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Abstract—Brain activity generates electrical potentials
that are spatio-temporal in nature. EEG is the least costly and
most widely used non-invasive technique for diagnosing many
problems related to the brain. It has very good temporal
resolution, but does not poses high spatial resolution primarily
due to the blurring affects of the volume conductor. The
surface Laplacian enhances the spatial resolution and
selectivity of the surface electrical activity as it takes the second
spatial derivative of the potential.

In an attempt to increase the localization and spatial
selectivity a five point finite difference method has recently
been used in a bipolar electrode configuration. Here we report
on a nine point finite difference method as a model for the
tripolar electrode configuration.

We have designed a computer simulation to model
electrode properties and a dipole at various depths below the
electrode surface. A tank experimental was setup to verify the
computer simulated potentials. In the simulation and tank
experiment, a concentric ring electrode of 2cm diameter was
used.

We found that the tripolar electrode configuration has
significantly better localization and signal to noise ratio than
the bipolar and quasi-bipolar configurations.

Keywords—Electroencephalography, EEG, surface
Laplacian, spatial selectivity, five point method, nine point
method, quasi-bipolar and tripolar.

1. INTRODUCTION

The potentials measured from the brain -electrical
activity by functional magnetic resonance imaging (fMRI)
and positron emission tomography (PET) have low
temporal resolution, taking hundreds of milliseconds to
acquire necessary signals to form  images.
Electroencephalography (EEG) systems are much faster
requiring only a few milliseconds for mapping scalp surface
activity. According to Srinivasan [1], since the skull is such
a poor conductor, current flow in the skull will mostly be
radial, flowing from the inner to outer surface of the skull.
This being the case, any magnetic system that detects
tangential sources such as MEG will have problems
resolving sources in the brain. In addition, fMRI, PET and
MEG are all costly and not portable. EEG systems have the
high temporal resolution necessary to produce movie like
images of the scalp surface potentials as the brain activities
change.

II. BACKGROUND

Brain activity is a spatio-temporal phenomenon. It is
distributed throughout the brain at different times. Ions are
associated with this action and their flow creates electrical
activity that can be detected on the scalp surface with EEG
instrumentation. Hans Berger recorded the first human EEG
from the scalp in 1924. Today, EEG still is and will
continue to be a most important non-invasive method for
investigating the activity of the brain. Of the methods for
recording brain activity, EEG is the cheapest and gives
sufficient temporal resolution to study the functioning of the
brain.

Much advancement has come recently in the field of
EEG, making it even more appealing for brain activity
analysis. One such advancement is the application of
surface Laplacian to EEG. Surface Laplacian mapping has
been shown to enhance the high spatial frequency
components and spatial selectivity of the electrical activity
located close to the observation point [2-3]. These unique
characteristics are based on the surface Laplacian being the
second spatial derivative of the potential.

The application of Laplacian to EEG started with Hjorth
[4] utilizing a five-point difference method. Many other
approaches have revealed positive results as well, estimating
the scalp Laplacian from the potential EEG measurements.
Such approaches include the spline Laplacian algorithm by
Perrin [5], and ellipsoidal spline Laplacian algorithm by
Law and realistic geometry Laplacian algorithms. He [2-3]
calculated the surface Laplacian with Hjorth’s [4] technique
from an array of five disc sensors measuring surface
potentials, but these discs accept global signals and may be
directionally dependent as suggested by Geselowitz and
Ferrara [6].

In this paper, we discuss the computer modeling of the
concentric ring electrode and the verification with data
collected from tank experiments. Three electrode systems
were tested: bipolar electrode, quasi-bipolar electrode [7-9]
and tripolar electrode. Results are given for 2cm diameter
outer ring electrodes.

III. METHODOLOGY

A. Bipolar electrode:

The bipolar electrode consists of a disc surrounded by a
ring and is illustrated in Fig.1. For comparison, the sizes of
the bipolar electrode elements are kept equal to that of the
outer ring of the other electrode element configurations.
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Fig.1. For the bipolar configuration the disc and outer ring are used. For
the quasi-bipolar configuration, the disc and outer ring are shorted. In the
tripolar configuration, all three elements are independently used.

If we apply the five-point difference method of Hjorth
[3], to a disc and concentric ring by taking the integral along
a circle of radius 7 from the center of the disc and defining
X=r Cos(0), Y=r Sin(0) the Laplacian Av, for the bipolar
electrode system [10] can be given as
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Where v is the voltage on the outer ring and v, is the

voltage at the center of an electrode with radius 7 .
B. Quasi-Bipolar electrode:

In the quasi-bipolar configuration, the electrode has
three elements (disc, middle ring and an outer ring). It is
called quasi-bipolar because the disc and outer ring are
shorted. The Laplacian potential for the quasi-bipolar
electrode configuration is given as [6-9]
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Here v is the voltage on the outer ring, v, is the voltage

on the middle ring and v, is the voltage on the disc.

C. Tripolar electrode:

It consists of a disc surrounded by two concentric rings.
The tripolar electrode is designed based on our unpublished
Nine-point method, which is similar to methods used in
image processing. In this configuration the Laplacian
potential for the tripolar electrode is given by

&, = 60, —v,)- -0, ) S

Here r is the radius between each electrode element and

Vv is the voltage on the outer ring, v, is the voltage on the

middle ring and v, is the voltage on the disc.

D. Computer Simulation:

A mathematical model patterned after Fig. 2, is
designed using the analytical solution (4) to calculate the
potential due to a dipole with given conductivity o
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In this mathematical model (1/ dro ) is taken as a

constant, pertaining to the conductivity of salt water and the
permittivity of the PCB material used for the dipole
preparation. These values are discussed further in the results
section.

For the simulation, the outer concentric ring electrodes
range from 0.5 to 3.0cm in diameter with the disc and
middle ring sized proportionally. An axial dipole, directed
towards the positive Z-axis, is moved incrementally 1.0cm
at a time in the Z-axis from depths of 1.0cm to 4.0cm. The
dipole traverses the X-axis from —5.0cm to 5.0cm and in the
Y-axis from —5.0cm to 5.0cm. The depth of the dipole is
kept constant while moved in the X-Y plane along the
different lines. Then the depth of the dipole is changed and
it is moved in the X-Y plane again. From the simulated
model of the moving dipole, the potential values on each
electrode element are calculated using the analytical formula
(4). These potentials are then used to calculate the Laplacian
of the: bipolar electrode by (1), the quasi-bipolar electrode
by (2), and the tripolar electrode with (3).

From the calculated Laplacian for the bipolar, quasi-
bipolar, and tripolar electrode configurations, the attenuation
in dB of the signal along the radial direction is calculated
and plotted.

o

Fig.2. Concentric ring electrode configuration for the moving dipole
computer simulation. The disc in the center is surrounded by concentric
rings. The dipole directed in the positive Z axis is moved incrementally
1.0cm at a time from —1.0cm to —4.0cm. The dipole is moved left to right
from —5.0cm to 5.0cm along the X axis. The middle ring is used for the
quasi-tripolar and tripolar electrode configurations.
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E. Tank Experiment:

In order to validate the results obtained by the computer
simulation, tank experiments are conducted. A tank of Plexi-
Glass with sizes 50cm X 26cm X 30cm is used. This tank is
filled with a saltwater mix of 9gm/L concentration. The
dipole is prepared with two thin copper discs etched on a
two-sided PC board opposite to each other. A 5V pk-pk,
100Hz square wave is applied between the discs. The two
discs are given opposite polarity square waves. To limit the
corrosion of dipole discs, the 100Hz square wave is applied
instead of a DC source.

The concentric electrodes were designed with ORCAD
software and prepared using the LPKF ProtoMat” C20 rapid
prototype board plotter. The concentric ring electrode was
attached to a lead screw driven stage and moved along the
X-axis at the rate of 1.8cm/sec. The depth was kept constant
for each of five passes of the stage with the measurements
averaged to minimize the variations. Then the depth was
changed and the measurements were taken until all depths
were completed.

Potential measurements are taken on the three elements
of the concentric ring electrodes using a custom LabView
program via a National Instruments DaqCard 700. The
measurements are referenced by an electrode between the
dipole discs. Post processing is achieved with a custom
Matlab program. Laplacian potentials are calculated for all
three configurations of electrodes using the formulae (1) —
(3). The attenuation of the signal along the radial distance is
calculated and dB attenuation is plotted for comparison
between the three electrode configurations.

The signal to noise ratio (SNR) was calculated for the
three configurations. This was calculated by dividing the
peak value of the signal by the peak value of the base line,
which is assumed noise. This was done for 6 recordings.
Two sample t-test, assuming unequal variance were
conducted on the SNRs to compare the performance
between the different electrode configurations.

IV. RESULTS

Calculation of Laplacian potential and localization effect
for three concentric electrode configurations.

For comparison, the sizes of the electrode elements
were kept the same between the tank experiments and the
computer models. The outer ring was set at 2cm diameter
for all. The middle ring used in the quasi-bipolar and tripolar
configuration was 1.18cm diameter, and the disc had a
diameter of 0.14cm. The width of the ring was 0.03cm and
the depth of the dipole was 1.0cm below the surface. In the
tank experiments electrodes were moved in the X-direction
on the surface of the saltwater solution and the dipole was
stationary at y = 0.0cm. The potential measurements were
taken for only one Y value, which is different from the
computer simulation. Laplacian potentials for bipolar, quasi-

bipolar and tripolar configurations were then calculated
using the respected formulae. These are plotted in Fig.3
(Panels A to C). The attenuation of the potential for these
three configurations along the radial distance was calculated
for a 2cm diameter electrode. These curves are plotted
together in Fig.3 (panel D). The attenuation values are
plotted in dB.

The nine point method (tripolar configuration) was
significantly better at the 1% confidence level with steeper
attenuation compared to the other two electrode
configurations.

Validation of simulated data with the measured data:

In Fig4, the attenuation in dB for the three
configurations, quasi-bipolar, bipolar and tripolar from the
simulated data are compared with the measured tank
experimental data of each configuration. The attenuation in
dB along the radial distance is plotted in three individual
panels of Fig.4 for the three electrode configurations.

The calculated SNRs for the measured data from the
tank experiment for three configurations are given as: quasi
bipolar-16.5, bipolar-6.25 and tripolar-16.9. The tripolar
configuration SNR was significantly better at the 1%

confidence level compared to the other -electrode
configurations.
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Fig.3. Laplacian potentials measured from the tank experiment for (A)
quasi bipolar, (B) bipolar and (C) tripolar. Panel (D) shows the attenuation
in dB for the three configurations.
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Fig.4. Comparison of measured attenuation in dB with the simulated
attenuation of laplacian potentials. Panel (A) quasi-bipolar configuration,
panel (B) bipolar configuration, and panel (C) tripolar configuration.

V. DISCUSSION

From the measured tank experimental data and the
simulated data, for the 2cm diameter concentric electrode it
was determined that the tripolar electrode has more
localization capacity than the other two electrode
configurations. This can be seen from Fig.3, the tripolar
graph, shown with diamonds, is the bottom curve. This
means that the attenuation is greatest for the tripolar
electrode configuration for distant sources. It also shows
that the tripolar electrode configuration is more sensitive to
the local signals than the other configurations. The
statistical analysis also verified there was a significant
difference between the tripolar configuration and the others.

In Fig.4, it can be seen that the shape of the attenuation
of the Laplacian potential for the three configurations in the
computer simulated data are very similar to the measured
data from the tank experiment. There is a slight difference
between the simulated and measured values. This can be
justified by a scaling factor, which comes from negligence
in the computer simulation of conductivity for saltwater and
permittivity of the PCB material used in between the two
thin discs of copper used to form the dipole. In the tank
experiments there are also noise sources which contaminate
our signals.

V. CONCLUSION

The attenuation of the tripolar electrode configuration is
significantly better than the other two configurations tested
in this study. This property will be beneficial in localizing
sources that could be used in imaging. The SNR
improvement over existing configurations is also a positive
attribute that will enhance our mapping capabilities. Further
work is needed to test more electrodes with different
diameters and dipoles at different depths.
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