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What the electrocorticogram can tell us about the 
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Although brain signals measured under the skull (electrocorticogram, ECoG) and signals measured 
on top of  the scalp (electroencephalogram, EEG) stem from the same brain activity, they are different. 
We investigated how we can produce EEG when we know ECoG (“forward problem”) and how 
we can produce ECoG when we know EEG (“inverse problem”). We modeled the head as three 
concentric spheres, representing the brain, skull and scalp. Brain activity is simulated by a dipole.
The forward method links the ECoG potentials on the inner sphere to the EEG potentials on 
the outer sphere via a transfer matrix, based on the geometries and the conductivities of  tissues 
involved. Results showed that the error between analytically computed EEG and EEG produced 
from analytically produced ECoG with the forward method, is smaller at electrodes close to the 
source, compared to electrodes far away from the source. The higher the resolution of  an ECoG 
electrode grid, the better the forward model works. Another finding was that the forward model is 
more accurate or surface sources, compared to deep sources. This result is of  practical importance, 
since most cognitive interesting sources stem from the cortex (the outermost layer of  the brain). 
In the inverse model, the transfer matrix is inverted and additional regularization constraints are 
applied to compute ECoG from simulated EEG. We showed that the inverse model gives good results. 
The forward method is tested with data measured from an epileptic patient at the University of  Freiburg. 
Results show that the forward model gives better results at the EEG electrode overlying the ECoG grid 
compared to the electrode posterior to the grid. Further research is needed to make errors smaller. 
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1. �ntro�uction�ntro�uction

M��y ��ff����t ���o�����, �uch �� Amyot�oph�c 
L�t���� Sc���o��� (ALS) ��� �p���� co�� ��ju����, c�� 
����upt th� commu��c�t�o� b�tw��� th� b���� ��� 
th� p���ph���� moto� �y�t�m. P�op�� mo�t �������y 
�ff�ct�� m�y �o�� ��� �o�u�t��y mu�c�� co�t�o�, 
��c�u���g �y� mo��m��t� ��� ���p���t�o�. Th�y ��� 
tot���y �ock��-�� to th��� bo���� ��� ��� �ot �b�� to 
commu��c�t� �t ���. O�� w�y to g��� th��� p�t���t� 
th� po���b���ty to commu��c�t� �� by � ����ct b����-
comput�� ��t��f�c� (�CI), wh�ch t������t�� b���� 
��g���� ��to m����g�� ��� comm���� to th� �xt����� 
wo���. 

Th��� b���� ��g���� c�� b� m���u��� by � 
�����ty of  m�tho��, �.g. ���ct�o��c�ph��og��phy 
(EEG), �������� ���ct�ophy��o�og�c�� m�tho�� (��k� 
���ct�oco�t�cog��m), m�g��to��c�ph��og��phy 
(MEG), po��t�o� �m����o� tomog��phy (PET) ��� 
fu�ct�o��� m�g��t�c ���o���c� �m�g��g (fMRI). Th� 
mo�t commo� w�y �� to u�� EEG (�.g. ���b�um�� 
�t ��., 1999). It h�� th� �����t�g� o��� th� oth�� 
m�tho�� th�t �t �� �o�-��������, �t h�� � h�gh t�m�-
���o�ut�o�, ��� �t �� ����t����y ���xp������, wh�ch 
m�k�� �t �� u��fu� fo� � p��ct�c�� �CI.

1.1 How �oes a BC� work?

A �CI co����t� of  ������� p��t� (Wo�p�w �t 
��., 2002). Th� ��g���-�cqu���t�o� p��t co����t� of  
� ��t (typ�c���y b�tw��� 19 ��� 128) of  ��co����g 
���ct�o��� th�t �cqu��� th� ��put (�.g. EEG). 
Th��� ��g���� ��� th�� �mp��f��� ��� ��g�t�z��. 
Th� ��g�t�z�� ��g���� ��� p��p�oc����� to ��mo�� 
��t�f�ct� ��k� ���� �o��� ��� mu�c�� �ct���ty. 

Th�� th� ��g���� ��� �ubj�ct�� to o�� o� 
mo�� f��tu�� �xt��ct�o� p�oc��u���. A f��tu�� 
�� � p��t�cu��� ch���ct����t�c of  th� ��g���, wh�ch 

Figure 1  Several single trial EEG signals shown in black, with on top a white signal representing the time 
locked average of the black trials. This average has a much smaller amplitude than single trials, showing 
that there is much stimulus unrelated brain activity (noise) in single trials. 

co�t���� ��fo�m�t�o� �bout th� ��t��t�o� o� 
�ct�o� of  th� �ubj�ct. Fo� �x�mp��, � t��k cou�� b� 
����g��� �� wh�ch �m�g����g mo��m��t of  th� ��ft 
h��� co����po��� to “�o” ��� �m�g����g mo��m��t 
of  th� ��ght h��� m���� “y��”. Th��� two co���t�o�� 
co����po�� to EEG �ct���ty �� ��ff����t p��t� of  
th� b����, wh�ch c�� b� co�������� �� ��ff����t 
f��tu���. 

M�tho�� to �xt��ct f��tu��� f�om EEG ��� 
fo� �x�mp�� �p�t��� f��t����g, �p�ct��� ����y��� ��� 
�����c�� p�tt��� ��cog��t�o� t�ch��qu��. �CI c�� 
u�� ��g��� f��tu��� �� th� t�m� �om��� (�.g. ��ok�� 
pot��t��� �mp��tu��� (F��w��� & Do�ch��, 1988)) o� 
�� th� f��qu��cy �om��� (�.g. mu o� b�t�-�hythm 
�mp��tu��� (Wo�p�w �t ��., 1991)) o� � comb���t�o� 
of  both. It �� ���o po���b�� to u�� f��tu��� ��k� 
�uto��g������� p���m�t��� th�t co�����t� w�th 
th� u���’� ��t��t�o� but �o �ot ��c�������y ��f��ct 
specific brain events (Wolpaw et al., 2002). 

1.2 Classification

The extracted features are usually classified into 
o�� of  m��y po���b�� c�t�go����. Th� c�����f��� 
c�t�go�y �� t������t�� ��to ����c� comm���� th�t 
��f��ct th� u���’� ��t��t. I� th� �x�mp�� �bo�� 
th� f��tu��� ��� ����t�� to � ��ff����t topog��phy 
co����po����g to �m�g����g mo���g th� ��ght 
o� th� ��ft h���. Th�� �� ��f��ct�� �� two c������ 
co����po����g to “y��” o� “�o” o� � p�ob�b���ty fo� 
��th�� c����.

��c�u�� of  th� poo� ��g���-to-�o��� ��t�o 
of  EEG ��g����, th� c�����f�c�t�o� �� u�u���y �ot 
p��f�ct�y �ccu��t�. I� � ���g�� t���� th� �o��� (�.�. th� 
b���� ��g���� �u� to m��y oth�� p�oc����� u�����t�� 
to th� �t�mu�u�) �� u�u���y much ���g�� �� �mp��tu�� 
th�� th� �ctu�� ��g��� (�.�. th� b���� ��g���� ��ok�� 
by the stimulus) (figure 1).

Mo�t cu����t �CI� h��� � comput�� �c���� 
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�� output ����c�, ��� th� output c�� b� th� 
����ct�o� of  t��g�t�, ��tt��� o� �co�� p�����t�� o� 
�t o� � cu��o� mo���g o� th� �c����. I� ����t�o�, 
th��� ��� p��ot �tu���� �xp�o���g �CI co�t�o� of  � 
��u�op�o�th����. Fo� �x�mp��, M�h���g �t ��. (2003) 
�how�� th�t h��� mo��m��t t��g�t ��� ���oc�ty 
can be decoded from multiple local field potentials 
(LFP�), mu�t�u��t �ct���ty (MUA), o� mu�t�p�� 
���g��-u��t �ct���ty (SUA), fo� t����-�����g�� �ct���ty 
�� w��� �� ���g�� t���� ��t�. Th��� ��g���� c�� b� 
u��� to ��co��t�uct pu�po��fu� ��m mo��m��t�, 
wh�ch c�� th�� b� u��� fo� co�t�o����g ��u�o��� 
moto� p�o�th����. A ��c��t�y pub���h�� ��t�c�� by 
Hochb��g �t ��. (2006) �how�� ��oth�� �x�mp�� of  
th� po���b���ty to u�� ��u�omoto� p�o�th�t�c�. Th�y 
���c��b� th� �mp���t�t�o� of  � 10x10 ���ct�o�� 
����y ��to th� p��m��y moto� co�t�x ��m ���� of  
� p����yz�� m��. Th��� ���ct�o��� ���ow�� h�m to 
mo�� � cu��o� o� � comput�� �c����. W�th th�� 
cu��o� h� cou�� ���w, ���� �m���, ��mot� co�t�o� 
th� t�������o�, p��y comput�� g�m��. Fu�th��mo�� 
h� cou�� op�� ��� c�o�� � p�o�th�t�c h���. H� ���o 
p��fo�m�� �u��m��t��y �ct�o�� w�th � mu�t�-jo��t 
�obot�c ��m. 

1.3 Electroencephalogram

A� �xp������ �bo��, mo�t �CI �pp��c�t�o�� 
u�� EEG-��g����. Fo� �x�mp��, ���b�um�� �t ��. 
(1999) h��� �����op�� � commu��c�t�o� ����c� th�t 
u��� ��ow co�t�c�� pot��t���� (SCP�) fo� ���ct�o��c 
�p�����g. Two �ock��-�� p�t���t� w�th ALS w��� 
t������ to �o�u�t����y p�o�uc� ch��g�� �� th��� 
SCP�. Th� �p�����g p�og��m �t��t�� w�th �������g 
th� ��ph�b�t �� two h�����, p�����t�� �ucc�������y 
o� � �c����. Th� �ubj�ct cou�� ����ct o�� of  th� 
two-��tt�� b��k� by g�����t��g � p��t�cu��� SCP. 
Th�� b��k w�� �p��t �� two ��� th� p�oc��u�� w�� 
co�t��u�� u�t�� o��y o�� ��tt�� ��m����� ����ct��. 
Wh�� �u���g th� p�oc��u�� � m��t�k� w�� m���, 
th��� w�� th� po���b���ty to go b�ck o�� �t�p by 
�ot choo���g ��y b��k. E��o� ��t�� �� f��� �p�����g 
w��� 71.3 ��� 86.2% �� co���ct ����ct�o�� ��� 75.0 
��� 73.7% �� co���ct ��j�ct�o�� �� two �ubj�ct�, 
���p�ct����y.

Th� �utho�� co�c�u�� th�t th�� �tu�y ����c�t�� 
th�t p�t���t� who ��ck mu�cu��� co�t�o� c�� ����� to 
control their SCP sufficiently accurately to operate 
� �p�����g ����c� w�th � typ��g ��t� of  2 ch���ct��� 
p�� m��ut�.

1.4 Electrocorticogram

A�oth�� pot��t��� c������t� fo� �CI ��g��� 
�cqu���t�o� �� ���ct�oco�t�cog��m (ECoG). I� th�� 
t�ch��qu� b���� �ct���ty �� m���u��� ����ct�y f�om 
th� �u�f�c� of  th� b���� w�th � g��� of  ���ct�o��� 
�mp���t�� u���� th� �ku��. A�though th� ��g���� 
m���u��� w�th EEG ��� ECoG �t�m f�om th� 
��m� �ct���t�o� �� th� b����, th��� ��� ������� 
��ff����c�� b�tw��� th�m. Comp���� to EEG, 
ECoG:

• h�� � h�gh�� �mp��tu�� (50-100 µV ����u� 
10-20 µV)

• h�� � b�tt�� ��g���-to-�o��� ��t�o
• h�� � b�o���� b���w��th (0-200 Hz ����u� 0-60 

Hz)
• h�� � h�gh�� �p�t��� ���o�ut�o� (t��th� of  

m����m�t��� ����u� c��t�m�t���)
• �� ���� �u�����b�� to ��t�f�ct�, ��k� mu�c�� 

��t�f�ct� 
(L�uth���t �t ��., 2004). Thu� w� �xp�ct th� 
classification to work better on ECoG signals than 
o� EEG ��g����. It m�ght ���o b� po���b�� to f��� 
��ff����t f��tu��� �� th� ECoG ��g���� th�� �� EEG. 

Th� m�jo� ��������t�g� of  u���g ECoG fo� �CI 
pu�po��� �� th�t ECoG �� ��������. 

L�uth���t �t �� .  (2004) w��� th� f���t to 
��mo��t��t� th�t ECoG �ct���ty ��co���� f�om th� 
�u�f�c� of  th� b���� c�� ���b�� u���� to co�t�o� 
� o��-��m����o��� comput�� cu��o� ��p���y ��� 
�ccu��t��y. Th�y u��� th� f�ct th�t ����o��moto� 
b�t�, mu ��� g�mm� o�c�� ��t�o�� ch��g� �� 
�mp��tu�� �� ���oc��t�o� w�th �ctu�� o� �m�g���� 
mo��m��t� ����t��� to � co���t�o� �t ���t. ECoG 
w�� m���u��� �� fou� �p���pt�c p�t���t� wh�� th�y 
w��� ��th�� p��fo�m��g o� �m�g����g to p��fo�m 
op����g o� c�o���g th� ��ft o� ��ght h���, p�ot�u���g 
th� to�gu� o� ��y��g th� wo�� ‘mo��’. O��� � b���f  
t������g p���o� th� �ubj�ct� cou�� u�� th��� ��g���� 
to m��t�� c�o���-�oop co�t�o�. Succ��� ��t�� w��� 
b�tw��� 74 ��� 100% fo� �ctu�� mo��m��t� ��� 
b�tw��� 83 ��� 97% fo� �m�g���� mo��m��t�. 

I �  � � � � t � o � � �  o p � � - � o o p  � x p � � � m � � t � 
L�uth���t �t ��. ��mo��t��t�� th�t ECoG ��g���� 
�t f��qu��c��� up to 180 Hz ��co��� �ub�t��t��� 
��fo�m�t�o� �bout th� ����ct�o� of  two-��m����o��� 
joy�t�ck mo��m��t�. Th�y co�c�u�� th�t th��� 
���u�t� �ugg��t th�t �� ECoG-b���� �CI w��� b� 
mo�� pow��fu� th�� �� EEG-b���� �CI ��� mo�� 
�t�b�� th�� �CI� th�t u��� ���ct�o��� �mp���t�� �� 
th� b����. 
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1.5 Aim of this stu�y

In the field of  electrocardiology much research 
h�� b��� �o�� o� th� ����t�o� b�tw��� th� 
pot��t���� o� th� h���t �u�f�c� (�p�c����um) ��� 
tho�� o� th� bo�y �u�f�c�.

I� p����ou� p�p��� ���� �t ��. (1977) �how�� 
th�t th� pot��t��� �t th� �p�c����um c�� b� 
comput�� f�om m���u��� pot��t���� o� th� 
bo�y �u�f�c�. Th� ����t�o� b�tw��� pot��t���� �t 
p��t�cu��� po��t� of  th� h���t �u�f�c� ��� pot��t���� 
�t po��t� o� th� bo�y �u�f�c� c�� b� ����t�� by 
� ������ t����fo�m�t�o�, th� �o-c����� “fo�w��� 
p�ob��m”. �y �����t��g th�� ����t�o� (th� “������� 
p�ob��m”) ��� �pp�y��g ����t�o��� ��gu����z�t�o� 
co��t����t�, wh�ch �� ��c�����y ���c� th� ����t�o� �� 
m�th�m�t�c���y ��� po���, th� h���t pot��t���� c�� b� 
comput�� f�om m���u��� pot��t���� o� th� bo�y 
�u�f�c� w�th ����o��b�� �ccu��cy (R�m���th�� �t 
��., 2004).

W� hypoth���z� th�t th� ��m� m�tho� c�� b� 
u��� to comput� ECoG f�om m���u��� EEG. 
Th�� hypoth���� w��� b� t��t�� �� ������� �t�p�. F���t 
th� ��ff����c�� b�tw��� EEG ��� ECoG w��� b� 
c��cu��t�� w�th h��p of  th� th���-�ph��� mo��� ��� 
artificially produced potentials coming from moving 
��po�� �ou�c�� �� th� b���� (����� �ph���). Th�� th� 
����t�o� b�tw��� EEG ��� ECoG w��� b� �xp������ 
�� t��m� of  t����f�� co�ff�c���t� fo��ow��g ���� �t 
��. (1977) to comput� EEG f�om ��mu��t�� ��� 
m���u��� ECoG. N�xt, th�� ����t�o� w��� b� �����t�� 
��� ����t�o��� ��gu����z�t�o� co��t����t� w��� b� 
�pp���� to comput� ECoG f�om ��mu��t�� EEG. 
Th� th�o��t�c�� p����ct�o�� w��� b� comp���� to th� 
��mu��t�� ��po�� ��t�, �� w��� �� to m���u��m��t� 
of  ECoG ��� EEG obt����� �� �� �p���pt�c p�t���t 
�t th� U�������ty of  F���bu�g.

2. Metho�s

2.1 Theory

2.1.1 Source model

A cu����t ��po�� �� �� ���qu�t� �ou�c� mo��� 
fo� th� ���ct��c cu����t g�����t�� by � �m��� p��t of  
th� b����. Wh�� mo�� p��t� of  th� b���� ��� �ct���, 
th� �up��po��t�o� p���c�p�� ho��� ��� ��ch �ct��� 
p��t m�y b� ��p�����t�� by � ��p���t� ��po��. S��c� 
EEG �� mo�t �����t��� to ������ ��po���, ��mu��t�o�� 
��� �o�� fo� ������ ��po���. 

2.1.2 Three-sphere model 

A commo� w�y to mo��� th� h��� �� by � 
th���-co�c��t��c-�ph��� mo��� (f�gu�� 2). Th�� 
mo��� ��p�����t� th� b����, �ku�� ��� �c��p �� th��� 
co�c��t��c �ph����, w�th ����� of  7.5, 8.0 ��� 8.5 cm 
���p�ct����y. E�ch ��g�o� h�� �t� ow� co��uct���ty 
w�th ��t�o� 1, 1/15,1 ���p�ct����y (Oo�t���o�p �t 
��., 2000). Th� c��t�� of  th� �ph���� �� p��c�� �� th� 
o��g��, w�th th� z-�x�� po��t��g upw���� ��� th� x-y 
p���� �� p��p����cu��� to th� z-�x��.

Figure 2 Three-concentric-sphere model. The 
brain, skull and scalp are represented by three 
concentric spheres of R� =7.5 cm, R2 = 8.0 cm 
and R� =8.5 cm, with conductivity ratio between 
the three compartments of  � : 2 : � = 
�:�/�5:�

Pot��t���� �t p��t�cu��� po��t� of  th� �ph���� �u� 
to � cu����t ��po�� �t � �p�c�f�c p��c� �� th� ����� 
comp��tm��t, th� b����, ��� c��cu��t�� ����yt�c���y 
with the function compute_leadfield in the fieldtrip 
m�t��b too�k�t1. Th� th�o�y �mp��m��t�� �� th�� 
fu�ct�o� �� ���c��b�� �� App����x 2. A�� pot��t���� 
w��� b� c��cu��t�� ����t��� to th� pot��t��� �t � 
��f����c� po��t �� f�� f�om th� �ou�c� �� po���b��, 
�.�. th� po��t wh��� th� �ph��� c�o���� th� ��g�t��� 
z-�x��. 

2.1.3 Infinite medium

The potential generated by a dipole in an infinite 
m���um, �.�. � th�o��t�c�� homog���ou� m���um 
extending to infinity, is given by:

   

           
(1)

1 F����t��p too�box fo� EEG/MEG-����y���. FC Do����� 
C��t�� fo� Cog��t��� N�u�o�m�g��g, N�jm�g��, Th� 
N�th�������. http://www.ru.nl/fcdonders/fieldtrip 
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w�th  th� co��uct���ty of  th� m���um,    th� 
��po�� mom��t,  th� ���t��c� f�om th� ��po�� to 
t h �  p o � � t  � t wh�ch th� pot��t��� �� c��cu��t�� 
���   th� ��g�� b�tw���  ���  (see figure 3).

Figure 3  Dipole on x-axis in an infinite medium

Suppo�� th�t th��� �� � ��po�� o� th� x -�x�� 
�� �� ��f���t� m���um (��� f�gu�� 3), th� pot��t��� 
�t po��t�o� (0,y) �u� to th� ��po�� �t (x,0) c�� b� 
c��cu��t�� by t����fo�m��g �qu�t�o� (1) ��to th� 
fo��ow��g �qu�t�o�:

             (2)     

wh��� w� u��� th�t   ���

2.1.4 Fourier transformation

Th� f��qu��cy compo���t� of  � ��mp��� ��g��� 

 c�� b� comput�� by t�k��g th� ���c��t� Fou���� 

t����fo�m of  th�� ��g���:

         (3)
wh��� N �� th� �umb�� of  ��mp���. Th� pow�� 
�p�ct�um of  th�� ��g��� ��:

                           (4)

wh���  �� th� comp��x co�jug�t� of  

2.1.5 The forward problem

I� th�� �tu�y th� fo�w��� p�ob��m co����t� 
of  comput��g th� EEG, g���� � c��t��� ECoG 
pot��t��� ���t��but�o�. Th� ������t�o� �� App����x 3 
g���� th� pot��t���� �t � c��t��� �u�f�c� (�.g. EEG), 
�u� to pot��t���� �t ��oth�� �u�f�c� (�.g. ECoG), 
fo��ow��g ���� et al. (1977). Th�� m�tho� �� c����� 
th� �ou����y E��m��t M�tho� (�EM). 

Th� ����t�o� b�tw��� th� pot��t���� o� th� b���� 

( ) ��� th� pot��t���� th� �c��p ( ) c�� b� g���� 

by (��� App����x 3):
                                                     (5)

Th� t����f�� m�t��x T ��f ��ct� th� t����f�� 
coefficients ( ) b�tw��� th� pot��t��� �t �oc�t�o� j   

o� th� b���� ( ) ��� th� pot��t���� �t �oc�t�o� i 

o� th� �c��p ( ).  Th�� m�t��x �� go������ by th� 
��w� of  ���ct��c�� �o�um� co��uct�o� ��� ��p���� 
o� th� �o�um� co��ucto� mo���, �� p��t�cu��� o� 
th� g�om�t���� ��� ��homog����t��� ���o����.

2.1.6 Inverse problem

Abo�� w� h��� ���� � m�tho� to p����ct EEG 
f�om ECoG. Th� oppo��t� c�� ���o b� �o��, wh�ch 
�� c����� th� ������� p�ob��m. Th�� ������� p�ob��m 

�� �� ���-po��� p�ob��m, ���c� th� 

t����f�� m�t��x T �� c�o�� to ���gu���. Th� mo�t 
f��qu��t�y u��� �o�ut�o� to th�� p�ob��m �� to u�� 
th� Moo��-P���o�� �������. Th�� ������� f���� th� 
����t-�qu���� �o�ut�o�. How����, th��� ��� mo�� 
�o�ut�o�� to th� p�ob��m ��� th� ����t-�qu���� 
�o�ut�o� �o�� �� g������ �ot co����po�� to th� t�u� 
�o�ut�o�. Fo� �x�mp��, two �m��� ��po��� ��xt to 
��ch oth�� w��� g��� � ��ff����t ECoG th�� o�� 
���g�� ��po�� �� th� m����� of  th��� two. Th� EEG 
�� � mo�� �tt��u�t�� ��� �p�t����y b�o���� ��g��� 
th�� th� ECoG. Thu� th� ��ff����c�� b�tw��� th� 
EEG ��g��� of  two co�f�gu��t�o�� w��� b� �m���. 
This makes it difficult to compute the ECoG from 
th� EEG. To �o��� th�� ���-po��� p�ob��m, p��o� 
k�ow���g� �bout th� �o�ut�o� h�� to b� u��� ��� 
�om� ���tom�c�� o� fu�ct�o��� co��t����t� o� th� 
infinite solution space have to be imposed. In this 
�tu�y w� ���um� th�t ���co�t��u�t��� �hou�� b� 
��o����. Th���fo��, w� ��� �ook��g fo� � �mooth 
�o�ut�o�. �y u���g ��gu����z�t�o� t�ch��qu��, th� 
co���t�o���g of  th� p�ob��m c�� b� �mp�o���.

2.1.7 Regularization

If  � �o�ut�o� �hou�� b� �mooth, th� u�u�� 
��gu����z�t�o� �mp���� u���g th� �u�f�c� L�p��c���. 
Th�� �� � ���t��ct�o� of  th� L�p��c��� op���to� to 
2-��m����o��� f��t �p�c� o� to � cu���� �u�f�c� �� 
3 ��m����o��. I� th� p�����t �tu�y, w� t�k� �� � 
��gu����z�t�o� op���to� th� �u�f�c� L�p��c��� of  th� 
fu�ct�o� f:

                         (6)
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wh��� x ��� y ��� �oc�� �u�f�c� coo�����t��. 
Fo� � t����gu��t�� g���, Oo�t���o�p �t �� h��� 

�����op�� � m�tho� to �pp�ox�m�t� th� L�p��c��� 
(Oo�t���o�p �t ��., 1989).

2.1.8 Inverse solution

Th� b���� pot��t���� ( ) mu�t ob�y th� ����t�o�               
 ���:

             (7)
Th� ��gu����z�� ����t�o� b�tw��� th� pot��t���� o� 
top of  th� �c��p ( ) ��� th� b���� pot��t���� ( ) 
�� th�� g���� ��:

                                        (8)
�� wh�ch th� �mou�t of  �mooth��g c�� b� ��gu��t�� 
by th� p���m�t�� . 

2.1.9 Triangulations

Th� �ou���� y E��m��t M�tho� (�EM) 
c�� b� �pp���� to �o�um� co��ucto�� th�t ��� 
p��c�w��� homog���ou�, �.�. co����t of  � �umb�� 
of  comp��tm��t� w�th homog��ou�, ��ot�op�c 
co��uct���ty.

To b� �b�� to �pp�y th� �EM t�ch��qu�, ��� 
bou������� b�tw��� th� comp��tm��t� ���o���� 
h��� to b� ���c��t�z��. Co�c�ptu���y, �t wo�k� by 
co��t�uct��g � g��� o��� th� mo������ �u�f�c�. I� 
th�� �tu�y � t����gu��t�� g��� �� cho��� ��� th� 
pot��t���� ��� ��t��m���� o��y o� th� ���t�c�� of  
th�� g���. 

Figure 4   Triangulated spherical surface of dipole position (0,0,0.0�0) (left) and the same surface refined 
with a worst variation criterion of 25% (right). 

F���t � ��gu����y t����gu��t�� �ph��� w�th 162 
���t�c��, w�th th� c��t�� b���g th� ��po�� �oc�t�o�, �� 
p�oj�ct�� o�to th� �����mo�t �ph���. Th� �EM 
���um�� th� pot��t��� ��ff����c�� to ch��g� �������y 
w�th�� ��ch t����g��. Wh�� th� pot��t���� ch��g� 
��p���y �� �p�c�, th�� ���umpt�o� �� �ot �����. Fo� 
this reason, the triangles of  this sphere are refined 
�� �uch � w�y th�t th� ��g� of  � t����g�� �� ������� 
�� two wh�� th� �����t�o� b�tw���  of  th� 
two ���t�c�� �� mo�� th�� � c��t��� p��c��t�g� 
(wo��t �����t�o� c��t���o�), w�th r th� ���t��c� 
b�tw��� th� ��po�� ��� th� ���t�x. Th�� ����� 
�ph��� �� ��f��t�� to m�k� th� oth�� two �ph����. 
Example triangulations are given in figure 4. In this 
figure the z-axis points to the front upper right. 

2.1.10 Interpolation

Wh�� th� ECoG �� o��y k�ow� �t �om� 
�oc�t�o�� o� th� ����� �ph���, �� ��t��po��t�o� 
h�� to b� m��� to ��t�m�t� th� pot��t���� o� ��� 
po��t� of  th� ����� �ph���. Th� �o�ut�o� of  th�� 
��t��po��t�o� �� ���um�� to b� � �mooth fu�ct�o�. 
O�� w�y to co��t�uct �uch � �mooth ��t��po��t�o� 
�� to put co��t����t� o� th� L�p��c��� of  th� 
fu�ct�o�. 

Th� ��t�m�t� of  th� L�p��c��� fo� � t����gu��t�� 
�u�f�c� c�� b� u��� (��� �bo��), wh�ch �� �xp������ 
�� m�t��x fo�m (Oo�t���o�p �t ��., 1989):

             (9)

wh���   � �  �  ��cto�  co�t� �� ��g � ��m��t� 
, L th� L�p��c��� ���  th� fu�ct�o� 

���u��, �.�. ��� pot��t���� o� th� ����� �ph���. Not ��� 
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th��� fu�ct�o� ���u�� ��� k�ow�. Th� ��cto� c�� 

b� �p��t �� two p��t�, o�� w�th th� k�ow� ���u��, , 

 ���  w�th th� ���u�� th�t h��� to b� ��t��po��t��. 
I� th� ��m� w�y,  c�� b� ������� �� two p��t�. 
Th� L�p��c��� m�t��x c�� b� �p��t �� fou� p��t�:

          (10)
To solve the interpolation, i.e. to find the unknown 
���u�� , th� fo��ow��g �qu�t�o� h�� to b� �o����:  

          (11)
Th�� �qu�t�o� �� b���� o� th� ���umpt�o� th�t 

  �t ��� po��t� w���  �� �ot g����. Th�� 

m�tho� w��� g��� �� ��t��po��t�o�, wh�ch �� �mooth 
�t u�k�ow� po��t� ��� h�� �h��p p��k� �t th� 
k�ow� po��t�. M���m� ��� m�x�m� ��� �oc�t�� �t 
po��t� w�th k�ow� pot��t���� (f�gu�� 5). I� th�� 
�tu�y th�� �� ���ow��, u���� th� p��o� ���umpt�o� 
th�t th� �xt��m� of  th� pot��t���� ��� �oc�t�� �t 
k�ow� po��t�.

Figure 5   Interpolation. The circles are the known 
data points and the lines are the interpolation. 
The interpolations are smooth and there are sharp 
edges at points were we know the function value, 
since we assume  to be zero only at all points 
were f is not given.  

2.1.11 Quality measure

A m���u�� fo� th� qu���ty of  th� fo�w��� o� 
������� m�tho� �� th� ����t��� ��ff����c� b�tw��� 
th� pot��t���� c��cu��t�� w�th th� o�� of  th��� 
m�tho�� ��� th� ����yt�c���y comput�� pot��t����:

                            (12)

wh���  ���  ���, ���p�ct����y, th� ����yt�c�� 

��� th� mo������ pot��t���� �t po��t i of  th� b����. 

2.2 Experiment – Data collection

2.2.1 Participant

Th� �ubj�ct �� th�� �tu�y w�� � p�t���t w�th 
��t��ct�b�� �p���p�y who u����w��t t�mpo���y 
p��c�m��t of  �ub�u��� ���ct�o�� ����y� to �oc���z� 
th� ���zu�� focu� p��o� to �u�g�c�� ����ct�o�. Sh� w�� 
� ��ght-h�����, 19 y���� o�� f�m��� w�th �o mu��c�� 
b�ckg�ou��. Th� �ubj�ct h�� �o h�����g p�ob��m�. 
Th��� w�� �o ����o� to ���um� c���b��� ��m�g�. 

2.2.2 Electrodes

Th� p�t���t h�� � 32-���ct�o�� g��� (A1 to D8) 
placed over the left temporal cortex (figure 6) and 
������� ���ct�o�� �t��p� o��� th� ���t of  th� b����, 
�uch th�t th� tot�� �umb�� of  �ub�u��� ���ct�o��� 
w�� 82. Th� g��� h�� �� ��t��-���ct�o�� ���t��c� 
of  10 mm. Th� ���ct�o��� w��� m��� of  �t��� ��� 
h�� � co�t�ct ���m�t�� w�� 4.0 mm. S�mu�t���ou��y 
EEG w�� ��co���� f�om ��� 19 �t������ �oc�t�o�� 
of  th� �t������ 10-20 �y�t�m of  ���ct�o�� 
p��c�m��t. Ey� mo��m��t� ��� mu�c�� �ct���ty 
w��� ���o m���u���. 

2.2.3 Data collection/setup

Th� p�t���t ��t �� � ho�p�t�� b�� �bout 75 cm 
f�om � ��ptop �c����, ��� �bout 75 cm f�om � 
�ou��p��k�� (Y�m�h� MS20). Th� �o�um� w�� 
��ju�t�� to � comfo�t�b�� �����. 

Th� ��tup co����t� of  � ��ptop �u����g �oftw��� 
c����� “P�����t�t�o�”2 fo� p�����t��g th� �t�mu�� ��� 
� �t������ EEG ��co����g �qu�pm��t (N�u�of���, 
IT-M��, U���g��, G��m��y) w�th � ��mp���g ��t� 
of  1024 Hz. Th��� two comput��� ��� �y�ch�o��z�� 
��� TTL (t������to�-t������to� �og�c) pu���� t��gg���� 
�t th� �t��t ��� ��� of  th� �t�mu��.

2.2.4 Stimuli

Th� �t�mu�� w��� p�og��mm�� �� POCO (D&H) 
and the resulting MIDI file was converted to audio 
by Qu�ckt�m� Mu��c�� I��t�um��t� u���g g������ 
MIDI comm���� fo� �ow bo�go (k�y 61), ���oc�ty 
0.7x127 �� th� m�t�o�om� ��� h�gh woo� b�ock (k�y 
76), ���oc�ty 0.8x127 �� th� b��t.

I�  th�  �xp� � �m�� t  �  �ub j �c t  h�� ��  �� 
��och�o�ou� �hythm of  � ��um th�t ��f���� th� 
tempo (figure 7). It continued throughout a trial and 
fu�ct�o��� �� th� t�m�-�ock m�t�o�om�. A�oth�� 
2  P�����t�t�o�, http://nbs.neuro-bs.com 
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Figure 6   Electrode locations seen in a axial MRI slice (left) and on the outer surface of the brain (right) of 
the subject. 

h�gh�� ��um w�� h���� o�c� ����y two, th��� o� 
fou� b��t� ��� g��� �� �cc��t to th� b��t�. Aft�� 
th��� ��p��t� th��� w�� o�� �cc��t p��y�� �oft�� ��� 
����tu���y th��� w��� �o �cc��t� p��y�� ��ymo��. 
Th� �ubj�ct h�� to �m�g��� th�t th� �cc��t w�� 
�t��� th���. At th� ��� of  th� ��qu��c� �� �cc��t 
to�� (p�ob�) �ou����. Th� �ubj�ct� h�� to ����c�t� 
wh�th�� th�� p�ob� w�� o� �� �m�g���� �cc��t o� 
�ot. Th�� t��k w�� to co�t�o� �tt��t�o� ��� to ch�ck 
wh�th�� th� �ubj�ct w�� �t��� o�-t��ck.

P�� b�ock, th� �t�mu�� w��� ����om�y p��y�� o�� 
�ft�� ��ch oth��. Th� ��xt �hythm �t��t�� wh�� th� 
�ubj�ct h�t � butto� (���f-p�c��). W� ��co���� th��� 
b�ock� of  36 �t�mu��, ��� w�th th� ��m� o���� of  
�t�mu��. 

��fo�� th� ���� �xp���m��t �t��t��, th��� w�� 
� p��ct�c� p��t. I� th�� p��t th� �hythm� w��� 
������. Th��� w��� mo�� �cc��t� p��y�� b�fo�� th� 
h�gh�� ��um f����, th�� f����g ���t�� �o�g�� ��� 
th� �m�g��y p��t w�� �ho�t��. It w�� �mpo�t��t to 
m�k� �u�� th�t th� �ubj�ct u�����too� th� t��k. To 
�ccou�t fo� th��, th� ��� of  th� p��ct�c� b�ock w��

Figure 7   An example stimulus. The horizontal line is the time axis. The lower row shows the metronome 
ticks. Thick black blocks represent accented tones and grey blocks the imagined accents. The black oval 
represents the response that has to be given. 

  

��t��m���� �� fo��ow�. W� ��t � cou�t��, wh�ch 
cou�t�� th� co���ct ���w���. Wh������ th� �ubj�ct 
m��� � m��t�k�, th� cou�t�� w�� ��t two b�ck. Th� 
p��ct�c� b�ock ����� wh�� th� cou�t�� h�� � ���u� 
of  five.  

2.2.5 Event related potential

I� � ���g�� t����, ��t� co�t���� much b���� �ct���ty 
u�����t�� to th� �t�mu�u�, wh�ch w� w��� c��� �o���. 
To ���uc� th�� �o���, �� ����t ����t�� pot��t��� 
(ERP) �� p�o�uc��. Th�� ERP �� co��t�uct�� 
f�om p��c�pt�o� ��t� f�om �� �cc��t�� to�� of  
� two b��t �hythm. W� u��� ��t� f�om 100 m� 
b�fo�� th�� to�� u�t�� 500 m� �ft�� th�� to��, wh�ch 
w� w��� c��� t����� fo� b����ty. F���t ��� t����� w�th 
��t�f�ct� (��k� �y� mo��m��t�) ��� ��mo���. I� th� 
���u�t��g 87 t����� w� ��mo��� th� ���� �o��� of  
50 Hz. Th�� w� p��fo�m�� b������� co���ct�o� to 
��mo�� ��ff����c�� �� �mp����c� of  ���ct�o���, by 
�ubt��ct��g th� m��� of  th� 100 m� p���o� b�fo�� 
th� �t�mu�u�. L��t th� t����� ��� �����g�� to p�o�uc� 
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Figure 8   The left panel shows the potentials at different normalized distances y, due to a normalized 
dipole running with v =� s-� along the x-axis of an infinite medium of conductivity �S. The right figure 
gives the normalized power in the frequency domain of the potentials from the left figure.

�� ERP. A����g��g c��c��� out b���� �ct���ty 
u�����t�� to th� �t�mu�u�. 

A�� ����t ����t�� pot��t���� ��� ��f����c�� to 
���ct�o�� O1. Th�� ���ct�o�� �� ��tu�t�� �t th� 
b�ck���� of  th� h���, f�� �w�y f�om th� g��� ��� 
th� �u��to�y co�t�x. 

3. Results

3.1 Potentials in infinite me�ium

F�gu�� 8 �how� th� ��mu��t�� pot��t���� �u� to
 

Figure 9  Simulated ECoG (left) and EEG signal (right) from running dipole   with   m and   s-� in the inner 
sphere of the three-concentric sphere head model. 

� ��po�� w�th � �o�m���z�� ��po�� mom��t 
mo���g ��o�g th� x-�x�� of  �� ��f���t� m���um 
w�th � co��uct���ty of  1 S fo� ��ff����t po��t�o�� 
o� th� y-�x��. Th� ���g�� th� ���t��c� f�om 
th� ��po��, th� �m����� th� �mp��tu�� of  th� 
��g��� ��� th� b�o���� th� p��k of  th� ��g���. 
Th�� ���u�t� �� � h�gh�� f��qu��cy co�t��t 
��  � �g�� � �  � t  po ��t�  c �o���  to  th�  �ou�c�.

3.2 Differences between EEG an� ECoG 

Th� ��mu��t�� ECoG ��� EEG pot��t���� 
m���u���  o�  (0 ,0 ,0 .075)  ���  (0 ,0 ,0 .085) , 
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Figure 10  Power spectra of the signals in figure �. 

� � � p � c t � �� � y,  � u �  t o  t h �  m o� � � g  � � p o � � 

   w�th =(0, -0.017, 0.073) 

��� �-1 are given in figure 9. 
Th��� ��� two �mpo�t��t ��ff����c�� b�tw��� 

th��� ��g����. Th� EEG ��g��� �� b�o���� �� t�m� 
��� �bout 80 t�m�� �m����� �� �mp��tu�� th�� th� 
ECoG ��g���. Th�� h�� two ����o��. Th� ���t��c� to 
th� ��po�� �� ���g�� �t th� EEG ���ct�o�� comp���� 
to th� ECoG ���ct�o��. Th� ��co�� ����o�, th�t h�� 
the largest influence here, is the large resistance of  
th� �ku�� th�t c�u��� th� pot��t���� to �tt��u�t� ��� 
to �m���. 

Figure 11  The influence of the skull conductance on the topography of the EEG. The left figure shows 
EEG potentials for a dipole at (0,0,0.0�0) in a.u. with a skull conductance of �S, the same as the brain and 
the scalp. The right figure shows the same for a skull conductance of �/�5S, the actual conductivity of the 
skull (Oostendorp et al., 2000)

3.3 �nfluence of the skull on EEG 

F�gu�� 11 �how� th� �m�����g p�op��t��� of  th� 
Th� b�o���� th� ��g���, th� ���� h�gh f��qu��c��� 
��� p�����t �� th� f��qu��cy �p�ct�um of  th� ��g���. 
Th�� �� m��� ����b�� �� th� pow�� �p�ct�� of  th� two 
signals (see figure 10). 

�ku�� �u� to �t� �ow co��uct��c�. I� th� ��ft 
f�gu�� th� �ku�� co��uct��c� w�� t�k�� th� ��m� 
�� th� co��uct��c� of  th� b���� ��� �c��p. Th�� 
���u�t�� �� � �m����� ��g�o� w�th h�gh pot��t���� 
th�� wh�� th� �ku�� co��uct��c� w�� t�k�� 1/15 of  
the brain and scalp conductance (right figure). This 



��Nijmegen CNS | VOL 2 | NUMBER �

Denise van Barneveld

figure also shows the attenuation of  the signal due 
to the lower conductivity, in the right figure versus 
th� ��ft o�� (�ot�c� th� �c��� ��ff����c��).  

3.4 Forwar� problem – Pre�icte� EEG 
from simulate� ECoG

I� th� ��xt ��ct�o�, EEG o� ��� ���t�c�� of  
th� t����gu��t�� out�� �ph��� �� c��cu��t�� f�om 
��mu��t�� ECoG w�th th� fo�w��� m�tho�. 
S�mu��t�o� ��t� �� obt����� fo� fou� ��po�� 
�oc�t�o��:  (0,0,0) ,  (0,0,0.020),   (0,0,0.040),  
(0,0,0.060).  A�� ��po��� ��� of  u��t �t���gth ��� 
po��t��g �� th� z-����ct�o�.

Fo� th� fou� ��po�� �oc�t�o��, th� fo��ow��g 
wo��t �����t�o� c��t���� w��� u��� 4%, 12%, 20% 
��� 25%, wh�ch ���u�t�� �� �ph���� w�th 162, 366, 
442 ��� 839 ���t�c��, ���p�ct����y. 

For brevity we define the analytically produced 
pot��t���� �cco����g to �qu�t�o� (20) �� “t�u� 
EEG pot��t����” ��� w� w��� ��f�� to th� pot��t���� 
c��cu��t�� w�th th� fo�w��� m�tho� �cco����g 
to �qu�t�o� (5) �� “p����ct�� EEG pot��t����”. 
F�gu��� 12 to 15 �how t�u� ���u�� (upp�� ��ft), 

Figure 12   Predicted EEG from simulated ECoG data (upper right, in a.u.) compared to true EEG (upper 
left, in a.u.) from dipole at (0,0,0), relative difference is 7.5%. The differences between the predicted and 
the true values (in a.u.) and these differences relative to the true EEG are given in the lower left and right 
figure, respectively.

th� p����ct�� EEG pot��t���� (upp�� ��ght), th� 
��ff����c�� b�tw��� th� p����ct�� ��� th� t�u� 
���u�� (�ow�� ��ft) ��� th��� ��ff����c�� ����t��� to 
th� t�u� pot��t���� (�ow�� ��ght) co�ou� co��� o� 
th� out�� �ph���, fo� th� fou� ��po��� ���p�ct����y. 
R�� co�ou�� m��� h�gh ���u�� ��� b�u� co�ou�� 
m��� �ow ���u��, �� g���� �� th� co�ou� b�� �t 
th� ��ght ���� of  th� �ph���� ���u��. Th� z-�x�� �� 
po��t��g tow���� th� ������. Th� pot��t���� ��� 
��f����c�� to th� ���ct�o�� o� th� ��g�t��� z-�x��. 

Th� topog��phy of  th� t�u� ���u�� ��� th� 
p����ct�� pot��t���� ��� ���y ��m����. Th�y both 
�t��t �t z��o �t th� ��g�t��� z-�x�� (th�� p��t �� �ot 
visible in the figures) and increase to positive at the 
po��t��� z-�x��. Fo� ��� ��po��� th� p����ct�� ���u�� 
��� ���ght�y ���g�� th�� th� t�u� ���u��. Th�� ���u�t� 
�� ����t��� ��ff����c�� b�tw��� th� ����yt�c���y 
comput�� ���u�� ��� th� ���u�� p�o�uc�� w�th 
th� fo�w��� m�tho� of  7.5, 6.6, 7.9 ��� 11% 
fo� ��po��� �t (0,0,0), (0,0,0.020), (0,0,0.040) ��� 
(0,0,0.060) ���p�ct����y. 

Th� fo�w��� m�tho� �� �ot comp��t��y �ccu��t�. 
Th�� h�� two ����o��. F���t th��� �� �� ���o� �� th� 
����yt�c���y c��cu��t�� ECoG. �y comput��g th� 
ECoG, w� ��p�����t�� th� b���� �� � �ph��� �� � 
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Figure 13  Predicted EEG from simulated ECoG data (upper right, in a.u.) compared to true EEG (upper 
left, in a.u.) from dipole at (0,0,0.020), relative difference is �.�%. The differences between the predicted 
and the true values (in a.u.) and these differences relative to the true EEG are given in the lower left and 
right figure, respectively.

Figure 14  Predicted EEG from simulated ECoG data (upper right, in a.u.) compared to true EEG (upper 
left, in a.u.) from dipole at (0,0,0.0�0), relative difference is 7.�%. The differences between the predicted 
and the true values (in a.u.) and these differences relative to the true EEG are given in the lower left and 
right figure, respectively.
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Figure 15  Predicted EEG from simulated ECoG data (upper right, in a.u.) compared to true EEG (upper 
left, in a.u.) from dipole at (0,0,0.0�0), relative difference is ��%. The differences between the predicted 
and the true values (in a.u.) and these differences relative to the true EEG are given in the lower left and 
right figure, respectively.

�o�-co��uct��g m���um �g�o���g th� �ku�� ��� 
th� �c��p. Th�� ���u�t� �� �� o�����t�m�t�o� of  th� 
ECoG pot��t����, wh�ch ���u�t� �� th� ��� �� �� 
o�����t�m�t�o� of  th� p����ct�� EEG pot��t���� 
A�oth�� ����o� fo� th� ����t��� ��ff����c� �� 
th� �um���c�� �mp��m��t�t�o�. Th� �u�f�c� �� 
���c��t�z��, wh�ch c�u��� �m��� ���c��p��c��� �� th� 
pot��t����. Th��� ���c��p��c��� ��� ���g�� w�th mo�� 
comp��x ��� �o�-�ymm�t��c�� g�om�t����. D�po��� 
fu�th�� f�om th� o��g�� of  th� �ph���� h��� mo�� 
comp��x t����gu��t�� �ph����, wh�ch ���u�t� �� ���g�� 
���o�� �� th� p����ct�� EEG pot��t����. 

Th� �ow�� ��ft p����� of  f�gu��� 12 to 15 
�how th�t th� �b�o�ut� ��ff����c�� ��� ���g�� �t 
po��t� o����y��g th� �ou�c�, th�� �t po��t� f�� 
�w�y f�om th� �ou�c�. Th� �xp����t�o� �� th�t th� 
t�u� pot��t���� �� w��� �� th� p����ct�� pot��t���� 
��� ��f����c�� to th� ���ct�o�� fu�th��t f�om th� 
�ou�c�. Th�� m�k�� th� pot��t���� �t th�� po��t th� 
��m� �t th� two �u�f�c�� by ����g�. 

A�oth�� w�y to �ook �t th� ��ff����c�� �� th� 
��ff����c� ����t��� to th� t�u� ���u�� (�ow�� ��ght 
p����� of  f�gu��� 12 to 15). Th��� ��� ���g�� �t 
po��t� fu�th�� f�om th� �ou�c� th�� �t po��t�

o��� �y ��g th� �ou�c�.  Th��  m���� th�t  th� 
p����ct�o�� ��� b�tt�� �t po��t� o����y��g th� �ou�c�, 
wh�ch ��� th� mo�t ��t����t��g po��t� to p����ct fo� 
�CI pu�po���. 

A�oth�� ob�����t�o� �� th�t mo�� �cc��t��c 
��po��� h��� �m����� ����� w�th ���g� pot��t����. 

3.5 Forwar� problem – Pre�icte� EEG on 
gri� from ECoG on gri�

I� th� p����ou� ��ct�o�, ECoG pot��t���� w��� 
��mu��t�� �t ��� ���t�c�� of  th� ����� �ph���. I� 
�����ty ECoG c���ot b� m���u��� ��� o��� th� 
b����. It w��� b� m���u��� w�th � g��� of  ���ct�o��� 
o��� � �m��� p��t of  th� co�t�x. Th�� ��tup �� 
��mu��t�� �� th�� ��ct�o�. W� ����yt�c���y c��cu��t� 
ECoG pot��t���� o��y o� � �qu��� g��� p��c�� 
o� th� t����gu��t�� ����� �ph���. Th�� �� u��� �� 
th� fo�w��� mo��� to p�o�uc� EEG o� � ��m���� 
g��� o� th� out�� �ph���, ��� � t����f�� m�t��x. W� 
�����t�g�t� how th� ����t��� ��ff����c� b�tw��� 
����yt�c���y p�o�uc�� EEG pot��t���� ��� th� 
p����ct�� EEG pot��t���� ��p���� o� th� ��z� of  
th� EEG ��� ECoG g����, th� ECoG ���ct�o�� 
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���t��c� ��� th� ��po�� po��t�o�.

3.5.1 ECoG grid construction

A �qu��� ECoG g��� �� p��c�� o� th� ����� 
�ph��� w�th th� m����� ���ct�o�� p��c�� o� th� 
po��t��� z-�x��. W� co��t�uct�� ECoG g���� of  
��ff����t ��z��: � �m��� ��z�� g��� of  0.030 x 0.030 
m, � m���um ��z�� g��� of  0.050 x 0.050 m ��� � 
���g� ��z�� g��� of  0.060 x 0.060 m. W�th�� ��ch of  
th��� g���� w� ������ th� ���ct�o�� ���t��c�. Th� 
g���� w�th th� ���g��t ���ct�o�� ���t��c� (0.030, 
0.050, 0.060, fo� th� �m���, m���um ��� ���g� ��z�� 
grids, respectively) consist of  five electrodes, placed 
o� th� fou� ��g�� of  th� g��� ��� o�� ���ct�o�� 
in the centre. A more refined grid consists of  3x3 
���ct�o��� o� th��� ��m� �m���, m���um ��� ���g� 
��z�� g����, w�th �� ��t�� ���ct�o�� ���t��c� of  0.015, 
0.025 ��� 0.030 ���p�ct����y. G���� w�th �m����� 
���ct�o�� ���t��c�� co����t of  5x5, 7x7 ��� 9x9 
���ct�o��� p��c�� o� th��� �m���, m���um ��� ���g� 
��z�� g����, w�th ���ct�o�� ���t��c�� �� g���� �� 
T�b�� 1.

Table 1   ECoG g��� ��z��
Amount of 
Electrodes

Small 
Electrode distance 
(m)

Medium
Electrode distance 
(m)

Large
Electrode distance 
(m)

2x2 plus middle 0.030 0.050 0.060
3x3 0.015 0.025 0.030
5x5 0.0075 0.013 0.015
9x9 0.0038 0.0063 0.0075
17x17 0.0019 0.0031 0.0038

3.5.2 EEG grid construction

Th� EEG g��� ��z� �� ������ too. F���t o�� 
���ct�o�� �� p��c�� �t th� out�� �ph��� ��ght �bo�� 
th� c��t�� of  th� ECoG g���, thu� o� th� po��t��� 
z-�x��. A ���g�� EEG g��� co����t� of  � �ow of  
���ct�o��� p��c�� ��ou�� th� EEG ���ct�o��, 
���u�t��g �� � 3x3 g��� of  0.020 x 0.020 m. Th� 
m����� ���ct�o�� of  th�� g��� �� �t��� �oc�t�� ��ght 
�bo�� th� m����� of  th� ECoG g���. Th�� th�� 
g��� �� �xp����� by o�� �ow of  ���ct�o��� p��c�� 
��ou�� th� 3x3 g���, ���u�t��g �� � 5x5 g��� of  0.040 
x 0.040 m. Th�� p�oc��u�� �� ��p��t�� to c���t� � 
7x7 grid of  0.060 x 0.060 m and finally a 9x9 grid 
of  0.080 x 0.080 m. 

3.5.3 Interpolation

Th� ECoG �� p�o�uc�� ����yt�c���y o��y �t th� 
���ct�o��� of  th� �qu��� ECoG g���. Th� fo�w��� 
mo��� ����� pot��t���� �t ��� ���t�c�� of  th� who�� 
����� �ph���. Th� u�k�ow� pot��t���� h��� to b� 
��t�m�t�� by ��t��po��t�o� (��� M�tho� ��ct�o�). I� 
th��� ��t��po��t�o�� w� ���um� th� pot��t��� �t th� 
���ct�o�� o� th� ��g�t��� z-�x�� to b� z��o. 

F�gu�� 16 g���� �� �x�mp�� of  ��t��po��t�o� fo� 
� m���um ��z�� ECoG g��� ��� � ��po�� �t (0,0,0). 
Th� ��ft p���� �how� th� ����yt�c���y p�o�uc�� 
ECoG ���u��, wh�ch w� w��� ��f�� to �� “t�u� ���u�� 
ECoG”, p�oj�ct�� o� � �ph���, w�th th� z-�x�� 
po��t��g tow���� th� ������. Th� m����� p���� 
�how� th� ��t��po��t�� ECoG pot��t���� fo� �� 
ECoG grid of  only five electrodes with an electrode 
���t��c� of  5.0 cm. Th� ��ght p���� �how� th� 
��t��po��t�� ���u�� ��t�m�t�� f�om �� ECoG g��� 
of  17x17 ���ct�o��� w�th �� ���ct�o�� ���t��c� of  
0.31 cm. Th� h�gh�� th� ECoG g��� ���o�ut�o�, th� 
b�tt�� th� ��t��po��t�o�: th� topog��phy of  th� ��ght 
figures look much more like the true values than the 

topography of  the middle figure. 
F�gu�� 17 �how th� ��m� fo� � �m��� ��z�� 

ECoG g��� ��� � ��po�� p��c�� �t (0,0,0.060). Th� 
pot��t���� ��� ��t�m�t�� mo�� �ccu��t��y w�th � 
h�gh�� ���o�ut�o� ECoG g���, b�c�u�� th� L�p��c��� 
c���ot ���c��b� th� ��p�� pot��t��� ch��g�� o� 
th� g���. Th� m����� ��� ��ght p���� �how th�t th� 
��c�y �� pot��t��� to z��o f�om th� ��g� of  th� g��� 
to th� b�ck���� of  th� �ph��� �� �ot f��t ��ough. 
Th�� �� �u� to th� �pp���� L�p��c���, wh�ch ���um�� 
� �mooth ��t��po��t�o� b�tw��� �ucc������ po��t� 
��� m�x�m� �t po��t� w�th k�ow� pot��t���. 

F�gu�� 18 �how� th� ����t��� ��ff����c�� b�tw��� 
th� ��t��po��t�� pot��t���� ��� th� ECoG pot��t���� 
����yt�c���y c��cu��t�� o� ��� ���t�c�� �� fu�ct�o� of  
ECoG ���ct�o�� ���t��c�, fo� ��ff����t ECoG g��� 
��z�� ��� ��ff����t ��po���. I� g������, ��t��po��t�o�� 
��� b�tt�� fo� ��po��� c�o��� to th� o��g��. Th� 
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Figure 16  An example of two interpolations. Medium grid, ECoG electrode distance of 5.0 cm (middle, 
in a.u.) and 0.�� cm (right, in a.u.) for a dipole at (0,0,0) compared to true values (left, in a.u.).

Figure 17  An example of two interpolations. Small grid, ECoG electrode distance of �.0 cm (middle, in a.u.) 
and 0.�� cm (right, in a.u.) for a dipole at (0,0,0.0�0) compared to true values (left, in a.u.).

c�o��� th� ��po�� to th� o��g��, th� �mooth�� th� 
pot��t��� �u�f�c�, ��� th� b�tt�� �t c�� b� ���c��b�� 
by th� L�p��c��� (comp��� f�gu�� 16 ��� 17). Th� 
���ct�o�� ���t��c� h�� � ���g� ��f�u��c� �f  th� 
pot��t��� ch��g�� ��p���y o��� th� g���, ��k� fo� � 
��po�� �t (0,0,0.060). Th��� ��p�� ch��g�� c���ot 
b� ���c��b�� by th� L�p��c��� ��� thu� c���ot b� 
��t��po��t�� w��� (comp��� th� m����� ��� ��ft p���� 
of  figure 17). 

Th� g��� ��z� h�� �ot much ��f�u��c� o� 
th� ����t��� ��ff����c�, �xc�pt fo� th� ��po�� �t 
(0,0,0.060). H��� th� ��t��po��t�o� w�th � ���g� g��� 
�� mo�� �ccu��t� th�� w�th �m����� g����. Th� ����o� 
fo� th�� �� th�t th� pot��t���� �t th� ��g� of  th� ���g� 
g��� ��� c�o��� to z��o th�� �t � �m����� g���. Th�� 
���u�t� �� � �m����� o�����t�m�t�o� of  th� pot��t���� 
f�om th� ��g� of  th� g��� to th� b�ck���� of  th� 
�ph��� fo� ���g� g���� comp���� to �m��� g����. 

3.5.4 Results EEG 

Th� ��t��po��t�� pot��t���� ��� u��� �� th� 

fo�w��� m�tho� to p����ct th� co����po����g 
EEG pot��t����. Fo� b����ty w� w��� ��f�� to th� 
����yt�c���y p�o�uc�� EEG w�th �qu�t�o� (20) �� 
“t�u� EEG pot��t����” ��� to th� EEG pot��t���� 
comput�� w�th th� fo�w��� m�tho� (�qu�t�o� (5)) 
�� “p����ct�� EEG pot��t����”. 

F�gu�� 19 �how� th� ����t��� ��ff����c� b�tw��� 
th� t�u� ���u�� ��� th� p����ct�� EEG pot��t���� 
fo� ��ff����t ��po�� po��t�o�� �� � fu�ct�o� of  th� 
ECoG ���ct�o�� ���t��c� ��� EEG g��� ��z�. I� 
g������, th� fu�th�� th� �ou�c� �� f�om th� �u�f�c�, 
th� ���g�� th� ����t��� ��ff����c�. Fo� ���p�� 
�ou�c��, th� ��t��po��t�� pot��t���� �t po��t� �t th� 
b�ck���� of  th� ECoG �ph���, ��ou�� th� ��g�t��� 
z-�x��, ��� too h�gh. Th�� c�u��� th� EEG pot��t���� 
�t po��t� �t th� b�ck���� of  th� EEG �ph��� to b� 
o�����t�m�t��. Aft��w����, pot��t���� ��� ��f����c�� 
to th� EEG ���ct�o�� o� th� ��g�t��� z-�x��, wh�ch 
c�u��� th� pot��t���� o� th� g��� to ��op mo�� th�� 
������. Th�� �ff�ct �� ���� fo� �u�f�c� ��po���, ���c� 
th� ��t��po��t�� ECoG pot��t���� �t th� b�ck���� of  
th� �ph��� ��� c�o�� to z��o. 
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Figure 18  Relative difference between the true values of ECoG and the interpolated ECoG, for different 
ECoG electrode distances (in cm), for four different dipoles: (0,0,0) in red, (0,0,0.020) in black, (0,0,0.0�0) 
in green and (0,0,0.0�0) in blue and three different grid sizes: small (left), medium (middle) and large 
(right). 

Th�� �� ���u�t��t�� �� f�gu�� 20 ��� 21. Th��� 
f�gu��� �how th� t�u� EEG pot��t���� (��ft p����) 
��� th� p����ct�� EEG pot��t���� (��ght p����) 
f�om ��mu��t�� ECoG ��t� o� � m���um ��z� g��� 
f�om � ��po�� �t (0,0,0.040) ��� � �m��� ��z�� g��� 
w�th ��po�� po��t�o� (0,0,0.060) ���p�ct����y. Th� 
x,y-p���� ��p�����t� th� 9x9 EEG g��� ��� th� z-�x�� 
th� pot��t���� o� th� po��t� of  th� g���. I� th� ��ght 
panel of  figure 20, the middle EEG electrode has 
� �ow�� pot��t��� th�� th� ����yt�c���y comput�� 
pot��t��� o� th�t ���ct�o�� (��ft p����). Wh����� 
�� f�gu�� 21, th� p����ct�� pot��t��� �t th� m����� 
���ct�o�� h�� o��y � �m��� ��ff����c� comp���� to 
th� ����yt�c�� ���u�. Th�� �how� th�t th� �u�f�c� 
��po�� �� ���� ��f�u��c�� by o�����t�m�t�o� of  th� 
��f����c� ���ct�o��. 

A�oth�� ob�����t�o� �� f�gu�� 19 �� th�t th� 
����t��� ���o� ��c������ o��y ���ght�y w�th ��c������g 
ECoG ���ct�o�� ���o�ut�o�. E�p�c����y fo� � ��po�� 
�t (0,0,0.060) th�� p���m�t�� h�� � ���g� ��f�u��c� 
o� ��t��po��t�o�, wh����� �t� ��f�u��c� o� EEG 
p����ct�o� �� �m���. Th� ����o� c�� b� th�t �u� 
to th� �m�����g of  th� �ku��, th� ��ff����c�� �� 
p����ct�� EEG �u� to th��� ��ff����t ECoG 

configurations are small. 
 Fo� th� �m��� ECoG g��� w�th ���ct�o�� 

���t��c� 0.0019m ��� ��po�� (0,0,0.060), w� 
��� �� ��o�mou� ��c����� �� ����t��� ��ff����c� 
w�th ��c������g EEG ���g� (f�gu�� 19). Th� 
co����po����g EEG pot��t���� of  th�� �x�mp�� ��� 
given in figure 21. In the middle of  the grid (which 
co����po��� to �� EEG g��� w�th o�� ���ct�o��) 
th� p����ct�o�� ��� �ccu��t�, wh����� o� th� ��g� 
th� p����ct�� pot��t���� ��� f�� too h�gh (wh�ch 
co����po��� to �� EEG g��� w�th 9x9 ���ct�o���) 
comp���� to th� t�u� EEG pot��t����. Th�� �� �u� 
to th� o�����t�m�t�� ECoG pot��t���� f�om th� 
edge of  the grid to the backside of  the sphere (figure 
17, ��ght). 

3.6 �nverse problem – Pre�icte� ECoG 
from simulate� EEG

I� th�� ��ct�o� ECoG o� ��� ���t�c�� of  th� 
�����mo�t �ph��� �� c��cu��t�� f�om th� EEG 
o� th� out�� �ph��� ��� � t����f�� m�t��x w�th 
����t�o��� ��gu����z�t�o� co��t����t�. Th� fou� ��m� 
��po��� �� b�fo�� ��� u���, w�th wo��t �����t�o� 
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Figure 19  Relative difference between true values EEG on the grid and predicted values from simulated 
ECoG data on different grids: small (left), medium (middle) and large (right), for different dipoles (0,0,0) in 
red, (0,0,0.020) in black, (0,0,0.0�0) in green and (0,0,0.0�0) in blue as function of the ECoG electrode 
distance (in cm) and EEG grid size.

Figure 20  An example of true EEG potentials compared to potentials predicted from simulated ECoG data 
on a medium grid for a dipole at (0,0,0.0�0). The x,y-plane is the grid, with the potentials on places on 
this grid set on the z-axis.

c��t���� of  4%,  20%, 30% ��� 35%. Th�� ���u�t�� 
�� �ph���� w�th 162, 162, 177 ��� 465 ���t�c��, 
���p�ct����y. 

Goo� �mooth��g p���m�t��� ( , �qu�t�o� (8)) 
h��� to b� fou��. L��g� p���m�t��� w��� g��� 
�mooth�� pot��t��� �u�f�c�� th�� �m��� p���m�t���, 
but � �mooth pot��t��� �u�f�c� �� �ot ��w�y� th� 
b��t. I� th�� p��t b��t ���u�t� w��� obt����� w�th 
��gu����z�t�o� p���m�t��� of  10-6, 10-6, 10-7 ��� 10-5 

fo� ��po��� �t (0,0,0), (0,0,0.020), (0,0,0.040) ��� 
(0,0,0.060) ���p�ct����y.

L�k� �� th� fo�w��� m�tho� ��ct�o�, w� w��� 
��f�� to th� ����yt�c���y p�o�uc�� pot��t���� by 
�qu�t�o� (20) �� “t�u� ECoG pot��t����” ��� to 
th� pot��t���� p�o�uc�� w�th th� ������� m�tho� 
�cco����g to �qu�t�o� (8) �� “p����ct�� ECoG 
pot��t����”. 

F�gu��� 22 to 25 �how th� t�u� ECoG pot��t���� 



�8 Nijmegen CNS | VOL 2 | NUMBER �

Denise van Barneveld

Figure 21  An example of true EEG potentials compared to potentials predicted from simulated ECoG data 
on a small grid for a dipole at (0,0,0.0�0). The x,y-plane is the grid, with the potentials on places on this 
grid set on the z-axis. 

(upp�� ��ft), th� p����ct�� ECoG pot��t���� (upp�� 
m�����) ��� th� ��ff����c�� b�tw��� th� p����ct�� 
��� th� t�u� ���u�� (t�u�-p����ct�o�) (upp�� 
��ght) co�ou� co��� o� th� ����� �ph���, fo� th� 
fou� ��ff����t ��po��� �ucc�������y. Th� z-�x�� �� 
po��t��g tow���� th� ������. R�� co�ou�� m��� h�gh 
pot��t���� ��� b�u� co�ou�� m��� �ow pot��t����, 
co����po����g to th� co�ou� b�� �t th� ��ght ���� 
of  th� �ph���� (�ot� th� �c��� ��ff����c�� b�tw��� 
th� ��ff����t p�ot�). Pot��t���� ��� ��f����c�� to th� 
���ct�o�� o� th� ��g�t��� z-�x��. 

L�k� w�th th� fo�w��� m�tho� th� topog��ph��� 
of  th� t�u� ���u�� ��� th� p����ct�� pot��t���� 
�ook ��th�� ��m����. Th�y both �t��t �t z��o �t th� 
��g�t��� z-�x�� (th� p��t th�t �� �ot ����b�� �� th� 
f�gu���) ��� ��c����� to po��t��� �t th� po��t��� 
z-�x��. D�ff����t f�om th� fo�w��� m�tho�, �� 
th� ������� m�tho� th� p����ct�� ���u�� ��� �� 
g������ ���ght�y �ow�� th�� th� t�u� ���u�� (�ot� 
th� �c��� ��ff����c�� b�tw��� (upp�� ��ft) ��� 
(upp�� m�����)). Th�� ���u�t� �� ����t��� ��ff����c�� 
b�tw��� th� ����yt�c���y comput�� ���u�� ��� th� 
���u�� p�o�uc�� w�th th� ������� m�tho� of  4.1, 
5.8, 7.5 ��� 7.7% fo� ��po��� �t (0,0,0), (0,0,0.020), 
(0,0,0.040) ��� (0,0,0.060) ���p�ct����y. Th� 

��ff����c�� b�tw��� th� p����ct�� ��� t�u� ���u�� 
ECoG (upp�� ��ght) ��� �m��� comp���� to th� 
pot��t����. Th� �b�o�ut� ��ff����c�� ��� h�gh�� �t 
po��t� o����y��g th� �ou�c� comp���� to po��t� f�� 
�w�y f�om th� �ou�c�, but th� ��ff����c� ����t��� to 
th� t�u� pot��t���� h�� �o g������ topog��phy ��k� 
w� h��� ���� �� th� fo�w��� m�tho�. Th� ����o�� 
fo� th��� ����t��� ��ff����c�� ��� th� ��m� �� w� 
h��� ���� �� th� fo�w��� m�tho�: th� �um���c�� 
�mp��m��t�t�o�� ��� th� ���o� �� th� ����yt�c���y 
p�o�uc�� ECoG. 

Th� p����ct�� ECoG ���u�� ��� u��� �� th� 
fo�w��� m�tho� to g��� � co�t�o� EEG. If  �o, too 
�ow o� too h�gh ��gu����z�t�o� p���m�t��� ��� u���, 
th� ����t��� ��ff����c� b�tw��� th� t�u� EEG ��� 
co�t�o� EEG w��� b� ���g�, wh����� �� th� ����� 
c��� both ��� �x�ct�y th� ��m�. Th� �ow�� p����� 
of  figures 22 to 25 show the potential distributions 
o��� th� �ph���� of  t�u� EEG (��ft) ��� co�t�o� 
EEG (m�����). R���t��� ��ff����c�� b�tw��� th� 
co�t�o� EEG ��� t�u� EEG ��� b��ow 10-5 % fo� 
��po��� �t (0,0,0), (0,0,0.020), (0,0,0.040). Th��� 
��ff����c�� ��� �u� to �um���c�� �mp��m��t�t�o��. 
Th� ����t��� ��ff����c� b�tw��� th� co�t�o� EEG 
��� t�u� EEG fo� th� ��po�� �t (0,0,0.060) �� 0.01%. 
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Figure 22  Predicted ECoG from simulated EEG data (upper middle, in a.u.) compared to true ECoG from 
dipole at (0,0,0) (upper left, in a.u.) and the difference between these two potentials (upper right, in a.u.). 
Predicted control EEG from predicted ECoG (lower middle, in a.u.) compared to true EEG (lower left, in 
a.u.).

Figure 23  Predicted ECoG from simulated EEG data (upper middle, in a.u.) compared to true ECoG from 
dipole at (0,0,0.020) (upper left, in a.u.) and the difference between these two potentials (upper right, in 
a.u.). Predicted control EEG from predicted ECoG (lower middle, in a.u.) compared to true EEG (lower 
left, in a.u.).
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Figure 24  Predicted ECoG from simulated EEG data (upper middle, in a.u.) compared to true ECoG from 
dipole at (0,0,0.0�0) (upper left, in a.u.) and the difference between these two potentials (upper right, in 
a.u.). Predicted control EEG from predicted ECoG (lower middle, in a.u.) compared to true EEG (lower 
left, in a.u).

Figure 25  Predicted ECoG from simulated EEG data (upper middle, in a.u.) compared to true ECoG from 
dipole at (0,0,0.0�0) (upper left, in a.u.) and the difference between these two potentials (upper right, in 
a.u.). Predicted control EEG from predicted ECoG (lower middle, in a.u.) compared to true EEG (lower 
left, in a.u).
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Th��� �m��� ��ff����c�� �how th�t th� ��gu����z�t�o� 
p���m�t��� ��� cho��� co���ct�y. 

3.7 Forwar� problem – Pre�icte� EEG 
from real �ata ECoG

I� th�� ��ct�o� w� w��� t��t th� fo�w��� m�tho� 
o� ���� ��t�, m���u��� f�om �� �p���pt�c p�t���t �t 
th� U�������ty of  F���bu�g. W� �o th�� by c��cu��t��g 
EEG f�om ����t ����t�� ECoG ��t� (��� M�tho� 
��ct�o�), ��� � t����f�� m�t��x.

F�gu�� 26 �how� � ���� ���w of  � �ph��� 
��p�����t��g th� h���, w�th th� ECoG (g��y c��c���) 
��� EEG (��� c��c���) ���ct�o��� p�oj�ct�� o� th�� 
�ph��� to ���u�t��t� th��� ����t��� po��t�o�. Not�c� 
th�t th��� ���ct�o��� ��� �� f�ct �oc�t�� o�� two 
��ff����t �ph����. E��ct�o�� T7 �� �y��g ����ct�y 
�bo�� th� ECoG g���. E��ct�o�� P7 �� �oc�t�� ���� 
th� g���, po�t���o� to T7. W� comp��� th� ���u�t� of  
th� fo�w��� �t th��� two �oc�t�o��. L�k� �� �how� 
f�om th�o��t�c�� ���u�t�, w� �xp�ct th� ���ct�o�� 
o����y��g th� g��� to b� p����ct�� mo�� �ccu��t� 
th�� th� ���ct�o�� po�t���o� to �t. 

Th� ��t� w� u��� to t��t th� fo�w��� mo��� �� �� 
����t ����t�� pot��t��� (ERP) f�om 100 m� b�fo�� 
� p�����t�� �cc��t�� to�� (��� M�tho��) u�t�� 500 
m� �ft�� th�� to��. Th� ��ght p���� of  f�gu�� 27 
shows this ERP. The left panel of  figure 27 shows 
th� co����po����g pot��t��� ���t��but�o� o��� th� 
ECoG g��� �t th� m���mum of  th�� ERP (b��ck 
��t����k, 116 m�). Th� m���u��� EEG pot��t���� �t 
the same time are given in the left panel of  figure 
28. Th�� �� � top ���w of  th� ��ft h��f  of  th� h��� 
w�th th� pot��t���� co�ou� co��� �� g���� �� th� 
co�ou� b�� �t th� ��ght. Wh�� th� ECoG pot��t���� 
��� u��� �� th� fo�w��� m�tho�, th�� ���u�t� �� th� 
p����ct�� ���u�� g���� �� th� ��ght p���� of  f�gu�� 
28. Th� ����t��� ��ff����c� b�tw��� th� m���u��� 
EEG pot��t���� ��� th� p����ct�� EEG pot��t���� 
�� 60% �t ���ct�o�� T7 ��� 120% �t ���ct�o�� P7. 

If  ECoG pot��t���� of  � ����om ��t of  30 
t�m�� ��� u��� �� th� fo�w��� m�tho�, th� ����t��� 
��ff����c�� �t ���ct�o�� T7 ��� b�tw��� 15% ��� 
84%, w�th � m��� of  63%. Th� ����t��� ��ff����c�� 
�t ���ct�o�� P7 ��� b�tw��� 62% ��� 200% w�th 
� m��� of  130%. P����ct�� pot��t���� �t ���ct�o�� 
P7 ��� ��w�y� wo��� th�� p����ct�� pot��t���� �t 
���ct�o�� T7.

F�gu�� 29 �how� �� �x�mp��. Th� m���u��� 
EEG pot��t���� �t t�m� 96 m� ��� g���� �� th� ��ft 
figure. The predicted values from the corresponding 
measured ECoG data are given in the right figure. 
Th� ����t��� ��ff����c� b�tw��� th��� pot��t���� 

�t ���ct�o�� T7 ��� 15% ��� �t ���ct�o�� P7 
82%. Ag���, ���ct�o�� P7 �� p����ct�� wo��� th�� 
���ct�o�� T7. 

A�though th� pot��t���� �t th� ���ct�o�� 
o����y��g th� g��� ��� ��w�y� p����ct�� mo�� 
�ccu��t� th�� th� ���ct�o�� po�t���o� to th� g���, th� 
p����ct�� pot��t���� ��� �ot �ccu��t� ��ough. Th� 
����t��� ��ff����c�� ��� ���g�, w�th � m��� of  63%. 
R���o�� fo� th�� ��� g���� �� th� ���cu���o�. 

Figure 26  A side view of a head to illustrate the 
relative locations of ECoG electrodes (grey circles) 
and EEG electrodes (red circles) shown on one 
sphere. 

4. Discussion

4.1 Differences ECoG an� EEG

S�mu��t�o�� of  EEG ��� ECoG �how two 
�mpo�t��t ��ff����c��. EEG h�� � �m����� �mp��tu�� 
��� �� b�o���� �� t�m� w�th �m����� h�gh-f��qu��cy 
compo���t� th�� th� ECoG ��g����. Th�� h�� two 
����o��. Th� ���t��c� f�om th� EEG ���ct�o�� to 
th� ��po�� �� ���g�� th�� th� ���t��c� b�tw��� th� 
ECoG ���ct�o�� ��� th� ��po��. Th� ��co�� ����o�, 
that has the largest influence, is the large resistance 
of  th� �ku��, wh�ch �tt��u�t�� th� ��g��� �mp��tu��.

4.2 Forwar� metho� – Simulate� �ata

R��u�t� �� th�� m��u�c��pt �how th�t th� fo�w��� 
m�tho� h�� ����t��� ��ff����c�� b�tw��� 6.6 ��� 
11 %,fo� ECoG pot��t���� k�ow� �t ��� ���t�c�� of  
th� ����� �ph���. Th�� h�� two ����o��. F���t th� 
c��cu��t�� ECoG �� �ot �ccu��t�. A���yt�c���y th� 
pot��t���� c�� o��y b� comput�� �t th� out��mo�t 
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Figure 27  The right figure gives the time course of the event related potentials from the grid electrode B�. 
At time ��� ms (given by the black asterisk) the potential distribution over the grid is shown in the left 
figure, with on the x,y-plane the grid electrodes A� to D8 and on the z-axis the potential at that specific 
electrode. 

Figure 28  The EEG potentials (in V) measured at time 116 ms (left panel) and the predicted potentials (in 
V) from the corresponding ECoG (right panel). The relative difference between the potential at electrode 
T7, which is positioned right over the grid (see figure 28) is �0%. This is lower than the relative difference 
of �.2 �02 % from electrode P7, which is situated near the grid, posterior of the grid.

�u�f�c�. Th� ECoG c�� o��y b� �pp�o�ch�� by 
�g�o���g th� �ku�� ��� th� �c��p. Th�� ���u�t� �� �� 
o�����t�m�t�o� of  th� ECoG pot��t����, wh�ch 
���u�t� �� th� ��� �� �� o�����t�m�t�o� of  th� 
p����ct�� EEG pot��t����.

A�oth�� ����o� fo� th� ����t��� ��ff����c� �� th� 
�um���c�� �mp��m��t�t�o�. Th� ���c��t�z�t�o� of  

th� �u�f�c�� c�u��� ���c��p��c��� b�tw��� th� 
pot��t���� c��cu��t�� ����yt�c���y ��� w�th �um���c�� 
m�tho��. Th��� ���c��p��c��� ��� g�������y b�tw��� 
1 ��� 5% ��� ��� ���g�� fo� mo�� comp��x ��� 
�o�-�ymm�t��c�� g�om�t����. D�po��� fu�th�� f�om 
th� c��t�� of  th� �ph���� h��� mo�� comp��x 
t����gu��t�� �ph����, wh�ch ���u�t� �� ���g�� ���o�� 
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Figure 29  The EEG potentials (in V) measured at time 96 ms (left panel) and the predicted potentials (in 
V) from the corresponding ECoG (right panel). The relative difference between the potential at electrode 
T7, which is positioned right over the grid (see figure 28) is �5%. This is lower than the relative difference 
of 82% from electrode P7, which is situated near the grid, posterior of the grid.

�� th� p����ct�� EEG pot��t���� (�.g. 11% fo� � 
��po�� �t (0,0,0.060) comp���� to 7.5% fo� � ��po�� 
�t (0,0,0)). 

To �o��� th� �um���c�� ���c��p��c��� � ��f���� 
t����gu��t�� g��� c�� b� t�k��. Th�� ���u�t� �� mo�� 
t����g��� p�oj�ct�� o� th� �ph����. A ��������t�g� 
of  taking a refined grid is the loss of  computational 
pow��, ���c� th��� ��� mo�� po��t� �t wh�ch th� 
pot��t��� h�� to b� comput�� ��� th� t����f�� 
m�t��x b�com�� ���g��. 

Fu�th�� th� ���u�t� �how th�t th� fo�w��� 
m�tho� �� mo�� �ccu��t� fo� po��t� c�o�� to th� 
�ou�c�, comp���� to pot��t���� c��cu��t�� �t po��t� 
f�� �w�y f�om th� �ou�c�.

4.3 Forwar� metho� – ECoG gri� an� EEG 
gri�

I� �����ty pot��t���� ��� m���u��� w�th ���ct�o��� 
p��c�� �t �om� �oc�t�o�� of  th� b���� ��� �t �om� 
�oc�t�o�� of  th� �c��p. Th�� ��tup �� ��mu��t�� by 
�� ECoG g��� p��c�� o� th� ����� �ph��� ��� �� 
EEG g��� o� th� out�� �ph���. R��u�t� �how th�t 
th� fo�w��� m�tho� �� mo�� �ccu��t� �t ���ct�o��� 
c�o�� to th� �ou�c�, fo� � h�gh�� ���o�ut�o� ECoG 
g��� ��� fo� �u�f�c� ��po���. Th�� ���t f�����g �� 
of  p��ct�c�� �mpo�t��c�, ���c� mo�t cog��t��� 
��t����t��g �ou�c�� fo� �CI �pp��c�t�o�� ��� �oc�t�� 
�� th� co�t�x ��� th� co�t�x �� th� out��mo�t ��y�� 
of  th� b����.

Th� fo�w��� mo���  co��t� uct�� �� th�� 
m��u�c��pt ����� pot��t���� o� ��� ���t�c�� of  th� 
����� �u�f�c�. If  th� pot��t���� ��� o��y ��mu��t�� o� 
m���u��� �t c��t��� ���ct�o��� o� th� ����� �ph���, 
th� pot��t���� �t th� ���t of  th� ���t�c�� h��� to b� 
��t��po��t��. I� th�� m��u�c��pt w� ��t��po��t�� 
by putt��g co��t����t� o� th� L�p��c��� of  th� 
pot��t��� �u�f�c� (��� M�tho��). Th�� m�tho� 
���um�� � �mooth ��t��po��t�o� b�tw��� �ucc������ 
po��t� ��� m�x�m� �t po��t� w�th k�ow� pot��t����. 
U���g th� L�p��c��� �� �ot th� b��t m�tho�, ���c� 
�t c���ot ���c��b� th� ��p�� pot��t��� ch��g�� �� 
�p�c� of  �u�f�c� ��po���. Fu�th�� �t c�u��� too ��ow 
� ��c�y �� pot��t��� to z��o f�om th� ��g� of  th� 
g��� to th� b�ck���� of  th� �ph���. Th�� ���u�t� �� 
�� o�����t�m�t�o� of  th� pot��t���� out���� th� g���. 
Fo� �u�f�c� ��po��� th�� c�u��� �� o�����t�m�t�o� of  
th� pot��t���� �t th� ��g� of  �� EEG g���, wh����� 
fo� ���p�� �ou�c�� th� pot��t��� of  th� ��f����c� 
EEG ���ct�o�� �� o�����t�m�t��, wh�ch c�u��� ��� 
pot��t���� to ��op w�th ����f����c��g. Th�� ���u�t� �� 
�� u������t�m�t�o� of  th� EEG g��� pot��t����.  

4.4 �nverse metho� – Simulate� �ata

Th� ���u�t� �� th�� m��u�c��pt �how th�t th� 
������� m�tho� h�� ����t��� ��ff����c�� b�tw��� 
4.1 ��� 7.7%. Th�� �� �u� to th� o�����t�m�t�o� of  
th� ����yt�c���y p�o�uc�� ECoG ��� th� �um���c�� 
�mp��m��t�t�o��, ��k� �� th� fo�w��� m�tho�. 
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Th� f�ct th�t th��� ����t��� ��ff����c�� ��� 
�m����� th�� th� o��� f�om th� fo�w��� m�tho� c�� 
b� �xp������ by th� f�ct th�t th� �ph���� co����t of  
��ff����t t����gu��t�� g����. D�ff����t t����gu��t�o�� 
���u�t �� ��ff����t �um���c�� ���o��. 

4.5 Forwar� metho� – Real �ata 

EEG ���ct�o��� ��� ���t��but�� ��� o��� th� 
head. They reflect brain activity generated all over 
th� b����. Wh����� th� ECoG g��� ��tu�t�� �t th� 
��ft ���� of  th� b����, ��f��ct� o��y th� �ct���ty �� 
th� ���ghbou�hoo� of  th� g���. W�th th��� ECoG 
pot��t���� o��y th� EEG pot��t���� �bo�� of  th� 
g��� c�� b� p����ct��. W� �xp�ct�� th� pot��t���� �t 
th� ���ct�o�� o����y��g th� g��� (T7) to b� ��t�m�t�� 
mo�� �ccu��t��y th�� th� ���ct�o�� po�t���o� to th� 
g��� (P7). R���t��� ��ff����c�� ��� ������ b�tw��� 
15% ��� 84%, w�th � m��� of  63% fo� ���ct�o�� 
T7 ��� b�tw��� 62% ��� 200% w�th � m��� of  
130% fo� ���ct�o�� P7. 

U�fo�tu��t��y ���o�� ��� ���g�. A ����o� fo� 
th�� �� th�t to p��c� th� ���ct�o��� o�to th� b���� 
of  ou� �ubj�ct, th� �ku�� w�� op����. Wh�� th� 
���ct�o��� w��� p��c�� ��� th� �ku�� ��� �c��p w��� 
c�o���, th��� w��� �t��� g�p� �� th� �ku��, wh�ch 
c�u�� th� co��uct���ty of  th� �ku�� to b� ���g�� 
th�� �mp��m��t�� h��� ��� ����ot�op�c th�oughout 
th� �ku��. Th��� ���to�t�o�� c���ot b� mo������ 
�� th� t����f�� m�t��x, ���c� w� �o�’t k�ow th��� 
���to�t�o�� �x�ct�y. 

A�oth�� ����o� �� th� f�ct th�t w� h��� 
��f����c�� to ���ct�o�� O1. Th�� ���ct�o�� �� th� 
b��t �� ou� ��tup. It �� �oc�t�� f�� f�om th� �u��to�y 
source, but still reflecting some brain activity. More 
co�������t wou�� b� to m���u�� ��� ��f����c� to 
�� ���ct�o�� o� th� m��to�� bo��, wh�ch ��f��ct� 
���� b���� �ct���ty. 

A th��� ����o� �� th� f�ct th�t w� mo������ th� 
h��� by th��� co�c��t��c �ph����. It wou�� b� mo�� 
co�������t to �mp��m��t ������t�c g�om�t���� fo� 
b����, �ku�� ��� �c��p �� th� fo�w��� mo���. Th��� 
g�om�t���� c�� b� �xt��ct�� f�om �� MRI �c�� of  
th� �ubj�ct’� h���. Th�� w��� ch��g� th� t����f�� 
m�t��x, wh�ch c�� ���u�t �� mo�� �ccu��t� pot��t����.

To ���uc� th� b���� �ct���ty u�����t�� to th� 
�t�mu�u�, w� took th� ����t ����t�� pot��t��� 
(ERP) of  th� m���u��� ��g���� ��� u��� pot��t���� 
�t ������� t�m�� to c��cu��t� th� co����po����g 
pot��t��� ���t��but�o� of  th� EEG �t th� ��m� 
t�m��. A ��������t�g� of  �����g��g ��t� �� th�t you 
���� mo�� th�� o�� t����. Imp��m��t�t�o� �� �CI 
w��� ��ow �ow� th� ��go��thm.

4.6 �nverse metho� with real �ata 

I� th�� m��u�c��pt w� ��� �ot �����t�g�t� th� 
������� mo��� w�th m���u��� ��t�. Th� ���ct�o�� 
p��c�m��t w�� u��u�t�b�� fo� th�� p�ob��m. Th� 
EEG ���ct�o��� w��� ���t��but�� ��� o��� th� h���, 
wh����� th� ECoG ���ct�o�� g��� w�� ���y �m��� 
��� �oc�t�� �t th� ��ft ���� of  th� b����, w�th o��y 
o�� EEG ���ct�o�� o����y��g th� g��� ��� th��� 
���ct�o��� �� th� ���ghbou�hoo�. To g�t goo� 
������� ���u�t� � ������ EEG ���ct�o�� p��c�m��t 
�hou�� b� u���, ��p�c����y �t �oc�t�o�� o��� th� 
ECoG g���.  

5. Conclusion

W� th��k th�t th� fo�w��� m�tho� w��� wo�k 
b�tt�� o� m���u��� ��t�, wh�� �om� ch��g��, ��k� 
�mp��m��t��g ������t�c g�om�t���� of  th� h���, 
��� �mp��m��t��. E�p�c����y ���c� th�o��t�c�� 
���u�t� �how th�t th� m�tho� �� mo�� �ccu��t� fo� 
�u�f�c� ��po��� th�� fo� ���p�� �ou�c��. Cog��t��� 
��t����t��g �ou�c�� �t�m f�om th� out��mo�t ��y�� 
of  th� b����.

Fu�th�� ������ch �� ������ to ��� wh�th�� th� 
������� m�tho� c�� b� �mp��m��t�� �� �CI. 
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