEM white matter mesh (right) consisting
of 10,240 triangular faces.

A

↑ RLS-5
↓ RLS-4

B

↑ RLS-5
↓ wMNI-4

Figure 11: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) relative to simulated dipole projections using a
four-layer reference head model (S1) for EEG data simulated using a five-layer BEM head model including a white matter layer. The white matter
boundary in the five-layer model is outlined in white. Other details as in Figure 3.

↑ RLS-4
↓ RLS-4

↑ RLS-4
↓ RLS-4

Figure 12: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) in a four-layer reference BEM head model when
the co-registered scalp electrode positions were tilted 5 degrees backwards (top row), or 5 degrees to the left (bottom row) before dipole localization.
White arrows in the leftmost panels show the approximate size of the simulated location error. Other details as in Figure 3.
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Fig. 15 
Montage 

↑ RLS-4
↓ wMNI-4

∆

↑ RLS-4
↓ wMNI-416

∆

↑ RLS-4
↓ wMNI-4R16

∆

↑ RLS-4
↓ wMNI-4R16

Figure 15: Top-row: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) for a head shape-warped four-layer MNI
head model using 192 electrodes (from Figure 3). The lower three rows show additional errors introduced by using only 16 uniformly distributed
electrodes (subscript 16, second row), or using 16 electrodes covering only right side of the head (subscript R16, bottom rows).

Figure 16: Magnitude-sorted localization error distributions (subject S1) for source localizations performed using the sensor distributions shown in
Figure 14 (c-h) and the wMNI-4 template head model.
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Effect of reference electrode 

 
“The choice of a particular reference electrode … does not 
change in any way the biophysical information contained in the 
potential distribution. It does not in any way change the relation 
between source and potential, except for an additive constant of 
no physical significance.” 
                                                             - Geselowitz, 1998 

Z. Akalin Acar, 2010 



Fig. 13 
Skull conductivity 

6. Conductivity estimation errors

Next, we present simulation results on the effects of using incorrect skull conductivity values on equivalent dipole
source localization. In the 1970’s and 80’s, the adult brain-to-skull conductivity ratio was reported to be near 80:1
(Cohen 1983; Rush 1968), a value still commonly used for EEG source localization. However, more recent studies
have found this ratio to be lower, as low as 15:1 (Oostendorp 2000). For example, a 2005 study on adult epilepsy pa-
tients undergoing pre-surgical evaluation using simultaneous intra-cranial and scalp EEG recordings estimated average
brain-to-skull conductivity ratio as 25:1 (Lai 2005).

Here, we used the four-layer reference BEM model for subject S1 and set the forward-model (ground truth) brain-
to-skull conductivity ratio to 25:1. We then solved the inverse source localization problem using the same head model
incorporating the assumed (and still commonly used) value of 80:1. This produced large equivalent dipole localization
errors of up to 31 mm (Figure 13, top row). When we used the four-layer head-shape warped MNI template model
to solve the inverse problem (Figure 13, middle row) the errors were still larger and more evenly distributed across
the cortical region (Figure 4 bottom row). The estimated positions of the simulated dipoles generally moved towards
the scalp surface. Conversely, when the brain-to-skull conductivity ratio was mis-estimated as 15:1 instead of 25:1
(Figure 13, bottom row), the estimated dipole locations moved towards the center of the brain, with error magnitudes
up to 13 mm. Thus, correct modeling of skull conductivity is an important factor for EEG source localization, quite
possibly outweighing the choice of head model.

↑ RLS25-4
↓ RLS80-4

↑ RLS25-4
↓ wMNI80-4

↑ RLS25-4
↓ RLS15-4

Figure 13: Equivalent dipole source localization error directions (arrows) and magnitudes (colors) for model dipoles in a four-layer realistic BEM
head model when the brain-to-skull conductivity ratio was mis-estimated as 80:1 (top row) or as 15:1 (bottom row) instead of the simulated
forward-model value (25:1). The middle row shows errors when source localization was performed using a warped four-layer MNI head model and
the forward model brain-to-skull ratio was again mis-estimated as 80:1. Note that, maximum error shown was 20 mm for top and bottom rows so
as to use the same scaling while retaining some contrast for the lower-error plots. Maximum localization errors were given in Table 3. Other details
as in Figure 3.
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NFT External Program Code Incorporated 

♦  3rd Party Tools and Libraries: 
–  ASC:  High quality triangulation 
–  Qslim: Mesh Coarsening 
–  MATITK 
• MATLAB interface to ITK image processing toolkit 

–  METU-BEM 
• Boundary Element Method (BEM) Solver 

♦  Source code is available for all these components. 



NFT: Operation 

♦  T1 MR Images 
–  Choose subject 
–  Generate subject head model  
–  Segmentation 
• Mesh generation 

–  Register sensors to mesh 
• Sensor set = session 

–  Generate forward model 
–  Generate Lead Field Matrix 

♦  Template Mesh 
–  Choose subject 
–  Select sensors 
–  Warp Template to sensors 
–  Generate forward model 
–  Generate LFM for sensors 



Image Segmentation Flowchart 

♦ Classifies four tissues from T1-weighted images 
–  (Scalp, Skull, CSF and Brain) 



Forward Problem Solver 

♦ MATLAB interface to numerical solvers 
♦ Boundary Element Method 
–  No MEG (yet) 
–  Supports IPA and Accelerated BEM 
–  Interfaces to the Matrix generator written in C++ 

♦ Other computations in MATLAB 
♦ Generated matrices are stored on disk for future use. 
♦ Other solvers: 

  Finite Element Method (FEM) 


