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Mapping EEG-Potentials on the Surface of the Brain: A 
Strategy for Uncovering Cortical Sources 

Markus Junghofer', Thomas Elbert', Paul Leiderer', Patrick Berg', and Brigitte Rockstroh' 

Summary: f i s  paper describes a u d o r m  method for calculating the interpolation of scalp EEG potential distibution, the current soum density 
(CSD), the cortical potentml distribution (coacal mapping) and the CSD ot the cortical potential distribution. It will be shown that interpolation and 
deblumng methods such as CSD or cortical mappmg are not independent of the inverse problem in potenlid theory. Not only the resolution but 
also the accuracy oft hese tec.hniques, especially those of deblurring, depend greatly on the spatial sampling rate (i.e., the number of elechades). Us~ng 
examples from slrnulated and real (64 channels) data it can be shown h a t  the application of mom than 1GU EEC channels is not only favourable but 
necess171-y to guarantee a reasonable accuracy in the calculations of CSD or cortical mapping. Likewise, i t  can be shown tkat using nmre than 250 
electrodes does not improve the resolution. 

Key words: High spatial sampling EEG; Sparial det?lumg; Current source density; Corncal Mapping: Spherical spline i n k r p ~ l a t i o ~  lnversepmblem. 

Introduction 

For any given distribution of the electrical potential 
on the surface of the head, there exists an infinite 
number of possible source configurations inside the 
head (Helmholtz 1885). This result from the laws of 
electrostatics presents a major problem when determin- 
ing the source locations of MEC or EEG activity. A 
second theorem, however, maintains that the potential 
distribution on any closed surface which encloses all the 
genera tors can be determined uniquely from the surface 
potential map (Yamashita 1982;Conzalet et al. 1991). I t  
is generally accepted that there are no sources between 
the scalp and the cortical surface. Therefore, the blur- 
ring of the electrical potential distribution wluch is 
caused by the high conductivity of the skull can in 
principle be compensated for by a mathematically 
unique transformatjon (Gevins et al. 1991, 1994). We 
refer to this transformation whch then computes the 
potential distribution on an idealized and simplified 
cortical surface as  "cortical mapping." It's uniquness 
does not depend on adequate modelling of conductivi- 
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ties or head shape. lnadequate modelling will "only" 
give rise to a n  inaccurate estimation of cortical surface 
potential. On the other hand tlus transformation is 
unique if, and only if, the electrical potential is known 
for the entire surface of the scalp. From a practical view 
we can only measure the potential a t  discrete locations 
(electrodes) and then estimate the potential at other 
locations. An alternative to cortical mapping wluch 
also cornpensates the spatial low pass that is charac- 
teristic for the transformation between cortex and scalp 
is current source density (CSD) calculation. In order to 
compute the CSD the potential on the scalp at sites 
between the elechodes must be determined by means 
of interpolation; the most common algorithm with 
which ttus is accornphhed 1s the 4-nearest-neighbours- 
method. Spherical spline interpolation like the one sug- 
gested by Perrin et al. 1989 is, of course, more 
sophisticated. 

Ttus k u s s i o n  leads us to two questions: 1) What 
are the consequences of the low pass characteristics of the 
skull, i.e., how strong is the spatial blurring and to what 
extent can i t  be compensated for by either cortical map- 
ping or CSD analysis ? 2) Dws the quality of either 
transformation depend on the number of electrodes? 

In this paper we derivea procedure which allows for 
the computation of CSD and cortical mapping using a 
common algorithm. This approach emphasites that 
spherical s p h e  interpolation and with it the calculation 
of CSD on the one hand, and cortical mapping on the 
other hand, are equivalent procedures, and thus suffer 
from the same problems with respect to spatial sampling. 

http://www.springerlink.com/content/105708
http://www.ub.uni-konstanz.de/kops/volltexte/2007/2988/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-29880
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We investigate these problems and illustrate the proce- 
dures using auditory evoked potentials recorded from 65 
electrodes. 

Methods 

Derivation of the procedure 

The CSD has to be derived from the interpolated 
scalp potential. A group of functions which automat- 
ically fulf lls the physical constraint of minimal energy 
are Green's functions. In one dimensional space this 
leads to the cubic spline interpolation. However, all sets 
of functions w i t h  this space fulfill the required con- 
straint of minimal energy (Freeden 1981; Wahba 1981). 
This complex situation may be illustrated for one dimen- 
sion space by a shipbuilding analogy: 

When building the body of a wooden ship, the 
wooden boards (spline) have to follow the skeleton of 
the s h p  body. A plank interpolates the space between 
points determined by the skeleton in a special way. It is 
a principle of nature, albeit a particular mathematical 
case in which the plank will bend itself so that the total 
energy of det'ormation is minimized. Considering the 
plank as a Green's function, i t  fulfills the constraint of 
minimal energy. The kind of wood, it's thickness, and 
it's elasticity can be chosen freely. Any type of plank 
would fulfill the requirements of minimum energy, but 
each type would interpolate thc space in a different 
manner. A full set oi plank types constitutes the space 
oi Green's functions. Independent of the plank type, the 
interpolation will follow the desired form more closely 
i f  more positions are determined, i.e., the skeletonof the 
s h p  is denser. If we kransFer this one dimensional case 
(without considering the width of the planks) into two 
dimensions, the space of the two dimensional Green's 
tunctions is obtained. 

?he potentials produced by electrically charged parti- 
cles can equally be represented by means of Green's func- 
tions. For ths reason it is possible to employ functions for 
the interpolation of scalp potentials that resl~lt fiom the 
charge distribution within the head. Thus, all possible 
charge distributions w i t h  the head span the space of 
Green's functions and in principle no single one is to be 
pr~ferred above any other. Having the above example in 
mind, i t  becomes obvious that p17en the desired form of 
the body of the s h p  the thckness of the planks c ~ m  also be 
determined. In the same way, it is possible when interpu- 
lating the EEG potential to choose a chargehstnbution that 
corresponds best to cortical activity. 

The Source Model 

The simplest case, a focal cortical activity, can be 

approximated by means of a stationary current dipole 
(Equivalent Current Dipole, ECD). Distributed sources 
can be described by a combination of such dipoles. Any 
scalp distribution can be accounted for if we assume one 
radially oriented dipole underneath each electrode. Hav- 
ing determined the strength of these dipoles the cortical 
surface potential can be computed by means of forward 
calculation. The optimal depth of these fictitious &poles 
remains to be determined. 

Modelling the Volume Conductor 

In principal, a solution would be possible for any 
given arbitrary geometry and distribution of conductiv- 
ity a. Our model here assumes an isotropic volume 
conductor of spherical geometry composed of four ho- 
mogeneous layers, each with a different conductivity 
(Cuffin and Cohen 1979). The layers model scalp, skull, 
cerebro-spinal fluid (CSF), and brain with 

abraln =o, = ( 3 0 0 ~ m ) - ' , o , - ~ ~  =crZ =3sbramr 

a s k u l l  = d 3  = o b n i n  I80r drcalp = o  4 =(5 brain 

The radius of the head R was assumed to be 9.20 cm, 
the radius of the brain 8.15 em, the thickness of skull and 
scalp were each set to 4.2 mm, and the tluckness of the 
CSF to 2.1 mm. 

Of course, the practical determination is limited by 
the quality of measurement as well as by the adequacy of 
the model, i.e., geometry and conductivities. Yamashtta 
and Takahashi (1984) compared the actual values oC epi- 
cardial potentials with those determined from torso- 
measured potentials, and showed that a good agreement 
can be acheved if the signal-to noise-ratio becomes suf- 
ficiently large. Similar results should be expected for the 
head since both systems resemble each other in terms of 
the physical equations. 

Choice of Green's spherical spline function 

As indicated above, we will illustrate the procedure 
for radial sources. The generalisation to arbitrarily ori- 
ented current dipoles is straightforward. The expression 
in spherical coordinates for the potential produced by 

L 

one single, radially directed current dipole p on the 

surface of the sphere is given by (Cuffm and Cohen 1979): 
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Figure I .  Solid lines: welght function of the Legendre 
polynomials in equation 2 of different depths: 10.5, 39.5, 
M.5 and 79 mrn (from top to bottom) under the cortical 
surface or respecfively 7 1.42. 15 and 2.5 mm measured 
from the centre of sphere. Dashed lines : weight hnctlon 
of equotlon 9 with m=2 (top) and r n 4  (bottom). 

Whereby, 
0 = azimutal and = polar angle or spherical h e a d  model 

R =  9.2 cm, radius of the head 
I = g / R  eccentricity of the dipole locations 

g= radius of the fictitiousdipoles in cm (this is the only parame- 
ter to choose in the radial case) 

b, c and d desuibe the relations between the radii of the shells: 

P, = P: , Legendre Polynomials or zonal spherical sur- 
face functions. 

The potential V(@, 8) is only dependent on the angle 
between the vectors describing the site of measurement 
and the dipole location. Given N electrodes, there will be 
N angles aij for each particular electrode j, and the poren- 
tial wdl be determined by the corresponding sum across 
the fictive dipoles under all electrode sites: 

1.n matrix notation the solution will be an eigenvalue 
problem: 

being an N x N symmetrical matrix whch depends solely 
on the model parameters and on the geometrical configu- 
ration of the electrode array. For 'my gven electrode 

array, G:'~ c m  be computed first, and then, given a 
- 

measurement of V- the solution for the vector of &poles 
p can be calculated. If the dipole vector p has been - - 
determined, the potential &stribution on the surface of 
the head, whch so far was only known for the elechode 
position (forward solution), can now be calculated for 

any number of points t,,, = [k ,w,p,..., k ~ d p  ] : 

If one compares thrs formula with that of Penin et aL 1979: 

with mL2 a constant to be chosen arbitrarily, the s d n r i -  
ties between the hYo procedures become evident. If one 
compares the nonnalised course of P u l p  for di fierent 
excentricities f (different radii g of fictitious dipoles) with 
y Pmrin for different values of m (figure l), it becomes 
obvious that equation 8 corresponds to equation 7 when 
choosing corresponding t values. Generally, TP"'" can be 
considered a special case of the more general approach 
F a ' p  (n) (In addition to a free choice of depth, as in the 
latter case, thcknesses and conductivities of the different 
layers can also be freely chosen). 

Ln matrix notation equation 7 reads : 



In this case: 

(10) whereby G ~ ' "  is again a matrix whch  can be deter- 

mined independently of a particular measurement. 

, - C O T ~ ~ I  f2(n),{n + 1) 1 ( n )  = * [ U n j - R  h .  f 4 x 0 , ~ ~  
(17) 

G;:" ; G;"'" = C P,, (cos a ,i ) ~ j " " ( ~ )  (11) 
- - n= l 

with b, the assumed relative radius of the brain (cortical 
sphere), and 

is generally an asymmetric N x M matrix which depends 
solely on the model parameters, on the geomeeical con- 

[ ( figuration of the electrode array, and on the desired scalp a(.) = d '"'In 2 n + n + 1) + d4""n(n + I)(% - l'l] 
locations. 

The eigenfunctions of the Operator in spherical co- [ c 2 " " ( ~  -I)(? n+n + 1 ) +b2"" (o:n+?+n)(e-l)] 
ordinates are the spherical surface functions xm with 
- I ( I+ l )  as its eigenvalues: [c"+2n(n +I)($ - 1 ) ( 2  - 1) 

L 

Thus, the two dimensional spherical Laplacian of a 
Legendre polynomial equals d multiple integer of the Again we can determine the current source density 
same function, of the cortical potential distribution as: 

and we can now calculate the current source densitv of 
m 

the interpolated potential distribution on the scalp in a C m o r l  

very simple manner: = ~ ~ ~ p " " = - ~ ~ , , ( c n s u ~ ~ ~ ~ ) n ( n + 1 ) ~ " ~ ~ ( n )  
, , = I  

CCSDsinip - CSL)scu!y - 
lor - G'k,d, - 

Up to this point the present procedure served to 
u~terpolate the scalp potential and to use the interpolated 
scalp potential to compute the CSD. An interesting prop- 
erty of the procedure is that the calculated dipole rno- 
ments p can also be used to estimate the potential 

- 

distribution on a shell covering the cortical suriace (cor- 
tical map). 

Let k ,,,, = [k ,_,, ,. .. , k ] denote any number of 

points on a shell enclosing the cortical surface 

As it has been mentioned, these formulae rely on 
fictitious radial sources with exactly defined locations. It 
is possible to generalise these formulae to arbitrarily 
oriented and arbitrarily located dipoles. However, h s  
does not solve the basic problem that results from the lack 
of knowledge of the source parameters. In order to com- 
pensate for this missing information, one of the following 
three procedures may be applied: [I] The assumed ra- 
dially oriented dipoles are located deep inside the head, 
i.e., a small eccentricity f value is chosen so that the 
contribution of hgher Legendre polynomials become 
reduced, and hence the interpolated distribution be- 
comes as smooth as possible. The lower limit off consti- 
h t e  the numeric singularity of the calculations. [2] The 
depth of the fictitious dipoles can be chosen so that the 
error estimated for all likely or meaningful source con- 
figurations will be minimised. [3] Increasing the spatial 
sampling rate (number of electrodes) is a h r d  obvious 
but not necessarily practical possibility. 

In order to facilitate the choice between these prtxe- 
dues ,  we may again go back to the shpbuilding analogy 
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Figure 2.  Potential and widths of four different radial A) 
and tangential 0) dipoles in the depths of 5, 10.20 and 30 
mm. Dipole locations are marked with x. The amplitudes 
are given by the radial distances between scalp and 
potential. Potentials are positive above and negative be- 
low scalp. 

for guidance. Assume that the skeleton of the s h p  is given, 
but that the desired form of the ship is unknown. If a s h p  
builder were to proceed accordng to [I], he or she would 
use as limited a s  possible flexible planks, based on the 
assumption that the curvature between two points on the 
skeletcn is minimal. In cases where no addtional informa- 
tion is available, as in Perrin et al. 1987,1989, this procedure 
must be applied. The lowe1 h i t  of the numerical singu- 
larity can hereby be made clear also. The splines may of 
course be so shff that they can be adjusted to the skeleton 
using a reasonable force. This depends on its shape. The 
necessary accuracy of calculation corresponds to the ex- 
panded force. Using the international 10/20 system Pemn 
spline functions with a m=4 could be chosen. In a 65 
channel design the matrix whch has to be inverted be- 
comes extremely singular. When applying 128 electrodes 
the accuracy is not sufficiant. In t h  case more flexible 
splines with greater proportion of tugher spatial frequen- 
cies have to be used for instance by using m=3 or m=2. 

In the second case, the additional dormation i.e., the 
desired curvature of the planks, is available to the shp-  

builder, and therefore the type of planks can be chosen 
wluch resulk in the smallest error. However, tlus proce- 
dure requires complex computations. 

The tlurd approach, i.e., the increment of points 
(electrodes) is the only procedure wluch ensures that no 
errors are made when determining the form. 

The choice of an adequate s p h e  function depends to 
a large degree on the particular spatial sarnplmg. Using 
the procedure introduced in t h s  paper, it would require 
optimising the choice of eccen~city f of the dipole location. 
A simpler possibility would be to choose the optimal ec- 
centricity and then restrict the number of polynomials that 
are used in the interpolation dependmg on the spatial 
samphg .  With the transition hom the space of Green's 
function to the interpolation with polynomials the Nyquist 
(sampling) theorem has to be taken into account defming 
an upper lurut for the polynomials to be used. In the 
following section using noise-free, synthetic data, we wdl 
show how well the described procedures are able to inter- 
polate the predetermined potential distributions and 
whch errors might occur. The calculations from the exam- 
plary data set will also show the extent to which cortical 
sources become blurred on the scalp and the extent to 
which CSD and cortical mapping may assist in debluning 
depending on the electrode density. 

Results 

Simulated Sources - the problem of forward 
solution 

R e  dependency of potential blurring on the orien- 
tation and depth of the &pole can be inferred from figure 
2. It illustrates the potential distribution of radial and 
tangential sources at four different depths (5,10, 20 and 
30mm below the cortex). Even the scalp distribution of 
shaUow sources, i.e., those close to the scalp, are consid- 
erably blurred. The half width (the diameter of the circle 
where the potential is greater than half the maximum) of 
the distribution can be used as a measure for blurring in 
the case of radially oriented dipoles. For tangentially 
oriented dipoles it is more illustrative to use the distance 
between maximum and minimum of the corresponding 
lead field. The half widths are also seen in figure 2a and 
2b. The dependency of half widths on eccentricity is 
iUustrated in more detail in figure 3 (lower part, solid 
line). It is clear that in the chosen volume conductor, the 
half width increases nearly linearly with the depth oi the 
dipole location. 

The potential and CSD distribution that result from 
the three different deblurring methods are illustrated in 
figure 4 for a radial and a tangential dipole located at a 
depth of lOmm (radius = 71.5mm). Both CSD and cortical 
mapping increase the spatial resolution considerably and 
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Figure 3. Top: Maximum nonolized leadfield amplitudes 
of radial (left) and tangential (right) dipoles as a function 
of eccentricity. Bottom: holf-widths as a function of ec- 
centricity, solid line: Scalp-lead field; dashed line: Scalp- 
CSD-lead field; dashed-dotted: Cortical-lead field; dotted 
line: Corlicol-CSD-lead field. 

both procedures result in the same half width. However, 
using the CSD of the cortical map, the half width can be 
reduced even further. The remaining he in figure 3 
illustrate h s  effect. Normalwd leadfields (top) and half 
widths (bottom) for CSD (dashed h e ) ,  Cortical Potentd 
(dashed-dotted line) and the CSD of Cortical Potenbal 
(dotted line) are shown as a function of eccentricity. 

The value of these procedures in determining source 
locations becomes apparent when four simple configura- 
tions of two radial dipoles are compared (see figure 5). 
Even if the distance between the sources is large, at 45 
degrees, and even if the location is shallow at a depth of 
lornrn, the scalp potential distribution itself hardly dis- 
criminates the presence of two separate sources (figure 
5a). With increasing depths (figure Sb), and for smaller 
distances between the sources (figure Sc) the situation 
worsens. For deeper closely spaced sources, only the 
calculation of the cortical CSD results in a satisfying 
resolution of the source.space (figure 5d). Results for the 
tangentially oriented sources are qualitatively the same. 

So far, the results were obtained by solving the for- 
ward problem using a s a m p h g  rate of 256 points (elec- 
trodes) on the sphere. The resolution obtained cannot be 
transferred to the inverse problem, when source lwations 
are usually not known and the sarnphg rates are sigrufi- 
cantly smaller. 

Simulated sources - the inverse problem 

The extent to which thd quahty of interpolation and 

Figure 4.  Scalp-potential (upper solid line). scalp-CSD (up- 
per dashed line), cortical-potential (lower solld line) and 
cortical-CSD (lower dashed line) of A) a radial source at 
depth of 10mm and 8) a tongentlal dipole at depth of 20 
mm. 

Figure 5. Scolp-potential (upper solid line), scalpCSD 
(upper dashed line), cortical-potential (lower solid line), 
and cortical-CSD (lower dashed Ilne) due to two radial 
dipoles at a depth of 10 mm separated by A) 45,B) 22.5 
degrees, and at a depth of 20 mm sperated by C )  45,and 
Dl 22.5 degrees. Locotions are marked with x. 
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Figure 6. Relationship between goodness of Interpolation 
and electrode spacing: A) Scolp-potential (solid line) due 
to a radial dipole at a depth of 10 mm. 0) CSD (solid line) 
of the same potential, lnterpolation of this potential / CSD 
with a Perrin algorifhm (dash dotted) and the optimum 
spllne olgorithm (dostled) with different electrode spac- 
ings. 8, 1 1 . 14 and 17 electrodes on o circle correspond to 
approximately 25,50,75, and 120 electrodes on the head. 

debluning methods depends on the s a m p h g  rate be- 
comes obvious from the calculations illustrated in figure 
6. The dependency of the quality of the interpolation and 
debiurring methods on the sampling rare is highhghted in 
figures 6 and 7. In these cases, the potential due to a 
radially oriented dipole, situated at a depth of lOmm 
below the scalp, has been predetermined at only a few 
electrode sites. These locations are indicated by an 'x' on 
the abscissa in figures 6 and 7. Based on these discrete 

Figure 7. RMS enor (left) and maximum error (right) of the 
scalp-potential Interpolations (top) and the CSD calcula- 
tions (bottom) In dependency of sampling rate as shown 
in figure 6. The solid line corresponds to the errors of the 
optimal algorithm while the dashed line shows the errors 
of the Perrin algorithm. 

potential data, the procedures described in the previous 
sections served to reconstruct the (in this case known) 
potential distribution and CSD. The resulting maximum 
deviation and the RMS 'error' are shown in figure 7. We 
put 'error' in quotation marks to remind the reader that 
there are an mfinite number of different potential distri- 
butions that fit exactly to the potential at the selected 
points. Irrespective of t h  'non-uniqueness', figure 7 
shows that the maximum and the RMS errors are clearly 
reduced even beyond electrode numbers providing a 
resolution of 18/2n . 71us corresponds (see figure 9) to a 
130 channel EEG- system. For illustrative purposes only, 
Perrids interpolation has been selected in figures 6 and 7. 
Even at h g h  spatial sampling the calculation of the CSD 
in particular may result in considerable errors if sources 
are located close to the surface. This is due to the insuffi- 
cient contribution O F  lugher Legendre components (see 
figure 1). The spline functions are too 'stiff in order to 
adequately approximate the steep potential distribution 
of shallow radially oriented sources. As can be derived 
from figure 4 (lower left) tlus problem vanishes with 
increasing depths of the source locations. The same is true 
for tangentially oriented sources which produce smaller 
amplitudes of higher spatial frequency than radial sources 
at the same depth (figure 4 (lower right)). It is not appro- 
priate to compare Perrins's interpolation with the one 
resulting when the source configuration is exactly known. 

Apart from the error estimation, calculations of the 
corresponding half widths (figure 8) also show a drastic 
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Figure 8. Changes in half-width of scalp-potential (solld 
llne), CSD (dashed line), corticol surface distribution 
(dashed dofted line) and CSD of cortical surface distribu- 
tion (c'ashed circled line) in dependency of spatial sam- 
pling frequency (i,e,, number of electrodes). Right axls: 
number of electrodes on a circle (2n) of the spherical 
head. Left axis (corresponding to the rlght axis): number 
of electrodes on the whole head excluding the dorsal 
neck region. A heod region of 225 degrees is assumed. 
Right ordinate: holf-width in degree; left ordinate (corre- 
sponding to the right axis): holf-width in cm. Calculations 
were based on a one-dimensional spherical coordinate 
system (r, phi=const) and u radial dipole at a depth of 
Smm. 1 Omm, 20mn?, and 40mm. Optimal spline functions 
were used. 

dependency of the resolution on the spatial sampling. 
Even wilhout employing the deblurring methods, con- 
siderable achievements can be reached for shallow 
sources up to an electrode spacing of a 16/2n using 
simple interpolation (upper figure 8). Deeper sources 
produce smaller power at higher spatial frequencies, and 
thus, the enhancement of the spatial resolution is less 
dependent on electrode spacing (lower figure 8). From 
figure 8 (lower right), for instance, it may be concluded 
that independent of spatial sampling i t  is impossible to 
resolve two radial sources at a depth of 4 cm seperated 
by less than approximately 35 degrees. If the CSD is 
calculated or the cortical map or even the CSD based on 
the cortical map, this dependency becomes more exces- 
sive. In t h s  case a tugh number of electrodes (256) can 
be useful. Considering a radially oriented source at a 
depth of 10 mm ( i t . ,  a source located in a cortical gyrus), 
the half width of the scalp distribution would amount to 
as much as 55 degrees when the standard 10/20 system 
is used. Tl~is number would drop to about 15 degrees for 
a 128 channel system. The resolution enhancement 

10 15 20 25 
Number of Electrodes on Circle 

Figure 9. Relotionship between number of electrodes on 
a circle k and the number of electrodes on a sphere E or 
on the realistic head G with generallsed number of elec- 
trodes with 225 degree between nasion and Inlon. In the 
10-20 system the electrodes LPA. C3. Cz. C4, and RPA 
constitute a semicircle. Adding the posmons opposite to 
C3. Cz and C4 results In 8 etectrodes/2~. 

would then amount to more than 350%. 
The combined inspection of figures 7 and 8 allows 

the following early conclusion: The application of d e  
blurring methods allow for considerable improvement in 
the fidelity and spatial resolution of potential distribu- 
tions derived from EEG-recordmgs. The debluning, 
however, must be based on actual measurements with 
sufficient spatial resolution; Interpolations are not suffi- 
cient to produce correct results. Figure 9 demonstrates 
the relationshp between number of electrodes on a circle 
k and the number of electrodes on a sphere E or on the 
realistic head G with generalised number of electrodes 
with 225 degree between nasion and inion. Here we used 

( h 2  + 2h) 
the folIowing calcuIation: ( I -  1 . E ;  

471 E = 

3 . n  cos / cos(y ) .  (1 - cody )) ' I - IT 

Choice of a useful spline function 

So far, we have assumed that the location and the 
orientation of the sources are known. In this section, we 
want to demonstrate the inaccuracies that arise horn 
erroneous interpolations which are based on a wrong 
choice of the splines, i.e., erroneous assumptions of the 
location and/or the orientation of the dipolar source. 

Consider a radial source, located at a distance of r= 
mm from the centre of the head. Corresponding to the 
standard 10/20 locations we assume that the potential is 
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Figure 10. (A) Relationship between the quollty of interpe 
lation and spline-dipole-radius with radii of I .  40.60, and 
80 mm. Solid line: Right bronch sf the lead-field due to o 
radial dipole at a depth of 41.5 mm (radius = 40 mm). 
Dashed Ilne: Interpolation on the basis of 8/2x electrodes 
(marked with x). The optimally selected splines (r=40mm) 
produce the best adoptotion. 0) The CSD of the lead 
-field. Bashed dotted line: CSD using the weighting func- 
tion . (2m 1 ) / ( P -  '(n+ I)*-'), m=4 (Pertin). 

measured at eight equidistant locations around the circle 
and then interpolated using radial spline functions of 
varying depths. Figure 10 compares the calculations for 
the interpolated values with an optimal choice of the 
spline function (radius = 40 m.m) and an  unfavourable 
choice. The solid h e  always refers to the 'true' synthetic 
scalppotential of the radial source a t  r= 40 rnrn. 7he 
dotted line corresponds to the interpolation with radii of 

Figure 1 1 .  Deviotfon between CSD due to lead-field di- 
pole (described in figure IOb) and calculated (interpo- 
loted) CSD of Leadfield (figure lob) wtth different 
spline-dlpole-radli ond o sampling rote of a) 8 1 2 ~ .  and b) 
16/2x. 

lmm (i.e., the source was assumed to be deeper ) and 60 
and 80 mm (a shallower source). The errors become 
particularly large when the spline-dipole-radii have been 
chosen too large, i.e., the spline functions ('planks') are 
too 'soft'. When the CSD is computed, (figure lob) i t  
becomes obvious that choosing too 'stiff spline functions 
(spline-dipole at a too great depth) will also not fit the 
lead field optimally. The dasheddotted line corresponds 
to the calculation using the s p h e  suggested by Perrin et 
al. (m=4), a choice that implies a very 'stiff (see figure 1) 
spline h c t i o n .  

This error in choice is evident horn the comparisons 
in figure 1 1 and 12. Figure I 1 shows the deviations from 
the synthetic CSD for the CSD calculated from interpola- 
tions based on nine different dipole-radii. Figure 12 illus- 
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Figure 12. Solid line: Root mean square (RMS) of the 
deviation of lead-field (shown in figure 10) and CSD of 
lead-field (shown in figure 10 and figure 11) with o sarn- 
pling rote of 812n (upper left a n d  right), and 16/2rr (lower 
lefi and right). Dashed line: using the Penin weighting 
function with m=4 

trates the respective h\fS errors. 
For the sake of clarity, the results employed a low 

spatial sampling (8/2rr). When a denser sampling is 
used, results remain qualitatively equivalent (figure I l b  
and 12b). An example is shown in figure 13, a radially 
oriented source was assumed at a depth of 20 mm and a 
theta-angle of 0 degrees. The interpolation of the scalp 
potential and  the derived CSD was based on radial 
spline-dipoles at a depth of 40 mm. Figure 13a presents 
the deviations just for the CSD. As before, deviations are 
smarler with more dense electrode spacing. T ~ L S  result is 
confirmed by figure 13b. It  should, however, be noted 
that even tor unrealistically high spatial sampling a cer- 
tain error remauls which results from the selection of the 
incorrect (in this case too hard, i.e., spline-dipole at too 
great a depth) spline functions. As mentioned in the 
examples above, errors become iarger, the more the se- 
lected spline dipole depths deviate from the real location 
of the sources. 

Despite ali of these shortcomings, it should be noted 
that within the range of relevant electrode densities 
(about 8 - 20 / 2n; i.e., 25 - 175 electrodes) gradients in 
figure 13 b exhbit a considerable steepness. lks because 
the gradient can be interpreted as the usefullness to ex- 
tend the sampling rate. 

In a second case, a tangential source was dssumed 
at the distance r= 10 mm from the centre of the head. The 
use of tangential spline functions will produce a result 

Fiaure 13. (A) Deviation between the normalized syn- 
thetic CSD of cr potential generated by a radial dipole at 
a depth of 20 rnm ond fhe calculated normalized CSD on 
the base of radial spline-lead-fields at o spline-dipole- 
depth of 40 mm in dependency of different electrode- 
spacings between 8 and 3012~ .  (0) Between 0 and 1 
normalized maximum ond RMS error of the synthetic 
scalp-potential of o rodial source and the spline interpo- 
lated scalp-potential (solid line) both described in figure 
13 o ond the accompanying norrnolized errors of the CSD 
(dashed line). 

qualitatively similar to the illustrated radial case. To 
investigate the case further, rndinl leadfield matrices of 
different depths were used as  spline functiot~s. Results 
are presented in figure 14 in a manner corresponding to 
the previous figures 10 and 12. All fits are, as expected, 
significantly worse than for the radial case. We can, 
however, note one important result: For the selection of 
extremely stiff spline functions, the fit of tangential lead- 
fields by means of radial spline functions does not be- 
come much worse than the choice of splines that 
currespond to the true depths of the source. 

An interpolation can be based on any choice of 
Green's spline functions. Now we can conclude that the 
spline-dipole depth should ideally be chosen according 
to the presumed location of the largest assumed source. 
Radial spline functions have to be chosen a s  tangential 
ones and do not account for the yet to be determined 
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Figure 14. (A) Ilke figure 10 o) but tangential dipole at a 
depth of 4 1.5 mm (rodlus = 40 rnm) interpolated with radial 
spline-functions wlth different spline-dipole-rodia. (B) like 
flgure lob) but tangential dipole at a depth of 41.5 mm. 
(C) like figure 12 a) but tongenfial dipole at o depth of 4 1.5 
mm. 

orientation of the dipole. Extremely 'stiff spline func 
tions, like that of Perrin and co-workers, allow a good but 
not optimal fit. When using such 'stiff spline functions, a 
possible numerical singularity of the leadfield matrices 
must be excluded. 

The Influence of Nolse: 

Next we will consider the impact of noise wluch has 
been neglected in all of the computations thus far. Given 
a certain evoked response, we cannot imagine any way 
to separate the brain's 'background noise' from an ideal- 
sed  evoked brain signal. Therefore, only techmcal noise 
and measurement arhfacts can be considered. Techrucal 
noise/artifact generally means that the noise at different 
electrodes is almost independent and t h e r e f o ~  spatially 
not correlated. Thx is equivalent to a wide specbum of 
spatial frequencies. The reader has to d i s t i n p h  tlus 
spatial- from the temporal correlation which in opposite 
to the spatial one is correlated often and shows a nar- 
rower spectrum of time frequencies. 

Generally techrucal noise is much lower than the 
"background noise" caused by insufficient averaging. 
Nevertheless, it is not possible to overiook the conse- 
quences of techrucal noise when applying the described 
deblurring procedures. As high spatial frequencies of 
the uncorrelated distortions become attenuated by 
these procedures, artificial ghost sources may appear, 
just if one electrode value is incorrect. Thus a small 
movement of just one electrode which produces an 
incorrect reading may lead to a mistake when interpret- 
ing the data. 

A simple spatial filter would give less weight to the 
measured value at one particular electrode, but it can also 
filter the desired signal. In the lugh spatial sampling a 
hgh electrode number was chosen in order to reach a 
high spatial resolution and therefor measure the lugh 
spatial frequencies. Therefore, only a certain kind of 
spatial fdtering wluch takes into account knowledge of 
the spatial frequency characteristics of the brain signal 
would be appropriate. T'his kind ot fdter transforms the 
s p a 1  into the frequency domain where it is multiplied 
by the spatial frequency characteristic of the transmitting 
system (head) before it is transformed back into the two- 
dimensional scalp surface. While in the case of simple 
low-pass filtering, all higher frequencies become attenu- 
ated independently of one another, the proposed filter 
type uses ~nformation about the amplitude and phase 
relationslups mherent in the transmitting system, i.e., the 
volume conductor under consideration. 

Using the procedure introduced in ths paper, the 
calculation of the Fourier spectrum of a response to a 
single impulse is straightforward and an improved filter 
can be implemented. 
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Figure 15. (A) Between 0 and 1 normalized lead-field of o 
radial synthetic dipole at a depth of 10 mm. The circles 
indicates tne data used for inverse calculation. The oster- 
isk marks the value which was chonged by adding an 
error of 25% of the maximum value. (B) To calculate all 
lines the asterisk in a) in was used instead of the circle at 
-90 degrees. Solid line: Result of calculation without any 
noise reduction. Dashed line: Results of colculatlon with 
different h = 0.1, 1 ,  10, and 100 All Pi was set to one. Dash 
dotted line: Results of calculation with different 1 and on 
pj of 0.25 at -90 degrees. All other fij was set to zero. 

This procedure will be outlined elsewhere. Here, we 
will present a simpler form to take noise into account. 
Instead of the described interpolation, a type of "smooth- 
ing" may be used as suggested by Schoenberg 1964 (see 
also Freeden 1981, Wahba 1981). Formula 1 is extended 
in the following form: 

',' / M \ 

Here @ , ( I )  is a positive weight function and h is a 

positive constant chosen by the user. The effect of these 
to weightings can be explained easily. With 6ii these 
factors act on the diagonal of the inverse gain matrix 

in whkh the factors of the "electrode positions" are 
Ginv  

described with their accompanying fictitious dipoles. 
Hence, i f  a special factor j of the diogonal is weighted 
stronger in contrast to the other ones this results in a 
reduction of the strength of the spline dipole pi (inverse 
calculation) at tlus position. Therefore the interpolated 
scalp potential above t h ~  special s p h e  &pole is more 
strong ~nfluenced by the surrounding dipoles and the 
actual value ot the position j looses its weight. Conse- 
quently the factors Pi has to correlate with a weight whch 
describes the reliability of a special factor compared to all 
the others. The standard-deviation calculated from the 
baseline could be an example for ths procedure. Usually 
6, will be a time independent constant factor for each j but 
regarding time correlated noise (e.g., noise caused by 
power lines) P, could also be imagined as a known func- 
tion over time. The constant h gives a measure for the 
smoothness. The larger the h, the weaker the weight of a 
single value relative to the entity of all measured values. 
This results in a kind of "smoothg"  or approximation 
respectively. 

Figure 15 illustrates this effect: The potential of a 
radial dipole, located a t  a depth of 10 mm and at an angle 
theta of 0 degrees (solid line in figure 15a) was deter- 
mined at 16 equidistant positions (0) around a circle. 
Susequently one of the 16 values (at Theta=-90 degrees) 
was changed by adding an error of 25% of the maximum 
value (*). 

In the next step the inverse solution was calculated 
according to equation 21 using different values of h (title). 
The corresponding forward calculation produces a po- 
tential distribution estimated for 64 locations (figure 15b) 
dashed line). Increasing h increases the degree of 
"smoothng". In order to take the simulated artifact into 
account, an additional Dl of 0.25 a t  the position -90 degrees 
was used while a value ot zero was applied for all other 
positions. The calculated dashed-dotted line determines 
how the artifact may be accounted for and its effects can 
be cancelled. 

Discussion 

Results for the synthetic data 

Scalp potential data are blurred by the properties of 
the volume conductor. Therefore, a number of focal acti- 
vated centers cannot be differentiated from a distributed 
source and the number of sources cannot be estimated 
from the scalp potential. By means of the algorithms 
introduced in the first section of t l s  paper, it can be 
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demonshated that calculations of the CSD, of the cortical 
map, and in particula of the CSD of the cortical map allow 
a considerable enhancement of the spatial resolution. 
These methods, however, require a high spatial sampling, 
i.e., more electrodes than are included in the standard 
10/20 system. If the true source configuration is not 
known, and tlus is generally the case, any interpolation 
may introduce sigruficant errors that may lead to com- 
pletely wrong interpretations. The only way to avoid this 
problem is a sufficiently hgh number of electrodes of 128 
channels or greater. The quality of any deblurring method 
depends on the number of electrodes. An insufficient 
number wdl not allow meaningful deblurring. The incre- 
ment of spatial resolution as well as  the error introduced 
by the interpolation decays exponentially with the 
number of electrodes. Both functions, however, exhibit 
gradients that are still steep in the relevant range of 20 to 
150 electrodes. Additionally, it must be taken into ac- 
count, that both of these dependencies must be multiplied 
with one another in order to estimate the true adueve- 
rnent. Therefore, electrode numbers of up to 300 may be 
adequate for optimal resolution. Numbers of 64 or more 
but below 128 may, in certain cases, produce a meaningful 
CSD (see examples below) but will not allow for a realistic 
CSD of the cortical map. h most cases, no reliable conclu- 
sions about sources can be drawn from data based on 
lower electrode numbers such as from a 32-channel sys- 
tem. It  also follows that a sufficiently large number of 
electrodes must be available before averaging across sub- 
jects can be attempted. The calculation of grand means 
may introduce sigruficant errors. 

Remarks with respect to MEG 

Like the electric potential the magnetic field or the 
gradient of the manetic field is also unambiguously de- 
terrmnable on a closed surface whch encloses all sources. 
Concerning the comparability of MEG experiments real- 
ued with different devices it has recently often been 
proposed to introduce a basic refering system upon 
whch  data of all h d s  of systems could be transferred 
unambiguously. Regarding thsdemand we have to note 
again that such a transformation is unique only if the field 
or the gradient of the field is actually known at every 
point of the enclosing surface. From what we have said 
so far we can mfer whch  mistakes are to be expected 
when transforming MEG data from less than 60 positions 
on such a basic reference system. 

Application to Real Dda: The Auditory 
Evoked N 100 

sessions each in an auditory oddball task. Two compo- 
nents, NlOO and P300, were selected for dustration pur- 
poses. The auditory NlOO was selected as much of ik 
source configuration is known from both, electrical and 
magnetic r ecorhgs  (e.g., Picton et al. 1974, Pantev et al. 
1994). h contrast, P300 sources are stdl under debate and 
while a general consensus has been reached, that P300 is 
not hkely to result from just one single (e.g., hippocam- 
pal) dipolar source per hemisphere, such a view together 
with a corresponhg spatio-temporal mode lhg  has not 
been completely abandoned. 

Methods: Pure tones of 800 and 1200 Hz, 50 ms in 
duration, 80 dB SPL, with 5 rns rise and fall times were 
presented binaurally through headphones. StimuL were 
presented in blocks of 200, with an interstimulus in tend  
of 1.5 k 0.2s. Each block consisted of a pseudorandom 
sequence containing 20% of one stimulus ('rare') and 80°h 
of the other stimulus ('frequent'). The subject was re- 
quired to respond to one of the two stimuli in a blwk by 
pressing a button as fast and as accurately as possible. Ln 
each session there were 4 (2 x 2) blocks, in whch two 
parameters were counterbalanced: a) response either to 
rare or to frequent stimult, and b) the rare stimulus was 
either the low or the tugh tone. Each subject participated 
in 8 sessions, in wluch the 4 blocks were prsented in four 
different sequences. On odd sessions, the subject used the 
left hand to press the response key. On even sessions, the 
right hand was used. The EEG was recorded with zinc 
electrodes from 64 positions on the head using an Elec- 
trocap. Positions included several locations lower on the 
head such as infraorbital, nasion, outer canth, FT9/FT10, 
mastoids, inion and neck. Data were recorded with a 
@-channel SYNAMPS (NeuroScan) amplifier system. All 
64 channels were referred to Cz. Electrode impedance 
was below 5WZ. Data were ampllhed at 1 bin/pV, 16-bit 
A/D, and sampled at 100 Hz from DC-30 Hz. For each 
task (block), data were recorded continuously. After 
completion of a session, electrode positions were digt- 
ised in three dimensions using a Polhemus dgitizer. In 
addition, the four reference points nasion, inion, left and 
right preauricular points were digitized. 

Artefact-free EEG-epochs were averaged across tri- 
als for a 1-s poststimulus interval referred to a 150-ms 
baseline interval. Scalp potential distribution CSD 
(Laplacian) and potential distribution on the cortical sur- 
face on the basis of the present model were determined 
at 120 ms (the maximum of the auditory NlOO amplitude) 
following stimulus onset and for the maximal positivity 
at 310 ms (P300). 

Results: Figure 17 displays the scalp potential and its 
CSD distribution for the NlOO and for the P300 (see figure 
16). The scalp potential distribution suggests a broad 

In a further step, the model was tested on EEG data distribution of the NlOO with a clear fronto-lateral rnini- 
obtained from two subjects, who participated in two mum over the right side. The CSD and cortical map 
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Figure 16. Typic01 time course a) and global power b) of 
a 64 channel-data set recorded during the auditon/ odd- 
ball paradigm. The points of time (N100 and P300) illus- 
trated in figure 17 are marked with an asterisk. 

very surular and therefore the cortical maps are not 
shown. From the CSD map two sources become appar- 
ent over each hemisphere, and at least one additional 
source is suggested by the frontal sink. Qualitatively, this 
source pattern was apparent for every data set examined. 

The simple P300 scalp distribution decays into a 
multitude of sources and s& when the CSD is com- 
puted. The intricacy of the structure is often s m d e r  than 
the spatial s amphg  rate. 

Discussion: Based on svrular dstributions as the one 
for the N100, but without knowledge of the underlying 
generator structure, it is common practice to discuss a 
right frontal involvement in h s  task The assumption of 
just one single source, however, is obviously not true for 
the N100. The calculation of the CSD and also the cortical 
map lead to the correct conclusion of two activation 
centres, visrble above both auditory cortices around 120 
ms after the stimulus. The calculation of the CSD of the 
cortical map should produce an even more detailed re- 
sult. As derived in the previous sections, however, the 
spatial resolution of 64 elechdes is not sufficient and 
therefore such a calculation must await measurements 
with a spatial samphg of 128 channels or more. How- 
ever, a number of recent stuhes investigating the auh-  
tory NlOO and its generators have appeared. Alcaini et  
al. 1994 and Giard et al. 1994 describe in detail the possi- 
ble sources of the auditory NlOO on the basis of CSD 
calculated from the grand average across eight subjeds. 
They report "...that even SCD (CSD) mapping hociates  
hontal from temporal activities in the NlOO scalp htri- 

Scalp Potent la1 audlt o y  N 1 88 Scalp Potential audlt ory P388 

Scalp Laplaclan audlt o y  N1180 Scalp laplaclan audltoy P3BB 

Figure 17.  Scolp-interpolotion and coltical mopping of the audltory N100 (left) and P300 (right, time courses shown In 
figure 16). 
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bution only if the spatial sampling is sufficently lugh". 
Frontal activities could only be detected when 24 elec- 
trodes were used, whereas 17 elecbodes provided little 
to no evidence for frontal generators. Of course given 
the methods dicussed in the present paper, the d o r m a -  
tion from 24 electrodes is strll not sufficient. The methods 
of Giard and coworkers however are not without merit. 
Averaging over subjects leads in general to spatial low- 
pass filtering, yet there will be a loss in the spatial reso- 
lution of the grand average versus that found in the single 
subject measurements. Ruough grand a v e r a p g  the 
expected errors due to insufficient spatial sampling wlll 
decrease. Based on the findings by Giard et al. it would 
be interesting and promising to invstigate the spatial 
pattern of activity using more than 100 channels. 

The source configuration for the P300 seems even 
more complex and inspection of figure 17 suggests that 
the present spatial s a m p h g  is still too low to arrive at a 
meaningful identification of the sources. These results 
nevertheless provide further evidence that the P300 can- 
not be explained by just one single focal activation per 
hemisphere (e.g., a hippocampal source). 

?he real data support the view expressed above that 
nothing meaningful can be mferred about unknown 
sources from potentials maps derived from 32 electrodes 
when evedy distributed (e.g., according to the 10/20 
system) across the scalp. 
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