High-resolution
EEG source imaging
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Source localization problem
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Source localization is ill-posed

X=LS+n

X: scalp recorded potentials
S: current density vector

L: transfer matrix ‘the head volume conductor model’

The inverse problem refers to finding S given known X.
2

O(S) = minHX _ LSH Infinite solutions!

Apply electrophysiological neuroanatomical constraints

1. The electrical head model used,
2. The inverse solution itself



NFT

NIST

Components of EEG source imaging

¢ Forward model (geometry and
conductivity distribution)

+ Forward solver (FEM, BEM)
+ Electrode co-registration
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o EEG source separation
+ Brain source space
¢ Source localization




NFT

Subject Folder

Subject Name Session Name

Head Modeling

From a magnetic From electrode
Resonance Image Position Data

Image Segmentation

Mesh Generation

Template Warping

Source Space Generation

Electrode Co-Registrati...

FEM models

FP Solution with BEM FP Solution with FEM

models

Dipole Fitting

Akalin Acar & Makeig, 2010



Distributed_Source_Localization

Load MRI

/data/cta/zeynep/NFTdene/t3test001.img

Start Freesurfer Running Freesurfer for cortical segmentation...

Cortical source space 80000

Scalp map

10 mm

. . Generate patches
# of dipoles in source space

FP Solution with BEM FP Solution with FEM

‘.

Cheng Cao, 2012
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Forward Problem Modeling Errors

+ Head modeling errors

+ Electrode co-registration
errors
o Omitting white matter layer

o Effect of skull conductivity
o Number and distribution
of electrodes

Akalin Acar & Makeig, 2013



3-Layer MNI Location Errors

3-Layer MNI




4-Layer MNI Location Errors
4-Layer MNI

Akalin Acar and Makeig, 2013



Electrode co-registration errors

¢ Solve FP with reference model

+ Shift all electrodes and re-register
— 5° backwards

— 5° left
o Localize using shifted electrodes

+ Plot location and orientation errors



Location Errors with 5° electrode shift

T RLS-4
| RLS-4

0 mm

T RLS-4
|l RLS-4

Akalin Acar and Makeig, 2013



Head tissue conductivities

¢ Scalp:0.33S/m

. Skull: 0.0042 S/m (0.08-0.0073 S/m)
CSF:1.79S/m

Brain: 0.33 S/m




Skull conductivity measurement

Measurement of skull conductivity
MREIT
Magnetic stimulation
In vitro Current injection

Current Stimulation

gm Calculated

WA T = Scalp
i sreszas] \\® Potentials
el ;

A MRI&CT FE Model Comparison and
(b) (c) Optimization

Hoekama et al, 2003

Measured Scalp EEG

He et al, 2005



Skull conductivity

Rush and Driscoll 1968 80

Cohen and Cuffin 1983 80

Oostendorp et al 2000 15
Lai et al 2005

Agar-agar phantom

Patient 1 11 80.1 4

Patient 2 25 71.2 4.6
Patient 3 36 53.7 6.2
Patient 4 46 344 9.7
Patient 5 50 32.0 10.3

Post mortem skull 68 21.4

=
o
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Effect of Skull Conductivity

+ Solve FP with reference model
— Brain-to-Skull ratio: 25

¢ Generate test models

— Same geometry
— Brain-to-Skull ratio: 80 and 15

¢ Localize using test model

+ Plot location and orientation errors



Skull conductivity mis-estimation

0 mm
1 RLS,s-4
| RLS,s-4

Omm

Akalin Acar and Makeig, 2013



Skull conductivity estimation

+ We propose a skull conductivity estimation
method using independent EEG brain sources.

¢ Patch-based source localization measures:
- Source compactness
- Source projection

goodness of fit

¢ Linearize the forward problem around a
conductivity distribution.



Linearization of the potentials around
a conductivity distribution

If we perturb the conductivity values by Ao
o=0,+Ad = O=0,+AdD

For a discretization with N nodes and M elements:
A(O)DP =D

@ : Nx1 vector of unknown node potentials

o: Mx1 vector of layer conductivities

A: sparse, symmetric NxXN matrix containing geometry and
conductivity information

b: Nx1 primary current density



Linearization of the potentials around
a conductivity distribution

Changes in the potentials at the electrode locations:

5A
D, = -DA0) 2D Ao
60 (0=0y)
AD = S,A0

S: mxM sensitivity matrix

Gencer and Acar, 2004



Iterative procedure

1. Generate a head model - NFT

2. Calculate the forward model using initial
conductivity distribution - NFT

3. Estimate source distribution (for P number of
near-dipolar ICA sources) - NIST

4. Calculate the sensitivity matrix.
5. Estimate the change in the conductivity values
6. Update the conductivity, repeat 2, 3, 4, and 5.



Conductivity estimation

Estimate the conductivity change by minimizing the topologica
difference between EEG and calculated potential:

AC. =min, RDM(® . .,P.)
Since: ®, =S5SA0, +PD,

AG, =min,, RDM(®,,,,S.A0, + D)



Weights

A

Ao=Aocow Px1, P: number of sources

1. M1: Weight every source equally: w, =1/P, i =1...P
2. M2: Weight the estimate source according to the
compactness of its estimated source distribution

, :
b = compactness(i) io1.P

l P
E | 1c0mpactness( J)
jm

3. M3: Incorporate both the compactness and the RDM
In computing the source weight:

compactness(i) x RDM(P,. ,®,) .
W, =—> : i=1...P

| 2 | 1compacmess( J) X RDM(® . ,D ;) ’
J= J




Simulation study

20 cortical Gaussian patch sources used in the simulations.

10 mm radius, 3.33 mm std., 128 electrode locations

Simulated EEG: BSCR=25
SCALE initialized at BSCR=80.



Simulation results
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Real EEG study

Head Model - Source Space

Head modeling: NFT is used to
generate 4-layer FEM head models.
Freesurfer is used to generate cortical
source spaces.

Subjects: 2 male

subjects,
ages: 20, 23

MRI data: GE 3T whole
head MRI with 1 mm?3
resolution.

EEG data: 128 scalp
EEG, (256-Hz
sampling rate)
collected using a
Biosemi Active Two
system during an
arrow flanker task.



Independent Components

ICS IC 3

@0 0@0@ 1-model Amica

. : 10 IS appl!ed 13
@"@@0 BGHO T
OO® VOOG
¢ of

S1 (13 ICs) S2 (13 ICs)
EEG pre-processing: high-pass filter the continuous EEG data
above 1 Hz, remove artifacts by initial likelihood-based

rejection of time points (5%- 10% of data)



Source Compactness

» Generate 9 electrical forward models with

BSCR=5, 10, 20, 30, 40, 50, 60, 70, 80

 Estimate source distributions for the 13 ICs for each subiject.
« Compute compactness.

7 D 2.5

(¢} o
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OO o ma——— ——— O 0 vV

n 510 20 30 40 50 60 70 80 wn 510 20 30 40 50 60 70 80

Assumed BSCR Assumed BSCR

Maximum compactness occurred at BCSR = 30 for S1 and
BSCR = 60 for S2.



SCALE BSCR convergence

S1 S2
o 8 c 8
&) e initial BSCR = 80 &)
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Akalin Acar and Makeig, 2016
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| 3 component activity on the
subject’s cortical surface




SCALE results

Effect of # of ICs

s | 81cs | 7ics 116 22105
34 33 21 41 34 34

We need at least 10 ICs with good brain coverage!

-mmmmmm

Strum

Darts 45 20
Arrow 54 34

Flanker

SCALE converged to similar BSCR values for the same
subjects with different experiments!



Individual baby head models

NFT (sccn.ucsd.edu/nft/) was used to generate four-
layer Finite Element (FEM) head models.

1,441,777 tetrahedral 1,025,643 tetrahedral
volume elements volume elements



SCALE results of 1-year-old infants

# of brain # of selected SCALE Ratio
ICs ICs

S2
S3

S4

SC
9.8

1 year
1 year 39 15 10.3
1 year 30 15 12.1
1 year 28 15 10.0
., 60
0
Q
=
& 50!
O
=
S
o
= D
B
30 ' '
0 10 20 30

April %%ga%ich data, Rutgers



Source localization results

Source localization results estimated using SCALE,
from infants during an auditory experiment.

BESA source
localization

Hamalainen 2011

Akalin Acar and Makeig, EMBC 2016
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Child electrical head modeling
challenges

anterior fontanel

Fontanelle frontal bones

Bony plates —

frontal o
anitiie ~ OCClpl a
bone
{ /\posterior
fontanel
coron agittal
suture 9.5 cm suture

FADAM.



Computational complexity

N: number of nodes in the FEM mesh (~250,000);

L: number of conductivity compartments (1-20);

S: number of brain sources (10-30);

K: number of source dictionary patches (~80,000);

E: the number of scalp electrodes (~128-256).

Steps_____________[Tasks | Computationtime

Forward problem setup Generate FEM matrix (N x N
sparse matrix)

Forward problem solution Generate Lead Field Matrix
(LFM) (KxE full matrix)

Inverse problem Solve Ax=b (A: LFM, b: scalp
potential Ex1)

Sensitivity matrix Generate N x L x S full matrix

Conductivity estimation Iteratively solve forward,

inverse, and sensitivity matrix

100-200 MB (20 min)

80-160 MB (3.7 hours)

1 hour

20-1200 MB (6 hours)
10 iterations (4 days)

with N=240,000, K=80,000, E=154, S=13, L=1.



Future work

+ Validation of SCALE using simultaneous
EEG/MEG data.

+ Near real-time implementation of EEG brain
activity imaging.

+ Generation of template head models based on
age and gender when MR images are not
available.



Thank you...

Center for
Computational
Neuroscience

Swartz Center for Computational Neuroscience



The 3-layer skull

Skin of scalp
Penosteum

Bone of skull

Periosteal | Dura
~ Meningeal | mater

Arachnoid
Superior membrane
sagittal sinus Pia mater
Subdural Arachnoid
space villus
h
Suberachnoid ' Blood
vessel
— > Falx cerebri
~ (in longitudinal
'Y 2 fissure only)
. 4

Skull anisotropy -> Skull inhomogeneity (3-layer skull)
(Sadleir 2007, Dannhauer 2011)



