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Effect of Measurement Noise and Electrode Density
on the Spatial Resolution of Cortical
Potential Distribution With Different

Resistivity Values for the Skull
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Abstract—The purpose of the present theoretical study was to
examine the spatial resolution of electroencephalography (EEG)
by means of the accuracy of the inverse cortical EEG solution. The
study focused on effect of the amount of measurement noise and
the number of electrodes on the spatial resolution with different
resistivity ratios for the scalp, skull and brain. The results show
that if the relative skull resistivity is lower than earlier believed, the
spatial resolution of different electrode systems is less sensitive to
the measurement noise. Furthermore, there is then also greater ad-
vantage to be obtained with high-resolution EEG at realistic noise
levels.

Index Terms—High-resolution electroencephalography (EEG),
measurement noise, skull resistivity, spatial resolution, spherical
head model.

I. INTRODUCTION

THE aim of the present theoretical study was to examine the
spatial resolution of electroencephalography (EEG). Spa-

tial resolution is a characteristic of EEG measurements which
describes how small details of the activation on the cortical sur-
face can be recovered from scalp EEG recordings. We investi-
gated three different factors affecting the spatial resolution of
EEG; the amount of measurement noise, the number of elec-
trodes (electrode density) and the relative skull resistivity.

New electrode and amplifier technologies have improved the
signal-to-noise ratio, enabling controlling and reduction of the
measurement noise to a certain level. The modern high-resolu-
tion electrode caps, accurate electrode localization techniques
and computerized signal processing methods make new multi-
electrode systems feasible. Nowadays measurement systems of
up to 256 electrodes and over are available. It is, thus, important
to evaluate the properties and theoretical limits of the spatial res-
olution of high-resolution EEG equipment.
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When measuring EEG, the resistivity of the skull cannot, of
course, be controlled or changed as it is an anatomical vari-
able. Several recent articles have altered our conceptions of skull
resistivity.

Four decades ago Rush and Driscoll estimated that the skull
resistivity is 80 times that of the scalp and brain [1], and this re-
sistivity ratio was subsequently widely applied. Recent studies
have shown however, that apparently the relative skull resis-
tivity is considerably lower. Oostensdorp et al. [2] have esti-
mated that the relative resistivity of the skull compared to scalp
and brain would be 15. Hoekema et al. [3] have reported a rela-
tive skull resistivity as low as 8. Recently Lai et al. [4] published
an estimate that the relative resistivity of the skull compared to
brain would be 25. Despite research seeking to define the rel-
ative skull resistivity, we still have no full picture of this prop-
erty. It is known however, that it is not constant but has both
inter-individual and intraindividual variation. The latest infor-
mation on a lower skull resistivity has considerable implications
for volume conduction effects and, thus, also for the accuracy of
source imaging studies. The lower skull resistivity should, thus,
be taken into account for source imaging studies and for the es-
timation of EEG spatial resolution.

The spatial resolution of EEG is affected by blurring caused
by volume conductor effects, the contribution of the low-con-
ducting skull being greatest [5]. If the spatial resolution is poor,
localization of the fine spatial distribution of electrical activation
is difficult, and accuracy in this is vital to research on evoked
potentials and spontaneous brain activity. The spatial resolution
of the traditional 10–20- electrode system is not sufficient for
modern brain research. To achieve improvement the number of
measurement electrodes needs to be increased and some sort
of spatial enhancement method should be applied to the signal.
One of the most commonly applied means to this end is to
solve the cortical potential distribution. Kearfott et al. [6] and
Sidman et al. [7] have developed a cortical imaging method
which has been further developed by Wang and He [8] and He
et al. [9]. Also, a method called deblurring has been developed
and studied by Gevins et al. [10] and Le and Gevins [11]. Cor-
tical potential distribution can be obtained by solving the inverse
problem of EEG. In addressing this, a model for the head as a
volume conductor is needed [12], and here both the geometry
of the model and the resistivity values of tissues affect the accu-
racy of results.
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Some research has previously been conducted to investigate
the benefits of reducing the interelectrode distance by taking
into account different values for skull resistivity. Malmivuo and
Suihko [13] studied the spatial resolution of EEG in a noiseless
situation, applying the concept of half sensitivity volume (HSV)
and using all realistic skull resistivity values. They found that
with the new realistic skull resistivity values the spatial resolu-
tion of EEG was much superior to that obtained if the relative
skull resistivity is 80. Their results also indicate that if the rel-
ative skull resistivity is low there is still improvement in spa-
tial resolution, when the interelectrode distance is as small as
10 mm.

Lantz et al. [14] sought to establish the number of electrodes
needed to localize epileptic sources, setting out with the number
of electrodes from clinically measured EEG using 123 elec-
trodes and subsets of 31 and 63 electrodes. They also studied
the number of electrodes from simulations in which the number
was varied between 25 and 166. From their clinical data they
conclude that localization accuracy is substantially better with
63 than with 31 electrodes and that there is still improvement
when the number of electrodes is increased from 63 to 123. Liu
et al. [15] have published an extensive review of the source lo-
calization accuracy of EEG and MEG. Their paper dealt with
EEG systems comprising up to 61 electrodes.

We have previously studied the effect of measurement noise
on the spatial resolution of various EEG electrode configura-
tions with a spherical head model, where the relative skull re-
sistivity was 15 compared to that of scalp and brain [16]. In the
present study we concentrated on the effect of relative skull re-
sistivity and applied in addition two other realistic relative skull
resistivities, 8 and 30. We also applied the relative skull resis-
tivity 80 used by Rush and Driscoll [1]. The purpose of the
present study was not to define specific values for spatial res-
olution but to examine the limits on electrode number and mea-
surement noise level required to achieve the best possible spatial
resolution with different resistivity estimates for the skull. We
also sought to ascertain how many electrodes should at least be
applied to obtain the best possible spatial resolution when there
is different amount of noise in the measurement.

This paper is an extension to our paper presented at the Inter-
national BEM&NFSI’05 Conference [17].

II. MATERIAL AND METHODS

A. Volume Conductor Model

In the present study we applied the same methods to evaluate
the spatial resolution of EEG as those published in [16]. To ob-
tain the source-field relationship of cortical potentials and scalp
EEG field, a three-layer spherical head model with the geom-
etry of the Rush and Driscoll model was adopted. The model
included the layers of scalp, skull and brain. We applied the rel-
ative skull resistivity of 80 given by Rush and Driscoll [1], as
well as more realistic relative values of 8 [3], 15 [2] and 30.

To obtain the forward transfer matrix we constructed a finite
difference model (FDM) of the head using a software previously
developed at the Ragnar Granit Institute [18]. This software was
also used to solve the source-field relationship, though analyt-
ical methods could also have been used. The FDM is also ad-
vantageous in that in our future studies the volume conductor

TABLE I
ELECTRODE SYSTEMS STUDIED. THE NUMBER OF ELECTRODES IN EXISTING

ELECTRODE SYSTEMS, THE INTERELECTRODE DISTANCE IN THESE

SYSTEMS AND THE CORRESPONDING NUMBER OF ELECTRODES

IN THE EXTENDED SYSTEMS, WHERE THE ELECTRODES ARE

PLACED ON THE WHOLE SPHERICAL SURFACE, ARE GIVEN

model can easily be constructed from segmented magnetic res-
onance images [18], [19].

The resolution of the model was 1.0 mm 1.0 mm 1.0 mm.
From the FDM constructed, the cortical surface was so defined
as to form a closed surface. The volume inside this surface
could, thus, be omitted. As we used the spherical head model,
the cortical surface was also modelled with a sphere. The cor-
tical surface consisted of 67 640 nodes in the FDM resistor net-
work. To reduce the computational load of the forward transfer
matrix, groups of adjacent nodes were combined to form source
areas on the cortical surface. In this manner the cortical sur-
face was divided into equal-sized source areas, these numbering
8450, corresponding to an average source area size of 9.5 .
The potential is assumed to be equal at all nodes within any
one source area. Thus, instead of examining potentials at 67 640
nodes on the cortical surface, 8450 are to be examined.

We studied the five different electrode systems listed in
Table I. We wanted to study the existing 10–20 system and
the existing systems of 64, 128, 256 and 512 electrodes. The
interelectrode distances in these systems are 60, 33, 23, and
16, and 11 mm, respectively. In the present study we applied
extended electrode systems and placed the electrodes evenly
over the entire spherical scalp surface according to these
electrode distances. The resulting numbers of electrodes in
the model were 34, 104, 232, 462, and 938, corresponding to
the above-mentioned existing systems. The point electrodes
were placed at the nodes of the scalp surface in the FDM
resistor network. The electrodes were placed as equidistant as
possible within the limits posed by the discrete model. Placing
the electrodes evenly over the entire spherical scalp surface
conveniently allowed us to study how densely the electrodes
should be placed on the scalp to obtain the underlying cortical
potentials as accurately as possible.

We obtained the forward transfer matrices with the FDM
solver. The potential at each electrode location was found by
computing the electric field generated by each source area one
by one. These potential distributions at electrode locations form
the columns of the forward transfer matrix [20]. As the head
was modelled with a spherical model and the electrodes were
placed evenly on the entire spherical scalp surface, we were
able to use full spherical symmetry to reduce the number of
forward calculations drastically. This procedure of constructing
forward transfer matrices was repeated for all skull resistivity
values adopted.
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B. Singular Value Decomposition

The forward problem of EEG can be described with the
equation

(1)

where is a vector containing information on the measured EEG
field and is a vector containing information on the source.
is the forward transfer matrix containing the information on the
volume conductor. is an matrix where is the number
of electrodes and is the number of potentials to be solved on
the cortical surface.

To solve the inverse problem matrix needs to be inverted.
The problem is ill-posed and regularization is needed. In our
method, truncated singular value decomposition (TSVD) was
applied to study the inversion of matrix .

In singular value decomposition the forward transfer matrix
is decomposed into a product of three matrices

(2)

where is an orthogonal matrix, is an orthogonal
matrix, and is an diagonal matrix whose elements are
real and nonnegative. The column vectors are basis vectors
of the source space and the columns are the basis vectors
of the surface potential space [21]. The singular values are
organized in nondescending order:
[22].

In addition to being a convenient regularization method,
TSVD is a practical means of studying the effect of measure-
ment noise on the accuracy of the inverse solution. We have
adopted the method from Schneider et al. [21] who applied
it to study the nullspace of electrocardiography. The normal
nullspace is spanned by the basis vectors of the source space,
where . The extended nullspace of matrix consists
of the basis vectors which lead to a signal smaller than the
measurement noise

(3)

where is the measurement error in , including noise [21]. The
relation in (3) is known as the relative noise level (NL). The
nullspace starts with the index of the first normalized singular
value smaller than the relative noise level. The basis vectors
belonging to the nullspace cannot be reconstructed. When the
relative noise level is high, only a small portion of the basis
vectors can be reconstructed, all other SVD components being
dominated by the measurement noise [23]. These first singular
components give only a rough approximation of the cortical po-
tential distribution.

As the relative noise level decreases, more and more of the
basis vectors can be reconstructed as the domination of noise
over the small singular values decreases. Inclusion of the small
singular values gives the fine details for inverse cortical potential
distribution. The accuracy of the inverse solution of the cortical
potential distribution, thus, increases and the spatial resolution
also improves.

Even though (3) gives a rough estimate for maximal index
of the basis vector that can still be reconstructed, it is a practical
means to study the effect of measurement noise on the accu-
racy of inverse solution, because the method is not constrained
to some specific source pattern. To study the effect of measure-
ment noise on the accuracy of inverse solution, we only need
to calculate the forward transfer matrices and approximate the
relative noise level. The effect of skull resistivity and electrode
density are taken into account, when the forward transfer ma-
trices are calculated.

We calculated altogether four full forward transfer matrices
corresponding to different relative skull resistivities. From
each of these, five submatrices corresponding to five different
electrode systems were formed. Altogether we had 20 forward
transfer matrices corresponding to different combinations of
applied relative skull resistivities and electrode systems. The
numbers of reconstructable basis vectors were studied for each
transfer matrix at different relative noise levels.

We have previously estimated the relative noise level in EEG
measurements [24]. The definition of the measurement noise
in the case where the whole cortical potential distribution is to
be solved differs for example from the measurement noise in
dipole localization. When the cortical potential distribution is
to be solved the background activity of the brain is not consid-
ered to be noise but an actual signal. The noise in this case is
produced mainly by electrode contact noise and environmental
noise. Both the magnitude of the measurement noise and that of
the signal affect the relative noise level, which is defined as a
relation of amplitudes. The noise can be more easily controlled,
but the signal amplitude depends on what kind of brain activity
is being measured. In [24] we estimated that in a normal clinical
setting the typical values for relative noise level vary between
1% and 10%. On the other hand, in a noisy environment the rel-
ative noise level can be notably higher than 10%.

C. Spatial Resolution

In the present work we studied the spatial resolution by in-
vestigating different electrode systems at different relative noise
levels. The spatial resolutions were compared separately at all
relative skull resistivities adopted. To compare the spatial reso-
lutions of different electrode systems at different relative noise
levels we studied the numbers of reconstructable basis vectors.
We assumed that the spatial resolution obtained with two dif-
ferent electrode systems is similar if the same number of basis
vectors can be reconstructed with both systems.

We also assumed that if with a certain electrode system at
least 10% more basis vectors can be reconstructed than with
other systems then the best possible spatial resolution can be
obtained with this particular electrode system.

III. RESULTS

To study the effect of relative skull resistivity on spatial reso-
lution the normalized singular values in (3) are plotted in Fig. 1.
Separate figures are sketched for different electrode systems. It
will be seen that with all electrode systems, the higher the rel-
ative skull resistivity is, the more ill-conditioned is the forward
transfer matrix. The number of reconstructable basis vectors at
a given relative noise level decreases as the relative skull re-
sistivity increases. In general, if the relative skull resistivity is
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Fig. 1. Normalized singular values � =� sketched for different resistivity ratios for scalp, skull and brain. In (a)–(e) the numbers of electrodes on the whole
spherical surface are 34, 104, 232, 462, and 938, respectively. These correspond to existing electrode systems of 21, 64, 128, 256, and 512 electrodes, respectively.

higher, the spatial resolution of the system is more sensitive to
noise.

The spatial resolution of the 10–20 system is mainly lim-
ited by the small number of electrodes and not so much by the
amount of noise. Fig. 1(a) shows that even if the relative skull
resistivity is as high as 80, the relative noise level can be almost
10%, before the noise starts to limit the spatial resolution. On
the other hand, as the number of electrodes increases, the noise
will be a more limiting factor for spatial resolution. The spatial
resolution of a 512 electrode system is already limited by noise
at a relative noise level of 0.05% if the relative skull resistivity
is 80.

To illustrate the overall effects of measurement noise and the
number of electrodes on the spatial resolution of EEG Fig. 2

shows the number of reconstructable basis vectors as a function
of the number of electrodes and relative noise level. Separate
figures are sketched for relative skull resistivities of 8, 15, 30,
and 80.

In the present study we sought to establish which electrode
system is optimal for the best possible spatial resolution with
different relative skull resistivities. The results are listed in
Table II. An electrode system is optimal in this respect if at least
10% more basis vectors can be reconstructed with that system
than with sparser systems. The table reveals, for example,
how many electrodes should at least be applied to obtain the
best possible spatial resolution when the relative noise level
is 5% and if we assume that the relative skull resistivity is 15.
According to the above rule better spatial resolution can be
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Fig. 2. Spatial resolution of EEG. The number of reconstructable basis vectors (RBVs) is plotted as a function of the number of electrodes on the whole spherical
surface and the relative noise level. In (a)–(d) the relative resistivity value for the skull compared to scalp and brain is 8, 15, 30, and 80, respectively. The solid
lines represent the applied electrode systems. The dashed lines are sketched at relative noise levels of 0.2%, 0.5%, 1%, 2%, 5%, and 10%.

obtained with 128 electrodes if the relative noise level is less
than 9.2%. For 256 electrodes to give better spatial resolution,
the relative noise level would need to be below 3.4%. In the
light of this example at least 128 electrodes should, thus, be
applied to obtain the best possible spatial resolution.

IV. DISCUSSION

A. Truncated Singular Value Decomposition

The present method based on TSVD is a convenient method
to study the general effects of measurement noise, relative skull
resistivity and electrode density on the accuracy of the inverse
solution of cortical potential distribution. Equation (3) is an es-
timate on the effect of measurement noise, but the benefit of the
present approach is, that it is independent of the cortical poten-
tial source pattern properties. This means that the method does
not depend on whether the EEG is generated by spontaneous
EEG, epilepsy, evoked potentials or by some other cause.

The drawback of the present theoretical approach is that spe-
cific metric values for spatial resolution were not defined. To ap-
proximate some values for spatial resolution, we would need to
apply either simulated or measured EEG data, to actually solve
the cortical potential distribution. Estimation of spatial resolu-
tion from simulated or real EEG data depends also on the level
of complexity of the cortical potential distribution to be solved.

Thus, if we would simulate some cortical potential data, a large
number of different source patterns should be studied and some
statistical treatment of the results should be performed. In this
case we could also apply other methods to select the truncation
level in the inversion of matrix . One method to select trunca-
tion level could be the discrepancy principle, which depends on
noise level and noisy potential data at electrode locations. Also
the assumption made in Section II-C about the criterion of 10%
more basis vectors to judge denser electrode system optimal,
should be adjusted based on the results obtained from different
simulations.

B. Effect of Skull Resistivity on Spatial Resolution

In the present study we demonstrated the effect of electrode
number and measurement noise on the spatial resolution of EEG
with different values for relative skull resistivity. Traditionally
a relative skull resistivity of 80 has been adopted in EEG source
imaging studies. This ratio has also been widely applied when
comparing the spatial resolution of EEG and MEG [15], [25].
The results obtained here show how important it is to take ac-
count of the correct resistivity value when studying the spatial
resolution of EEG and the benefits of high-resolution EEG. The
overall effects of measurement noise and the number of elec-
trodes illustrated in Fig. 2 clearly show how the spatial resolu-
tion is affected by the relative skull resistivity. It emerged that if
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TABLE II
RELATIVE NOISE LEVELS FOR OPTIMAL ELECTRODE SYSTEMS. VALUES ARE GIVEN FOR

RELATIVE SKULL RESISTIVITIES OF 8, 15, 30, AND 80 COMPARED TO SCALP AND BRAIN

the relative skull resistivity is low, there is greater advantage to
be obtained with high-resolution EEG at realistic noise levels. If
the relative skull resistivity is low, the relative noise level can be
higher and still better spatial resolution is achieved with denser
electrode systems.

C. Effect of Electrode Density on Spatial Resolution

We may conclude from Table II that if the relative skull re-
sistivity were really as high as 80, there would be no benefit in
applying 256 or 512 electrode systems in any measurement to
improve the spatial resolution. To obtain better spatial resolu-
tion even with a 128 electrode system, the relative noise level
would need to be extremely low, below 2%. Thus, the use of 64
electrodes would suffice to obtain the best possible spatial reso-
lution in a realistic clinical environment (NL 6%). However,
with a similar relative noise level, the use of 128 or 256 elec-
trodes is justified to obtain the best possible spatial resolution
if the new lower values for relative skull resistivity are valid. If
the relative skull resistivity were as low as 8, the use of even 512
electrodes would improve the spatial resolution in realistic low
noise measurements (NL 3%).

The results obtained by Lantz et al. [14] and further discussed
by Michel et al. [26] support our findings on the benefits of
increasing the electrode number, even though the value of the
resistivity ratio between tissues or the noise level is not spec-
ified in their papers. In [14] the source localization procedure
applied assumed a single focal source. The results showed that
localization accuracy is substantially better with 63 than with 31
electrodes and that there is still slight improvement in accuracy
when the number of electrodes is increased from 63 to 123. In
[26], the assumed nature of sources in [14] is further discussed.
From the simulation studies made in both [14] and [26] it is con-
cluded that if a single focal source is assumed fewer electrodes
suffice for accurate localization of the source. However, results
obtained with other inverse solution algorithms suggest that the
localization accuracy increases up to at least 100 electrodes. In
[26], it is concluded that fully distributed inverse solutions ben-
efit from a larger number of electrodes, provided that noise is ad-
equately accounted for. In our method the source is modeled as
the cortical potential distribution, and in that sense the number
of sources is not restricted. Thus, the results discussed in [26] on
further increasing the electrode number support our own results.

D. Effect of Measurement Noise and Electrode Density on
Regularization

Paper [26] also notes that when larger numbers of electrodes
are applied for the inverse solution, the noise in the measure-
ment needs to be adequately accounted for. This is equally true
in our method. Our results show that when a large number of
measurement electrodes is used, the value for the relative noise
level has a marked effect on the number of reconstructable basis
vectors. In contrast, when the number of electrodes is small
the number of reconstructable basis vectors is almost the same
for a wider range of relative noise levels. Thus, when applying
high-resolution EEG, the amount of noise and the amount of
regularization need to be more accurately considered. If too
many singular values are taken into account the solution will
not be stable; there will be oscillations of noise components in
inverse solutions.

E. Accuracy of the Model

In this study we applied a spherical volume conductor model
for the head. The adjacent nodes on the cortical surface were
combined to form source areas. The chosen number of source
areas, 8450, was selected to be large enough not to limit the
number of reconstructable basis vectors [16]. To ensure this the
number of source areas was varied to confirm that our selection
was well founded. The number of forward solution calculations
was diminished drastically by using full spherical symmetry,
which is possible with a spherical head model. However, a small
error in results arises from the use of this symmetry, as the FD
model geometry formed by nodes is discrete and not perfectly
symmetric. For example the number of nodes within each source
area is not equal. The placement of electrodes at the nodes of the
FDM resistor network also causes some error, in that the loca-
tions of nodes might differ from the symmetry-based locations.
We estimated that the relative mean error in the forward solution
caused by the use of symmetry is 2.3% with a standard deviation
of 1.7%. We nonetheless assume that this involves no significant
errors in our results.

A further possible cause of error in our method is the selection
of the volume conductor model. In the spherical head model,
the largest modelling errors concern the skull. In the realistic
head, the skull thickness varies considerably and the holes on it
represent shunt paths for the currents. However, because every
individual has different realistic head model, we see that the se-
lection of spherical head model for the purpose of the present
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study is reasoned. If we would have applied realistic volume
conductor model for the head, we would have needed to evaluate
the effect of different head geometries also. The results obtained
with a spherical head model should be comparable to realistic
geometry as long as the distance between the cortical surface
and the scalp is similar. Still in future studies the effect of real-
istic head geometry should be considered and the effect of other
tissues such as cerebrospinal fluid should also be investigated.
In future studies the realistic FDM head and brain models can
be constructed by applying the same methods as in the present
study [19]. A better knowledge on relative skull resistivity is
likewise essential before final conclusions on spatial resolution
of EEG can be drawn. In the present work the results on com-
paring the spatial resolution of EEG were obtained without ex-
pressing an opinion as to any one correct resistivity value for the
skull.

ACKNOWLEDGMENT

The authors would like to thank Dr. N. Takano for providing
the finite difference method software.

REFERENCES

[1] S. Rush and D. A. Driscoll, “EEG electrode sensitivity—an application
of reciprocity,” IEEE Trans. Biomed. Eng., vol. BME-16, no. 1, pp.
15–22, Jan. 1969.

[2] T. F. Oostendorp, J. Delbeke, and D. F. Stegeman, “The conductivity
of the human skull: results of in vivo and in vitro measurements,” IEEE
Trans. Biomed. Eng., vol. 47, no. 11, pp. 1487–1492, Nov. 2000.

[3] R. Hoekema, G. H. Wieneke, F. S. Leijten, C. W. van Veelen, P. C. van
Rijen, G. J. Huiskamp, J. Ansems, and A. C. van Huffelen, “Measure-
ment of the conductivity of skull, temporarily removed during epilepsy
surgery,” Brain Topogr., vol. 16, pp. 29–38, 2003.

[4] Y. Lai, W. van Drongelen, L. Ding, K. E. Hecox, V. L. Towle, D. M.
Frim, and B. He, “Estimation of in vivo human brain-to-skull conduc-
tivity ratio from simultaneous extra- and intra-cranial electrical poten-
tial recordings,” Clin. Neurophysiol., vol. 116, pp. 456–465, 2005.

[5] P. L. Nunez, Electric Fields of the Brain: The Neurophysics of EEG.
New York: Oxford Univ. Press, 1981.

[6] R. B. Kearfott, R. D. Sidman, D. J. Major, and C. D. Hill, “Numerical
tests of a method for simulating electrical potentials on the cortical
surface,” IEEE Trans. Biomed. Eng., vol. 38, no. 3, pp. 294–299, Mar.
1991.

[7] R. D. Sidman, D. J. Vincent, D. B. Smith, and L. Lee, “Experimental
tests of the cortical imaging technique-applications to the response
to median nerve stimulation and the localization of epileptiform
discharges,” IEEE Trans. Biomed. Eng., vol. 39, no. 5, pp. 437–444,
May 1992.

[8] Y. Wang and B. He, “A computer simulation study of cortical imaging
from scalp potentials,” IEEE Trans. Biomed. Eng., vol. 45, no. 6, pp.
724–735, Jun. 1998.

[9] B. He, Y. Wang, and D. Wu, “Estimating cortical potentials from scalp
EEGs in a realistically shaped inhomogeneous head model by means
of the boundary element method,” IEEE Trans. Biomed. Eng., vol. 46,
no. 10, pp. 1264–1268, Oct. 1999.

[10] A. Gevins, J. Le, N. K. Martin, P. Brickett, J. Desmond, and B. Reutter,
“High resolution EEG: 124-channel recording, spatial deblurring and
MRI integration methods,” Electroencephalogr. Clin. Neurophysiol.,
vol. 90, pp. 337–358, 1994.

[11] J. Le and A. Gevins, “Method to reduce blur distortion from EEG’s
using a realistic head model,” IEEE Trans. Biomed. Eng., vol. 40, no.
6, pp. 517–528, Jun. 1993.

[12] J. Malmivuo and R. Plonsey, Bioelectromagnetism: Principles and Ap-
plications of Bioelectric and Biomagnetic Fields. New York: Oxford
Univ. Press, 1995.

[13] J. A. Malmivuo and V. E. Suihko, “Effect of skull resistivity on the
spatial resolutions of EEG and MEG,” IEEE Trans. Biomed. Eng., vol.
51, no. 7, pp. 1276–1280, Jul. 2004.

[14] G. Lantz, R. G. de Peralta, L. Spinelli, M. Seeck, and C. M. Michel,
“Epileptic source localization with high density EEG: How many elec-
trodes are needed?,” Clin. Neurophysiol., vol. 114, pp. 63–69, 2003.

[15] A. K. Liu, A. M. Dale, and J. W. Belliveau, “Monte Carlo simulation
studies of EEG and MEG localization accuracy,” Hum. Brain Mapp.,
vol. 16, pp. 47–62, 2002.

[16] O. R. Ryynänen, J. A. Hyttinen, P. H. Laarne, and J. A. Malmivuo,
“Effect of electrode density and measurement noise on the spatial res-
olution of cortical potential distribution,” IEEE Trans. Biomed. Eng.,
vol. 51, no. 9, pp. 1547–1554, Sep. 2004.

[17] O. Ryynänen, J. Hyttinen, and J. Malmivuo, “Effect of skull resistivity
and measurement noise on the spatial resolution of EEG,” presented
at the Joint Meeting of 5th International Conference on Bioelectro-
magnetism and 5th Int. Symp. Noninvasive Functional Source Imaging
Within the Human Brain and Heart, Minneapolis, MN, 2005.

[18] P. Kauppinen, J. Hyttinen, P. Laarne, and J. Malmivuo, “A software
implementation for detailed volume conductor modelling in electro-
physiology using finite difference method,” Comput. Meth. Programs
Biomed., vol. 58, pp. 191–203, 1999.

[19] P. Laarne, P. Kauppinen, J. Hyttinen, J. Malmivuo, and H. Eskola, “Ef-
fects of tissue resistivities on electroencephalogram sensitivity distri-
bution,” Med. Biol. Eng. Comput., vol. 37, pp. 555–559, 1999.

[20] S. J. Walker and D. Kilpatrick, “Forward and inverse electrocardio-
graphic calculations using resistor network models of the human torso,”
Circ. Res., vol. 61, pp. 504–513, 1987.

[21] F. Schneider, O. Dössel, and M. Müller, “Filtering characteristics of
the human body and reconstruction limits in the inverse problem of
electrocardiography,” in Proc. Computers in Cardiology, 1998, vol. 25,
pp. 689–692.

[22] G. H. Golub and C. F. Van Loan, Matrix Computations, 2nd ed. Bal-
timore, MD: John Hopkins Univ. Press, 1989.

[23] P. C. Hansen, Rank-Deficient and Discrete Ill-Posed Prob-
lems. Philadelphia, PA: SIAM, 1998.

[24] O. Ryynänen, J. Hyttinen, P. Laarne, and J. Malmivuo, “Effect of
measurement noise on the spatial resolution of EEG,” Biomedizinische
Technik, vol. 48, pp. 1547–1554, 2004.

[25] J. Malmivuo, V. Suihko, and H. Eskola, “Sensitivity distributions of
EEG and MEG measurements,” IEEE Trans. Biomed. Eng., vol. 44,
no. 3, pp. 196–208, Mar. 1997.

[26] C. M. Michel, M. M. Murray, G. Lantz, S. Gonzalez, L. Spinelli, and
R. G. de Peralta, “EEG source imaging,” Clin. Neurophysiol., vol. 115,
pp. 2195–2222, 2004.

Outi R. M. Ryynänen received the M.Sc. degree in
biomedical engineering from Tampere University of
Technology (TUT), Tampere, Finland, in 2002. She
is currently working towards the Ph.D. degree at the
graduate school of TUT.

From 2001 to 2002, she worked as Research As-
sistant at Ragnar Granit Institute, TUT. Since 2002,
she has worked as a Researcher at the Ragnar Granit
Institute, TUT. Her main research interests are in the
modeling of electric fields in the brain and EEG in-
verse problems.

Jari A. K. Hyttinen (M’99) received the M.Sc. and
Ph.D. (biomedical engineering) degrees from Tam-
pere University of Technology (TUT), Tampere, Fin-
land in 1986 and 1994, respectively.

He has acted as Junior Research Fellow, the
Academy of Finland (1995–1998), Assistant
Professor, TUT, Ragnar Granit Institute (RGI)
(1998–2000), Academy Researcher, Academy of
Finland (2000–2001), Professor, Ragnar Granit In-
stitute, Tampere University of Technology (2001-).
He has served as a Visiting researcher at The Penn-

sylvania State University, State College, PA (1990), University of Tasmania,
Hobart, Australia, 1990 (Graduate Scholarship, The Rotary Foundation) and
Duke University, Durham, NC (1994). His main research interests are mod-
eling the human body and biological structures. The specific applications are
simulation and inverse solution of bioelectric and bioimpedance phenomena,
as well as measurements of biological and physiological signals. In addition,
the research interests include imaging and image analysis for construction
three-dimensional volumetric models.

Prof. Hyttinen is a member of the IEEE Engineering in Medicine and Biology
Society (EMBS), member and a former board member of International Society
of Bioelectromagnetism, and a member, former chairman and currently member
of the board of the Finnish Society of Medical Physics and Biomedical Engi-
neering (affiliate of the IFMBE).



1858 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 53, NO. 9, SEPTEMBER 2006

Jaakko A. Malmivuo (S’71–M’92–SM’95) re-
ceived the M.Sc. and Ph.D. degrees from Helsinki
University of Technology, Espoo, Finland, in 1971
and 1976, respectively.

From 1974 to 1976, he served as researcher at
Stanford University. In 1976, he was appointed
as Associate Professor and in 1986 Professor of
Bioelectromagnetism at Tampere University of
Technology (TUT), Tampere, Finland. Since 1992,
he has been Director of the Ragnar Granit Institute
at TUT. He has served as Visiting Professor at

Technical University of Berlin (West) (1988), Dalhousie University, Halifax,
Canada (1989), and Sophia University, Tokyo, Japan (1993). He has more than
250 scientific publications and he has co-written with R. Plonsey, Bioelectro-
magnetism, (Oxford Univ. Press, 1995).

Dr. Malmivuo was President of the Finnish Society for Medical Physics and
Medical Engineering in 1987–1990. He is founder Member and was President
of the International Society for Bioelectromagnetism. In 2003, he was appointed
a fellow of the International Academy of Medical and Biological Engineering.


