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MEG and EEG dipole clusters from extended cortical sources
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Abstract Data from magnetoencephalography (MEG) and

electroencephalography (EEG) suffer from a rather limited

signal-to-noise-ratio (SNR) due to cortical background

activities and other artifacts. In order to study the effect of

the SNR on the size and distribution of dipole clusters

reconstructed from interictal epileptic spikes, we per-

formed simulations using realistically shaped volume

conductor models and extended cortical sources with dif-

ferent sensor configurations. Head models and cortical

surfaces were derived from an averaged magnetic reso-

nance image dataset (Montreal Neurological Institute).

Extended sources were simulated by spherical patches with

Gaussian current distributions on the folded cortical sur-

face. Different patch sizes were used to investigate can-

cellation effects from opposing walls of sulcal foldings and

to estimate corresponding changes in MEG and EEG sen-

sitivity distributions. Finally, white noise was added to the

simulated fields and equivalent current dipole reconstruc-

tions were performed to determine size and shape of the

resulting dipole clusters. Neuronal currents are oriented

perpendicular to the local cortical surface and show can-

cellation effects of source components on opposing sulcal

walls. Since these mostly tangential aspects from large

cortical patches cancel out, large extended sources exhibit

more radial components in the head geometry. This effect

has a larger impact on MEG data as compared to EEG,

because in a spherical head model radial currents do not

yield any magnetic field. Confidence volumes of single

reconstructed dipoles from simulated data at different

SNRs show a good correlation with the extension of

clusters from repeated dipole reconstructions. Size and

shape of dipole clusters reconstructed from extended cor-

tical sources do not only depend on spike and timepoint

selection, but also strongly on the SNR of the measured

interictal MEG or EEG data. In a linear approximation the

size of the clusters is proportional to the inverse SNR.
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Magnetoencephalography (MEG) � Epileptic spikes �
Equivalent current dipole (ECD) � Dipole cluster � Signal-
to-noise-ratio (SNR)

1 Introduction

Source reconstruction results from non-invasive magne-

toencephalography (MEG) and electroencephalography

(EEG) are often used in presurgical evaluations to guide

the implantation of grid and depth electrodes in patients

that suffer from focal epilepsy and are candidates for

resective surgery [1–4]. Point-like equivalent current

dipoles (ECD) are schematic oversimplifications of sources

of the measured signals whereas epileptogenic cortical

areas usually cover several square-centimeters [5–9].

Dipole clusters representing repeated source reconstruc-

tions from similar interictal spikes have been used to

estimate size and shape of the extended cortical structures

involved in the generation of epileptic discharges [2, 3, 10].

Both size and shape measures obviously depend on spike

selection and on the reconstruction timepoint relative to the

spike maximum. Sometimes timepoints on the rising slope

at 50% of the maximum spike amplitude are chosen rep-

resenting a compromise between the best Signal-to-Noise-

Ratio (SNR) at the maximum and a possible propagation
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that could have happened after spike-onset during the early

aspects of the spikes [11, 12]. If there is propagation the

reconstruction results at the peak latency do not represent

the most interesting location of the onset, however, due to

the best SNR the most stable and reliable results can be

achieved. Dipole reconstructions from earlier latencies

with smaller SNR are more interesting but tend to be less

reliable and stable.

In a simulation study we examined the effects of

extended cortical source patches on MEG-fields and EEG-

potentials and dipolar source reconstructions as well as the

influence of the rather limited SNR of unaveraged spike-

signals on size and shape of corresponding dipole clusters.

First, we compared field and potential maps and the sen-

sitivity of MEG magnetometers, planar gradiometers, an

extended EEG 10/20 montage, and the combined modali-

ties for extended cortical sources. Different magnetometer

and gradiometer types were used in order to find systematic

differences between them.

Next, dipole clusters at different Signal-to-Noise-Ratios

(SNRs) were computed from an extended source located at

the tip of the left temporal lobe for both MEG- and EEG-

set-ups. Finally, we compared the extent of a dipole cluster

from 20 interictal temporal lobe EEG spikes with a dipole

Fig. 1 Upper row

Experimental set-up with

schematic MEG-(coils) and

EEG-sensors (pellets). Lower

row Cortical surface segmented

from T1-weighted MRI and

cortical extended sources in the

left central sulcus area with

diameter 0, 10, 20, 40, 60 mm-

area: 0, 1, 3, 13, 28 cm2

(FWHM areas as indicated by

the color coded surfaces). The

pole symbols show the

corresponding ECD

reconstructions. (Color

figure online)
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cluster from the averaged spike signal with white noise

added to achieve an SNR similar to the unaveraged data.

2 Methods

For the field/potential map and sensitivity studies from

extended cortical sources we used the sensor geometry of

an Elekta Neuromag TRIUX MEG-system with 102 mag-

netometers and 2 9 102 crossed planar first order gra-

diometers, an extended EEG 10/20 montage with 81

electrodes, and the combined modalities. A realistically

shaped boundary element method (BEM) head model with

three compartments (6685 nodes overall: skin 1968, outer

skull 1771, inner skull 2946 nodes [13]), derived from the

averaged, T1-weighted MRI (Montreal Neurological

Institute [14]), was used and sources on the folded cortical

surface (30,381 nodes, mean node distance 2.8 mm) with

spatial Gaussian intensity profiles [15, 16] were investi-

gated. A patch is composed of dipolar sources at the nodes

of the triangulated cortical surface mesh with orientation

perpendicular to the local surface. Figure 1 displays the

sensor set-up and the cortical surface with different patch

sizes (0–60 mm diameter) for a source location in the left

central sulcus area. Temporal aspects of the typical spike-

wave complexes other than the different SNRs at the rising

slope of the spikes were not considered.

Relative sensitivities of the different MEG- and EEG-

sensor configurations were computed for extended patches

centered at all cortical nodes [17].The overall source strengths

(integrated over the curved area of the cortical patch) were

kept constant for all patch diameters and thus normalized to

point-like sources (0 mm diameter). Mean global field power

values representing the standard deviations of the signalswere

calculated and finally averaged over all 30,381 cortical posi-

tions as a function of the source diameter.

As an example for dipole clusters from realistically

shaped extended sources, a patch with 30 mm diameter

(7 cm2 area) at the tip of the left temporal lobe was used,

white noise was added and field/potential maps for differ-

ent SNRs were computed. For these simulations the

geometry of a 248 channel MEG system (4D Neuroimag-

ing, first order axial gradiometers) and an EEG montage

with 44 electrodes were used. 200 repetitions with random

noise were performed and ECDs were fitted for SNRs in

the range of 3.7 to 12 and compared to the noise-free

scenario and confidence ellipsoids [18] for an SNR of 6

were estimated. In order to take care of the different

number of sensors of the MEG and EEG set-ups, the SNRs

were weighted by the square root of the sensor-count. The

SNRs represent the amplitude ratios of the simulated field

or voltage signals averaged over all channels.

Finally, from a 26 channel EEG recording, 20 spikes

were detected by a template matching algorithm and 20

ECDs were fitted at the peak latencies to form a dipole

cluster at the tip of the left temporal lobe. A similar BEM

model as above was used for this example. For comparison,

a dipole cluster was computed from 20 repetitions by

adding white noise to the averaged spike signal in order to

achieve a comparable SNR (*6) as estimated from the

ongoing EEG-recording.

All data and image processing, simulations, and source

reconstructions were performed with the CURRY 8 soft-

ware package (Compumedics USA, Charlotte, NC, USA).

3 Results

With increasing patch diameter, cancellation of tangen-

tially oriented sources on opposing sulcal walls leads to a

more and more radial orientation (with respect to the head

Fig. 2 Field maps of magnetometers (MEG) and EEG potential maps

for increasing cortical patch sizes (0–60 mm, compare Fig. 1).

Contour line increments: 0.2 fT and 0.005 lV respectively. (Color

figure online)

Biomed. Eng. Lett. (2017) 7:185–191 187

123



surface) of the overall activity and decreasing MEG- and

EEG-sensitivities [17]. From a purely tangential, point-like

source in the left central sulcus area, the EEG-maps change

from a tangential to a radial source map, whereas the

MEG-fields show decreasing intensities and even a polarity

inversion for larger source diameters happens in this

example (between 20 and 40 mm). The combined MEG-

and EEG-ECD reconstructions for increasing patch sizes in

this case show increasing radial dipole components and

decreasing dipole strengths as can already be seen from the

MEG-fields and EEG-potentials (Figs. 1, 2).

The relative sensitivities of the different MEG- and

EEG-sensor configurations averaged over all 30,381 cor-

tical positions were computed as a function of the source

diameter and normalized to point-like sources are dis-

played in Fig. 3. MEG is most sensitive to tangential

sources in superficial sulcal walls and less sensitive to

radial components at the gyri and deeper sources. EEG

reveals a more homogeneous sensitivity being most sen-

sitive to radial components on the superficial gyri.

Figure 3 visualizes that signals from larger patches

show a smaller gain due to cancellation of tangential

components on opposing sulcal walls. The increasing

source area overcompensates this effect and leads to

increasing MEG- and EEG-signals for larger patches. The

patch position on the cortical surface strongly influences

the signal, however, on average an increase in diameter

from 10 to 20 mm (0.8–3.1 cm2) leads to an amplitude

increase by a factor 2.4 for the MEG and 2.9 for the EEG

instead of the geometrical factor of 4. An increase from 10

to 40 mm (0.8–12.6 cm2) leads to a factor of 5.1 (MEG)

and 8.9 (EEG) instead of 16. Due to the larger number of

MEG sensors the combination of MEG and EEG only

slightly improves the averaged MEG-sensitivities.

Fig. 3 Upper row Sensitivity

maps for MEG and EEG for

three different cortical patch

diameters (0, 15, and 50 mm-

area: 0, 2, 20 cm2) (top, bottom,

and left side views), color scale

in percent. Lower row Averaged

relative sensor sensitivities

normalized to point-like sources

for increasing patch sizes for

EEG, magnetometers (MEGm)

and gradiometers (MEGg) and

combined modalities (All).

(Color figure online)
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As an example for dipole clusters from extended sources

on realistically shaped cortical surfaces, a 30 mm diameter

patch (7 cm2) in the left temporal lobe area was used and

field/potential maps were computed. White noise was

added to better simulate measured data. Figure 4 shows the

field and potential maps for MEG and EEG together with

the patch and the ECD reconstructions for different SNRs.

In the noise-free case all 200 dipoles localize at the same

position since of course the input fields/potentials do not

change. The point-like sources localize more posteriorly in

the white matter as compared to the real patch position.

Confidence ellipsoids for an SNR of 6 show a more

isotropic, spherical shape for the EEG as compared to the

MEG, where an elongation in the anterior-posterior direc-

tion along the zero-field direction can be seen. This means,

that the source location is less stable in that direction as

compared to the direction connecting positive and negative

field extrema. With increasing noise, the dipole clusters

Fig. 4 Dipole clusters from an

extended cortical patch

(diameter 30 mm, area 7 cm2,

FWHM area indicated by color

coding similar to Fig. 1) at the

tip of the left temporal lobe with

different Signal-to-Noise-

Ratios. Left MEG (248

gradiometer coils), right EEG

(44 electrodes). Top to bottom

Potential/field maps, contour

line increments: 100 fT and

3 lV respectively, ECDs (no

noise, confidence ellipsoid for

SNR 6), and dipole clusters for

different SNRs (200

repetitions). (Color

figure online)

Biomed. Eng. Lett. (2017) 7:185–191 189

123



reveal an increasing spread, the EEG-clusters cover a more

symmetric volume and the MEG-clusters exhibit a more

elongated shape as expected from the confidence ellipsoid.

In a linear approximation, the lengths of the axes of the

ellipsoids are proportional to the inverse of the SNR [18].

The comparison between an ECD-cluster from 20

epileptic spikes (timepoints at the peak latencies) and a

cluster computed by adding noise (20 repetitions) to the

computed forward potential map of the ECD reconstructed

from the average of all spikes shows a very similar

behavior (Fig. 5). The underlying potential distribution in

the second case without noise is of course always the same

and would lead to the same ECD without any scatter.

4 Discussion and conclusions

In the almost spherical head geometry MEG is sensitive to

tangential dipole components only and in the example of a

source in the central sulcus area shown in Fig. 2 by chance

even a field reversal transition occurred when increasing

the patch diameter from 20 and 40 mm, indicating that

tangential components from different walls of the central

sulcus ‘survive’ cancellation at these patch sizes. In com-

parison, the EEG potential maps change from tangential to

radial patterns with decreasing field strengths, revealing the

dominant radial components of the larger patch sizes. The

normalized overall sensitivity for extended sources

decreases with the patch size due to cancellation effects of

tangential components for both MEG and EEG. However,

EEG is more sensitive to the remaining radial aspects and

thus increasing source sizes have a larger effect on MEG

than on EEG [19].

Due to cancellation, the detectable signals increase

slower than expected from increasing patch areas. For

patches larger than 40 mm in diameter the relative sensi-

tivity for EEG is about twice as large as for MEG on

average. Of course there is a strong dependency on where

the sources are located in the gray matter layer of the

cortical surface. Gyri with more radial orientations are

always better visible by EEG, tangential sources in

superficial sulci are better visible by MEG in general [20].

Fitting point-like dipoles to fields or potentials from

extended sources leads to different localizations for MEG

and EEG (Fig. 4). Due to the different sensitivities of MEG

for radial and tangential current components as compared

to the more homogeneous orientational sensitivity of EEG,

EEG localizes closer to the center of the activated patch,

where MEG localizes the tangential aspects of the extended

sources only.

Temporal phase shifts between MEG- and EEG-signals

can also be explained by the source orientation specific

sensitivity properties of the different measuring modalities.

If the EEG leads the MEG, a radial source component

appears first followed by propagation or increasing area

with tangential aspects. If both MEG and EEG are in phase,

tangentially oriented areas are involved and a possible

synchronous radial aspect could also contribute and be seen

in the EEG. If MEG leads the EEG, a tangential component

appears first, followed by propagation or increasing area

with radial aspects. Weak tangential EEG-components may

be hidden in background activity from radially oriented

sources that are suppressed by the MEG [19].

With decreasing SNR repeated ECD-fits show an

increasing scatter and lead to increasing dipole clusters

with different size and shape, depending on the modality

and the area of the cortical source. In the example with an

extended source at the tip of the left temporal lobe, both

MEG and EEG localize posteriorly to the original source

location. EEG shows a more symmetric cluster distribu-

tion, MEG exhibits larger posterior displacements and the

dipole results are less stable along the anterior-posterior

direction of the MEG zero field line.

Finally, an example comparing ECDs from several

epileptic spikes originating from the left temporal lobe area

and from the averaged spike signal with white noise added

show very similar looking dipole clusters, so neglecting the

role of the SNR can result in misleading interpretations. If

the same extended area without noise or background

activity is repeatedly activated, always the same point-like

dipole would result without any scatter. Noise/background

activity or activation of different aspects of the epileptic

zone lead to distributed dipole clusters, however, size and

shape depend on the SNR, the used modality, the position,

Fig. 5 Comparing dipole clusters from 20 left temporal lobe EEG-

spikes (left) and ECD reconstructions from averaged spike dipole data

with noise added to achieve a similar SNR (20 repetitions, right).

Cortical surfaces are shown in left and top perspectives, ECDs are

overlaid as green, brighter pole symbols, the ECD from the averaged

spikes is displayed as a darker, red pole. (Color figure online)
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shape and extend of the cortical source patch. Spike

selection and the time-point used for dipole reconstruction

of course also strongly influence the ECD-cluster. If for

example, latencies at 50% of the spike maxima are used to

avoid propagation effects [11, 12], the cluster size from the

reduced SNR would double in a linear approximation [18].
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