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Abstract-Ihe effects of tissue resistivities on EEG amplitudes were studied using an
anatomically accurate computer model based on the finite difference method FDM)
and lead fietd analysis covering the whole brain area with 180000 nodes. Five tissue
types and three lead fields were considered for analysis. The changes in sensitivitY
distribution are directly comparable to changes in the potential distribution on the
scalp. The results indicate that a 10% decrease in any tissue resistivity caused 3.0-
4.1% differences in the sensitivity distributions of the selected EEG leads' The applied
1lok decrease in the resistivity values covers only a fraction of the range of variation
of 50% to 100/o reported in the literature. The use of a 55% decreased skull resistivity
value or a commonly applied three-compartment model increased the differences to
28% and 33%o, respectively. ln conclusion, bath a realistic anatomy and accurate
resistivity data are important in EEG head models.
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I lntroduction

VARIous coMPUTER models based on numerical element
methods have been used for modelling the electric fields in
the brain. There exists an increasing number of anatomically
and geometrically individualised models based on real
geometry, (GEVINS et al., 1994, ZANow and PETERS, 1995,
FLETcHER et al., 1995, LEMIEIx et al. 1996, Yvsw et al.,
1996). These models include various anatomical comparlments
in addition to the geometrical details. The accuracy of the
model is affected by the resistivity values of the modelled
tissues. The choice ofthe resistivities employed has often been
based on old measurements aad the choices ofprevious studies
(METJS and PETERS, 1987, SroK, 1987, YAN et al",1991,
RADICH and Bucrrsv, 1995). Resistivity values may be of
importance especially in source localisation procedures if they
are not reaiistic (FENDER, 1991). The present study was carried
out to investigate the effects ofthe selected resistivity values on
EEG lead fields.

Perhaps the most commonly used reference of resistivities is
the compendium for biological materials (GEDDES and Barng
1967), even though a wide range ofvalues for different tissues
are given for different frequencies and measurements made in
different circumstances. Some values are measured only in
animals. The most important, and variable, factor has generally
been considered to be the resistivity of the skull and its ratio to
the resistivity of the scalp (Hourrm et a/., 1995). Other reviews
of head tissue resistivities can be found in HAUEISEN (1996)
and veN DEN BRoEK (1997).
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The effects of different tissue compartrnents and resistivity
values have been studied. ln tlese studies the approach has

been to calculate the forward solution (the potentials due to a
current source within the brain) or the inverse solution
(commonly a single dipole location) (ZruNc and JpwETr,
1993, HoMMA et al., 1994, HAUEISEN et al., 1997). Both
approaches give resuits for a very limited number of source

configurations.
In this paper the effects of changes in the resistivity values

on the lead fields in the brain were studied using a detailed
finite difference model of the head. The lead field is a

sensitivity distribution that provides the measurement sensi-
tivity of the measurement lead in the whole volume conductor
(MALMIVUo and Pt-oNsrv, 1995). Lead field analysis provides
a method to estimate the whole brain region, and thus several
tens of thousands of possible source locations. Five different
tissue types were considered: the scalp, the skull, the cere-
brospinal fluid (CSF), the grey matter and the white matter.
Simulations were conducted using a realistically shaped head
model by varying the resistivity value of each tissue compart-
ment while maintaining the initial values for other modelled
tissues.

2 Methods

2.1 Construction of the FDM volume conductor model

A set of 100 Tl-weighted magnetic resonance (MR) images
was obtained from one volunteer adult male subject. The
intemational 10-20 system EEG electrode locations were
marked on the subject's scalp by oil capsules prior to the
imaging session. The electrode locations were identified from
the MR images when constructing the model. The images were
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Table 1 Tis.stte resistititie.y lQmJ used in simtrlutions

Mod.:l

trssuc Rclerence Scalp-1091, Skull 109i, CSF l0'r; Crey-109i,

Scalp-]07"* CSF-10%+ Grcy-10%-
\\hite-10-9; skull-10% skull l0o/o skutl-10%

Whtre ,loqi +
skull-10'1, Skull-S5",i, llaycr

Scalp 2.3 2.1

Skull 171 .6 117 .6

csF 0.65 0.65
Grcy 2.5 2.5
Write 5.0 5.0

2.1 2.3 2.3
160.0 \77.6 ttl .6

0.65 0.59 0.65
2.5 2.5 2.25
5.0 5.0 5.0

2.1 2.3
160.0 160.0

0.65 0.59
2.5 2.5
5.0 5.0

z.) z.)
160.0 160.0

0.65 0.65
2.25 2.5
5.0 4.5

?.3

117 .6

0.65
2.5
,t.5

80.0
0.65
2.5
5.0

a11

177.6
, a1
,1)
)))

segmented using a semi-automatic IARD (image enhancement,
amplitude segmentation, region growing, decision tree) volume
segmentation method (HENoNEN et a/. 1997) which directly
provides volume elements of anatomy data for FDM mesh
generation (KAUPPINEN et al., 1998). The scalp, skull, cere-
brospinal fluid, white matter and grey matter were determined
Ilom the MR images. The total number of identified voxels (3D
volume elements) was approximately 2000000. The segmen-
talion procedure assigns a tissue code for each pixel il the
original images, which is then utilised in the FDM model
construction and simulations. To keep the number of elements
in the model reasonably low in relation to the available
computer resources, the accuracy of the segmented data was
reduced to approximately 430000 voxels.

The voiume conductor model consisting of five tissue
compartrnents with resistivity values given in the first column
(Reference) ofTable 1 was considered as a reference model. In
the other models resistivity values were altered in the following
way: five-comparfinent models with one altered resistivity
value; five-compartment models with one altered resistivity
value in addition to decreased skull resistivity; a five-compart-
ment model with a very low skull resistivity adopted from
NATHAN et al. (1993); and an anatomically shaped three-
compartment model (scalp-skull-brain) with resistivities
adopted from RusH and DRISCoLL (1969). All tissues were
considered isotropic.

2.2 Calculation of the leadfields

The lead field approach is a powerfrrl method that may be
utilised in EEG analysis (MALMrwo and PLoNSEv, 1995).
Measurement sensitivity is obtained with a single simulation
throughout t}te model. Lead fields can be used in solving both
forward and inverse problems in EEG analysis.

The lead field is determined by applying into the measure-
ment lead a reciprocal current (1.) that generates an electric
potential fleld in the volume conductor. The lead field (D1 is
given by (NUNEZ and KaraumoN, 1981):

-vo(Dr:-- (l)" I,
The differences in the lead fields are linearly comparable to the
changes in the potential values on the scalp tl:rough the
equation

o: o.d (2)

where the recorded potential (O) is the dot product of the lead
field of the measurement electrodes and the dipole moment (d)
of the current source (Maurawuo and PLoNSEv, 1995).

Three recording EEG leads were studied, their positions
being Fp2, P4 and T3 (Fig. 1) according to the intemational
10-20 electrode system. Bipolar recordings were made
between these electrode locations and a common reference
elechode positioned at FCz. The leads were energised by
applying a constant voltage between the electrode pafus.
Owing to the linearity of the purely resistive problem the
resulting current can be scaled to be equal in each lead. The
electric field in the volume conductor was obtained according
to eqn. 1. The effects ofthe resistivity changes were studied by
comparing the simulated lead fields (i.e. the fields of the lead
vectors) obtained at all nodes of the brain (white and grey
matter) with different resistivity values.

2.3 Analysis

The differences of the vector fields were obtained by
calculating a residual vector /, that was determined by
subtracting the lead vectors (c =c,i+c,j*c,k) at each
node:

r--Cy -C2 (3)

Fig. 1 The EEG electrocle positions !p2, '1'3, l'4 and FCz projected on the MN 3D reconstruction oJ the subject
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Fig.2 Sketch ofthe leadfields. The residual vector (r) is definedfor
each volume as a dffirence between t\9o resistivity models.
The results are giyen in percentage as the ayemge of the
length of the residual scaled with the lengh of the reference
lead vector (e%o)

where cl and c2 are the lead vectors at each node location
obtained with two models, ct being the reference model and c2

the model with resistivities varied.
As a difference measure eYo, the average length of the

residual vector scaled by the length of the reference lead
vector was calculated (see also Fig. 2):

,x : !i!\. rcon (4)
NEi lcril

where N denotes the number ofnode points located in the brain
region (HvrrrxeN et a1.,1997).

3 Results

The results of the simulations are summarised in Fig. 3. In
total I 77 868 nodes describing the brain tissue were included in
the analysis. A 10oZ decrease in the tissue resistivity caused an

35

30

25

20

15

10

0

trFp2-FCz rP4-FCZ rT3-FCZ

overall 3.1%i to 4.1oA (average of the three leads) difference in
the lead fields ofthe brain. The differences are quite similar for
all tissues, but in general, the outer tissues (i.e. the scalp and
skull) had more influence on the lead fields than the inner
tissues (CSF, white and grey matter).

When the resistivities of both individual tissue and skull
were decreased the overall difference decreased, being 2.1o/o to
3.3Yo. The difference is then somewhat greater for resistiviry
changes in the inner tissues. Using a low skull resistivity or a

commonly applied threeJayer model, the difference increased
to 28o/o and 33%o, respectively.

Fig. 4 shows the lead vector of the recording lead formed
between the electrode locations Fp2 and FCz for'Reference'
and cases 'CSF-10%' and '3-iayer' in a single slice of the
model. Also, the residual fields between the reference and two
varied models are shown. The applied difference measure
includes differences in both magnitude and direction. In Fig.
4 it can be seen that both parameters are influenced by changes
in the resistivity values.

4 Discussion

The anatomical accuracy and the nurnber of tissue compart-
ments included in volume conductor models are increasing
along with increasing computing capacity. This serves no
purpose if the same accuracy can be obtained with simpler
models or if the inaccuracy of other paramete$ distorts the
results. ln general, the more the model resembles the original
object the more reliable the results are, provided that both the
anatomy and the parameters of the model (e.g. the resistivity)
are correctly determined.

The resistivity data used in modelling dates back some thirty
years, but no special corfirmation of these values has been
published. For example, the resistivity of skull bone varies
greatly. First, is it adequate to use one resistivity value for a

tissue that consists of several layers of different resistivities?
Secondly, there are both intra- and inter-subject differences
when living tissue is observed (Ntxrz, 1990). Saru and
WTLLIAMS (1992) studied the electric properties of wet humar
cortical bone from a distal tibia using a method that could be
applied also to skuli bone. It is obvious that thick regions ofthe
skul1 contain a soft component which has much higher conduc-
tivity than the surrounding hard bone layers. To take into
account individual subject values, a non-invasive method for
measuring tle resistivities should be found. Another factor that
is usually ignored in studies is the anisotropic nature of certain
tissues. This caa be taken into account in models applying finite
difference or fiaite element methods.

The obvious wealrress ofthese kinds ofstudies is that exact
head tissue resistivities are not lnown, so, as a reference, a
model with more or less uncertain values is used. Although we
have conducted only a limited number of simulations in terms
of possible resistivity combinations, these simulations give
some information regarding the level of changes that take
place if resistivities are changed. These simulations may
possibly find critical inhomogeneities to be included in the
models.

Other factors affecting the results are the limitations of the
modelling procedure. Not all possible different tissues (i.e.
subcutaneous fat, muscles and large vessels) were included in
our model, thus affecting the accuracy of the segmented data.
Both the termination accuracy in the iteration process and the
accuracy obtainable due to the grid size affect the computa-
tional accuracy. The smallest details disappear in the volume
conductor model when the resolution ofthe model is decreased
in comparison to the original anatomical data. This affects

,especially 

the size ol the CSF compartment since its relative
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Fig.3 D(Jbrence measure e?i' of three lead.lields due to resisriviry
thanges. The models are desc'rihed in detail in Table I
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Fig. 4 Lead.fields o[ the lead Ffi-FCz sketched as lead vector projections in the transverse plane containing the point Fp2. Figures are Jor the
models (a) Rcfbrence (b) CSF-10% and (c) jJal'er. The residuals between (d) Reference and CSI--10% and (e) ReJbrence and 3layer are
also shown. The absolute maximun resrdual value is len times greater in (e), but the values are scaled to local muimum in (d) and (i)

volume is decreased when compared to the original model.
This is due to the method used for downscaling the segmented
data.

In this study a la%o decrease in all five tissue resistivities
caused a change in the lead fields of all three EEG leads of a
few per cent. This implies that the change is the same for other

EEG leads as well. The range of tissue resistivities applied in
different studies can easily vary * 50%. In this case the results
obtained in this study should be multiplied by a factor of five.

Simulations show a remarkable difference in the lead fields
obtained using fiveJayer and three-layer head models. Further,
a skull resistivity of 80.0Om instead of 177.6dran causes a
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difference of nearly 30o/o. \n an earlier study, a skull-scalp
brain resistivity ratio of 1 :80: I was found to be the best
choice (Hovrr.le et al., 1995), but the study was conducted
using a three-compartment model.

HAUEISEN et al. (1997) studied the effects of tissue resis-
tivity changes on the elecric potentials measured on the scalp
using a model of the head consisting of 13 tissue comparl-
ments. Their results were obtained by calculating potential
changes at defined scaip locations due to a single dipole at a
fixed location on the cortex. Our results are not directly
comparable due to the different number of tissue compartments
in the volume conductor models, but similar pattems can be
observed. The potentials on the scalp as used by HAUEISEN
et al. (1997) are linearly correlated to the lead fields through
eqn. 2. Lead field analysis provides a convenient way of
analysing the whole brain area, while with the potential
distribution approach only a limited number of recording sites
are used. The same applies to other approaches to studying the
effects of resistivity changes, i.e. studying changes in source
localisation (HoMMA et al., 1995), where the number of dipole
sources used is quite small for practical reasons.

According to this present study the effects of resistivity
changes seem to be most important for CSF because its relative
volume is smallest. This is in accordance with results obtained
using a spherical volume conductor model O{ALMIWo et 4/.,
1997). Recently, BAL\4Ar.IN et al. (1991) repoted on a study
concemed with measuring human CSF resistivity at body
temperature. They found it to be approximately 55.8Om,
which is l4Vo lower than the standard value 65.0Om based
on measurements at room temperatue (GEDDES and BAKER,
1967).

Results fiom this study indicate that the correct tissue
resistivity values are needed for accurate results of the
forward problem. However, the first precondition for accurate
results is the use ofrealistic anatomy and all main tissues. The
correct resistivity values axe of importance in modelling
procedures, especially when clinical data is analysed. The
increased accrrracy obtained by using realistically shaped
volume conductor models can be lost by applyng inadequate
resistivity data.
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