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Electromagnetic source imaging in 

presurgical evaluation

Sándor Beniczky
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Outline

• Why do we need source imaging?

• How does it work:

– Basic principles

– Methods - inverse solutions strategies

• Clinical validation studies

• Let´s read together voltage maps 
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Localizing epileptiform discharges

in EEG: traditionally

Location of the peak negativity on scalp:

- Bipolar: phase reversal

- Referential: highest negative deflection
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Source: in the postcentral gyrus
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EDs – dipoles:

- Negative potential - at the cortical surface

- Positive potential – in the opposite direction
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RADIAL DIPOLE

in the

anterior part of the

lateral temporal surface
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TANGENTIAL DIPOLE

in the

postcentral gyrus
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Ictal source imaging: several methods
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Phase-maps:

voltage-maps corresponding to the phases of the oscillatory signal

Rosenzweig et al., 2014
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Beniczky et al., 2014
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MEG
MagnetoEncephaloGraphy
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Current dipole
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Current dipole
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Current dipole
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Current dipole
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Current dipole
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• The location & orientation of the source (current dipole) 
determines the distribution of the electric potentials and 
magnetic fields recorded over the scalp
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The green arrow corresponds to the intracellular flow of a positive 
charge in the source.
As the flow is from the surface of the gray matter towards the 
white matter, this gross location, along with the direction of the 
flow suggests a source in the parietal operculum.

MEG

Magnetic 
field 
maps
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Dipoles of EEG spikes are generated in the extracellular space: 
the surface of the gray matter is negative.
Thus both location and orientation of the EEG dipole fits with the 
MEG source. 

EEG

Voltage
maps
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MEG is theoretically superior to EEG in 
source localization:

• Less attenuation  (spreading) of the 
signals

• Homogenous signal propagation 
(electric signals: different 
conductivity in different tissues)

• Deeper sources/ sulci

• Higher spatial sampling
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HD-EEG
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HD-EEG
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MEG & EEG are complementary:

›Radial dipole: EEG
›Tangential dipole: MEG (best) + EEG
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MEG EEG

sbz@filadelfia.dk

Simultaneous recording of MEG & EEG

MEEG:

• 306 MEG sensors

in 102 locations

– 102 mangnetometers

– 204 gradiometers

• 80 EEG electrodes

http://people.brandeis.edu/~sekuler/imgs/rwsEEG.jpg
http://people.brandeis.edu/~sekuler/imgs/rwsEEG.jpg
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• Voltage maps / field maps are 
the starting points for all 
source analysis methods

• How to get from the maps to 
the imaging of the source in 
the brain? 

?
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SOURCE 
ANALYSIS / LOCALIZATION / IMAGING

• The forward problem: well-defined solution

• The inverse problem: unknowns>>measured data THUS: 

– no single definite solution but multiple possible solutions

– additional constraints are needed  

Signal

in the

BRAIN

Signal

on the

SCALP

The FORWARD problem

The INVERSE problem
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Source imaging:
Estimating the localization of the source in 

the brain
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Mathematical modeling: inverse solutions
Several types of approaches – all based on dipoles  

• Classical dipole fitting

• Scanning for dipoles

– MUSIC / RAP-MUSIC

– Beamfomer

• Distributed source models

– Minimum Norm / Weighted MN

– LORETA

– LAURA
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Dipole fit
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Distributed Source models:
- Aims at: reconstructing the cortical electric activity

- Cortex: many small dipoles; each point linearly relates 
to measured data (only strength varies).
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LORETA - Low Resolution Electromagnetic Tomography 
• Aims at a smooth distribution: the activity of the neighboring 

patches of cortex is correlated. Images are blurred.

LAURA - Local Autoregressive Average
• Biophysical constrain: the strength of the signal falls off 

(regresses) with the inverse of the squared distance
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Outline

• Why do we need source imaging?

• How does it work:

– Basic principles

– Methods / inverse solutions strategies

• Validation studies

• Let´s read together voltage maps 
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Validation studies
How reliable / accurate are these methods?

• >100 clinical studies on EMSI
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II-ESI
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II-ESI
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IC-ESI
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II-MSI
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II-MSI
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Interictal - ESI

• Prospective, blinded

• Gold standard: surgical outcome

• Sensitivity: 84% Specificity of 88%

• PPV: 97% NPV: 50% 
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Ictal - ESI

• Prospective, blinded, STARD criteria

• 42 patients

• Sensitivity: 70% Specificity: 76%

• PPV: 92% NPV: 43%.
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Interictal - MSI

• Retrospectively evaluated

• Sensitivity: 70%

• Clinical utility: it supplied

• additional information in 35%

• information crucial to final decision making in 10%.
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Sensitivity

• Depends on the location of the source

• Simultaneous MEG and intracranial recordings:

– interhemispheric and orbito-frontal: 90%

– superior frontal, central, lateral temporal: 75%

– mesial temporal: 25%

Agirre-Arrizubieta et al 2009
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Clinical Utility:

Change in the decision on epilepsy surgery 

Paper Inclusion criteria Nr. 
PATIENTS 

CHANGE 

Sutherling 
et al. 2008 

all consecutive surgical 
candidates with 

neocortical epilepsy 

69 23 (33%) 

Knowlton et 
al. 2009 

all patients planned for 
intracranial work-up 

77 18 (23%)  
(additional electrode coverage) 

De Tiège et 
al. 2012 

all consecutive surgical 
candidates 

70 15 (21%) 
(44% of eTL-cases) 

Ito et al 
2014 

pt studied for clinical 
diagnosis and 

preoperative evaluation  

73 17 (23%) 
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Stop
Implantation of 

Intracranial electrodes
Operation

Change in the location of 
the implanted electrodes

16%

7.5% 9.5%

1%

Change in clinical decision: 34% (29/85)

Clinical Utility

Changes were useful in  82% (14/17)



02-03-2019

36

sbz@filadelfia.dk

How is
source imaging

compared to
visual analysis by experts?
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How is
source imaging

compared to
visual analysis by experts?
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Let´s read voltage maps!
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• Common average montage (”Reference free” montage in BESA)

NB: do not exclude electrodes for calculating the avg.

• Even coverage of the scalp:

– Minimum: 10-20 electrodes + 6 electrodes in the inferior 
temporal chain

• Software for interpolation

Prerequisites for constructing correct 
voltage maps:
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Rules for interpreting voltage maps:

• Voltage maps 
suggesting 
radial 
orientation

• Voltage maps 
suggesting 
tangential 
orientation

sbz@filadelfia.dk

• Propagation of the epileptiform activity 
from one area to another area

• Reflected by changes in time of the 
voltage-maps.
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Voltage map stable in time: no propagation
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Voltage map stable in time: no propagation
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Voltage map changes in time: propagation
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Voltage map changes in time: propagation
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Voltage map changes in time: propagation
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Where to analyse spikes:
at onset or at peak?
• Onset:

– Closer to the real spike-
generator

– Lower s/n; jitter during 
averaging

• Peak:

– Better s/n; no jitter (avg. 
Aligned to peak)

– More likely to come from a 
propagated source

Analyze both onset and peak!
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Why do we need averaging at all?

• Increase signal-to-noise ratio

– Noise cancels out (not consistent across the discharges)

– The ”real” spike-signal is always there (reinforced)

– Just like EP, ERP, S-NCS

• Evidence both for EEG and MEG (Wennberg; Bast)

– Individual-spikes: clusters; it is the noise that makes 
them scatter

– Accuracy significantly improved after averaging a 
minimum of 5 spikes!
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Rules for interpreting voltage maps:

• Voltage maps 
suggesting 
radial 
orientation

• Voltage maps 
suggesting 
tangential 
orientation
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EMSI

• Has a dg. accuracy similar / superior to 
other functional imaging methods

• Yields clinically relevant, new information

• Important tool in the presurgical 
evaluation of patients with epilepsy

Take home message

sbz@filadelfia.dk

MEG

EEG


