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Abstract— The EEG forward problem involves computing
the scalp potentials at a finite set of electrode locations for a
source configuration in a specified volume-conductor head
model. Brain electrical activity spreads (spatially) over the
whole head volume conductor. However, under certain
circumstances, it is possible to limit the volume within which
the study can be done, thus reducing model size. As the choice
of a particular EEG reference site may show a substantial
effect on the EEG, this might influence the feasibility of model
size reduction. The goal of our study is to determine the best
choice of the EEG reference allowing an acceptable accuracy in
forward problem solution irrespective of model size reduction.
In this paper we present results of a simulation study
performed with 3 different reference schemes. We considered
the following three EEG potential measurements: ideal
monopolar (i.e., reference point at infinity), bipolar Cz-
referenced and bipolar referred to the linked earlobes. Data
were obtained adopting realistic test head models extended to
different percentages of a reference model that extends from
head vertex to the chin. Results indicate a link between suitable
model extension and the reference, confirming that monopolar
measurements are less suitable for head model reduction.

Keywords— EEG, FDM, Forward problem, Realistic head
model, Reference, Volume conductor.

[. INTRODUCTION

Neural current sources in the brain produce scalp
surface potentials measurable using electroencephalography
(EEG). Each EEG lead represents the difference of the
electric potentials at a target site with respect to a reference
site on the head, thus reflecting the local activity at the target
and the reference site [1]. As different locations on the head
may show different electrical activity, the derivation of one
particular target site to different reference sites can result in
very different EEG traces [1, 2]. One of the most
contentious debates within the EEG community has been the
choice of the most advantageous location for placing the
reference electrode [3]. The references commonly used are:
the vertex (Cz), the linked ears (A1+A2) and the average
signal from all electrodes (average reference), but all of
these choices received criticisms [3].

The localization of current sources in the brain from the
EEG requires a solution to the inverse electrostatic problem,
which is defined as the determination of current sources
from an observation of the potential field at a set of sensor
locations on the scalp. The localization procedure generally
consists of repeated forward problem solutions, i.e., the
calculation of the potentials at the scalp electrodes caused by
a known source within the brain, in which the parameters
(location in space, orientation and amplitude) of the source

model are varied until its calculated field distribution best
fits the measured activity. To this end we use the concept of
“equivalent source” (e.g., a single current dipole), in
conjunction with a specified volume conductor usually taken
to be geometrically and electrically similar to subject’s head
[4]. The head volume conductor model (or, in short, the
model) mathematically expresses the relationship between a
current dipole inside the volume conductor and the
corresponding surface potentials. Numerical computational
methods offer the opportunity to account for the individual
shape of the head structures in the model based on high-
resolution anatomical information [5].

Many head models adopted in the literature for forward
and inverse problem solution, in particular those based of
the numerical Boundary Elements Method (BEM), consider
the skull as a closed surface thus reducing the overall head
model extension [5]. As a matter of fact, given its high
resistivity, the skull limits the spread of bioelectrical
currents due to brain sources and leaves only few holes for
current flow, as the foramen magnum and the optic
foramina. Brain electrical activity effects therefore actually
spread (spatially) over all the head volume. In previous
work we observed that only under specific conditions the
natural bounds for the model may therefore be given by
skull surface in any direction. Only in those conditions it is
therefore possible to limit the volume within which the
study can be done, reducing the overall head model
extension [6].

The reference should not affect the inverse problem
solution, but this doesn’t apply if the head model used is not
appropriate. EEG forward problem solution implies also the
estimation of the reference potential which varies according
to model features (i.e., reduced realistic head models deform
the EEG potential also changing the reference). Thus, the
accuracy of inverse problem solution with bipolar
measurements depends also on the accuracy of the reference
estimation. The goal of our study is to determine the best
choice of the EEG reference allowing an acceptable
accuracy in forward problem solution with the least
influence of head model size reduction to finally obtain a
speed and accurate inverse problem solution. In this paper
we present results obtained by simulation of ideal
monopolar EEG measurements (i.e., reference of scalp EEG
recording to a point at infinity) and of bipolar EEG
measurements with two different reference schemes: the
Common Vertex Reference (Cz) and the Linked Ears
Reference (AA). The EEG simulations have been obtained
by adopting realistic head models reduced to different
percentages of a reference model extended to the chin.
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II. METHODOLOGY

Our simulations employed a realistically-shaped head
model extended to the chin as reference model (see Fig. 1).
The model was constructed out of 115 sagittal magnetic
resonance (MRI) scans (each of 256x256 pixels),
resampling each scan to obtain the same spatial resolution of
2 mm along any direction. A semiautomatic tissue classifier
was used to identify the following tissue types in the head:
scalp, skull, cerebrospinal fluid (CSF), grey matter and
white matter. We considered four conductivity regions in the
head with tissue conductivity values obtained from the
literature: 0.35 S/m for the scalp, 0.004125 S/m for the
skull, 1.9 S/m for the CSF, and 0.33 S/m for grey and white
matter [6].

Five reduced extensions of the reference model have
been considered (see Fig. 1): 90% of the reference model
volume, 80% of it (including the neck upper part), 70% of it
(including all the skull but not the neck), 65% of it (cutting
the lower skull) and 60% of it (cutting the head at
cerebellum level). The lower limit of the reduced model was
named "cut-plane"; the model percentages were calculated
starting from head vertex.

The study was performed using the numerical finite
difference method (FDM) for forward problem solution [6].
The head volume was discretized with a resolution of 2x2x2
mm, leading to a 3-dimensional uniform grid (128x128x115
for the reference model). EEG potentials were computed
from the node potentials on the scalp surface. The scalp
potential distributions were compared between each reduced
model and the reference model using all but only the nodes
at the upper scalp surface of the 60%-model, since this
surface was shared by all models. The comparison was
quantified by means of relative-difference measure (RDM),
defined by:

N N
RDM =\/Z(K ~Vr, )Z/ZVrf (1)
i=l i=1

where V; is the calculated value of the potential using the
reduced model currently under investigation, V,; is the value
computed at the same measurement point using the
reference model, and N (= 15000) is the number of
measurement points. This parameter provides a measure of
the goodness of fit between two potential maps. We set
RDM <= 0.03 as the limit for considering the reduced model
as a good approximation of the reference model.

We simulated the scalp potential generated by various
dipole current sources within the brain with eleven different
locations, either far from or near the cut-plane, and with
three different orientations, either orthogonal or parallel to
it. The set of source locations expected to give some insight
about the nature of the dependence on source parameters
was chosen as shown in Fig. 2. The dipole sources were
oriented in three orthogonal directions: two orientations
were parallel to the cut-plane (sources x- and z-oriented; x:
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Fig. 1. Reference model (A) and reduced-extension models (B, C, D, E, F).
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Fig. 2. Source locations on the frontal and lateral view of the reference
model.

anterior-posterior, z: right-left) and one was perpendicular to
it (sources y-oriented; y: inferior-superior), thus totaling 33
sources. Potentials generated by the selected dipole sources
have been evaluated according to three references: ideal
monopolar (M) measurements (i.e., reference point at
infinity), common-vertex reference (Cz) and linked-ears
reference (AA).

I1I. RESULTS

We analyzed the values of the RDM parameter to
compare potentials calculated by using the reference model
with those calculated adopting each of the five reduced
models, referring data to the three adopted potential
references. Mean and standard deviation RDM values are
reported in Tab. I. Fig. 3 shows the mean values of Tab. I
keeping separate the data for the sources parallel to the cut-
plane (xz-oriented) and those perpendicular to it (y-oriented).
The accuracy of the forward problem solution depends on
the selected volume conductor head model, and this is true
for any source and for any potential reference. The RDM
values increase as model reduction proceeds. The RDM
distributions were substantially independent of the chosen
potential reference for xz-oriented sources (i.e., curves in
Fig. 3A almost overlapped). For this reason, in the following
the x- and z-data are presented together and for one
reference only. Fig. 3B shows mean RDM data for y-
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TABLE I
MEAN AND STANDARD DEVIATION RDM VALUES FOR THE REDUCED
MODELS (FORM 90% TO 60%), FOR THE 3 REFERENCES (M, CZ AND AA)
AND FOR THE X-, Y- AND Z-ORIENTED SOURCES.

90% 80% 70% 65% 60%
M-x mean 0.109 0.135 0.263 0.364 0.580
std 0.074 0.076  0.098 0.130 0.191
Cz-x mean 0.036 0.068 0.245 0.367 0.529
std 0.026  0.054 0.162 0.232 0.286
AA-x mean 0.052 0.065 0.218 0.348 0.529
std 0.023  0.037 0.105 0.151 0.203
M-y mean 0.467 0.515 0.605 0.619 0.837
std 0.202 0220 0.233 0.233  0.337
Cz-y mean 0.040 0.045 0.145 0.212 0.338
std 0.029 0.030 0.107 0.157 0.274
AA-y mean 0.167 0.200 0.313 0357 0416
std 0.133  0.139 0.213 0.222 0.254
M-z mean 0.149 0.182 0.310 0439 0.721
std 0.094 0.102 0.123 0.149 0.258
Cz-z mean 0.043 0.080 0.246 0.380 0.686
std 0.023 0.047 0.140 0.178 0.288
AA-z mean 0.064 0.082 0.231 0402 0.706
std 0.031 0.040 0.118 0.161 0.318
Mean RDM x-z sources Mean RDM y-sources
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Fig. 3. Mean RDM values for the five reduced models (A) for x- and

z- oriented sources and (B) for y-oriented sources (see “Methodology” for
legends’ codes).
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model extension

60%

oriented sources. Curves were separated evidencing a high
sensitivity to the potential reference. Cz-referenced data
result the best estimation of reference model data, while the
worst estimation is given by monopolar potentials. The
differences between the three curves of Fig. 3B can be
explained assuming an error of pure differential nature for
the Cz-referenced data and the composition of a differential
and a common-mode errors for the monopolar data. AA-
referenced data exhibit an intermediate behavior. This
suggests the separate study of the RDM components for
each of the selected potential reference.

Fig. 4 shows an example of RDM data (monopolar
estimation — M-RDM) obtained with xz-oriented sources.
RDM data are plotted against source to cut-plane distance.
Farther the source, smaller resulted the RDM (with R*=0.5).
The figure shows that RDM is high also for large distances.

Fig. 5 shows the RDM for y-oriented sources. Fig. SA
shows the Cz-referenced data. RDM decreases about
exponentially (R>=0.93) as source to cut-plane increases.
The trend becomes almost linear (see Fig. 6A) plotting the
RDM values against source to cut-plane proximity (i.e., the
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Fig. 4. monopolar-referenced RDM values for x- and z-oriented
sources. Two different kinds of interpolation lines overlap RDM data.

reciprocal of distance). The exponential fit constitutes an
exponential model of the differential mode. This allows
predicting the source to cut-plane distance beyond which the
RDM gets negligible (e.g., 115 mm using the space-
constants bound of 3). Fig. 5B shows the M-RDM results.
Data show again a non linear decreasing behavior, although
much looser (R?=0.77) compared with Cz-RDM. We
assume that this is an evidence of the presence of a
common-mode component, virtually absent in Cz-RDM. To
isolate this component, we subtracted the differential-mode
(DM) model prediction (the fit of Fig. SA) from the fit of M-
RDM. The result, interpreted as common-mode (CM)
showed a substantial linear behavior (CM linear model) for
source to cut-plane distances larger than 50 mm. Then, at
least for distances larger than 50 mm, a linear combination
of a non linear model for the DM and of a linear model for
the CM seems to be adequate to account for most of the
monopolar RDM results. We repeated the same analysis on
AA-RDM as shown in Fig. 5C. In AA-RDM the CM
component results to be only partially present, but it can still
be represented by means of a linear model for source to cut-
plane distances larger than 50 mm. We assumed that all the
CM contaminated the M-RDM data and that also in this case
the CM value can be predicted on the base of the linear
model, derived from data of Fig. 5B.

In order to better understand the deviation of the CM
component from the linear model, we analyzed RDM data
plotted against the source to cut-plane proximity. Fig. 6
shows RDM data for y-oriented sources. Fig. 6A shows
results for Cz-referenced data, in which the DM appears to
be almost linear. Fig. 6B shows that, contrarily to what one
might expect, the M-RDM data are not linearly distributed,
showing a clear saturation for proximity values larger than
0.02 mm™'. This data distribution can be modeled by means
of a linear regression only for proximity values smaller than
0.02 mm™; larger values need a different description.
Qualitatively speaking, the same conclusion can be drawn
analyzing Fig. 6C (AA-RDM data). The value of proximity
of 0.02 mm™ corresponds to 50 mm of source to cut-plane
distance.  This  confirms the wvalidity of the
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Fig. 5. (A): the fit curve shown is the best model found for DM (differential mode); (B) and (C): DM model is the fit from Fig. 5A; CM is the
difference between RDM data fit curve and DM model; CM linear model is calculated as a linear fit curve over the subset of CM data found for distances
above 50 mm.
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Fig. 6. In panels (A), (B) and (C) are presented the same experimental data, regressions, DM and CM models as in Fig. 5 expressed as function of
source to cut-plane proximity.

proposed models for smaller proximity values. At the same
time, it seems to suggest that a different model for the CM
component must be assumed for proximity values higher
than 0.02 mm™. This behavior might be due to factors other
than the sole distance or proximity of the source to cut-
plane, such as geometrical or electrical properties of the
volume conductor head model. Further analysis is currently
being carried out to clarify these aspects.

IV. CONCLUSION

The EEG forward problem solution is not always
independent of the potential reference. We observed that for
dipole sources perpendicular to the cut-plane (lower bound
of the head model), changing the reference leads to large
errors in the estimates of EEG activity. This result is critic
for inverse problem solution and EEG source reconstruction.
An appropriate choice of the potential reference (Cz-
reference in this study) reduces simulation errors due to
models of reduced extension.
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