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in which L is the Laplacian of the scalp potential V at a scalp surface point (x,y). The
algorithm uses realistic surface model, and estimates the signal attenuation from local
skull and scalp thickness values. Since skull and scalp geometry can be pre-compiled,
the algorithm can calculate surface Laplacian values as fast as they can be recorded.
Surface Laplacian values were calculated from 21 and 64 channel recordings (15).

For displaying “intracranial” EEG, a specific IARD (Image enhancement,
Amplitude segmentation, Region growing, and Decision trees) segmentation algorithm
(16) was used to detect the surface of the brain from MRI data. In addition, the
thickness of scalp and skull was obtained from the segmented data. An example of
“intracranial” EEG is shown in Fig 2B.

The electric sources and fields of the EEG can be studied using accurate individual
resistive anatomical models (/7,9,18). Representation of these results requires
advanced displaying methods. For this purpose we have developed a -specific
computer program applying heuristic base-line triangulation methods (/9) and
advanced data structures. The idea of 3D brain mapping is similar to the above
mentioned method with some exceptions: The number of electrodes depends on the
number of surface triangles. The number of triangles depends on the number of voxels
locating on the tissue surface which is being visualized. The result is an image in
which the electric fields are presented extremely accurately (see Fig 2CD).

We have tested the developed computer programs with clinical data. MR images of
epilepsy patients and healthy patients have been acquired using a 0.5T General
Electric MRI unit. The resolution of images was 250 X 250 pixels and the number of
slices was 99. In addition, we have a collection of different EEG signals acquired from
the patients including spontaneous EEG, epileptic discharges, and Visual Evoked
Potential (VEP) signals. The signals were measured using Nervus© and Cadwell
Easy© equipment with 21 and 64 channel electrode systems.

IMPLEMENTED SOFTWARE

The 3D-EEG program was developed for 32bit Windows operating systems
(Win95, Win98 and WinNT) applying graphical user interface enabling intuitive and
efficient operation. The minimum requirements for the hardware are 16MB of RAM
and 16bit-color display with the resolution of 800 X 600 pixels. An example of the
program's appearance can be seen in Fig 3.

The execution of the program begins with the opening of a MR image set. For this
purpose we have developed a simple data structure including information about the
resolution and size of the images together with the image data. Any knew MRI format
can easily be converted to this format. After the image stack has been opened the user
selects the nasion, inion, and pre-auricular locations using the mouse controlled cursor
(Fig. 3A). Appropriate threshold coefficient for ray casting can be defined if the
automatic definition is not sufficient. Thereafter, 3D images of the patient’s head can
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be displayed in different projection planes that can be selected by pressing the
projection buttons (Fig 3B).

When an EEG signal is opened, the program automatically displays the potential
field as a 3D brain map. Furthermore, one EEG channel at a time can be displayed as
a curve (Fig 3B). The user can select the EEG sample to display in 3D either by
stepping the signal forward and backward or by selecting a sample with the cursor. A
set of samples can be selected by dragging the cursor over the EEG signal. Thereafter
that part of the signal can be displayed as an animated 3D brain map. Potential field
distribution can also be displayed in 2D.
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FIG. 3. The 3D EEG program. A) After a MRI stack is opened, nasion, inion, etc., are selected using
mouse controlled cursor. B) When an EEG signal is opened, 3D head models can be displayed together
with potential fields.
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RESULTS

The performance of the software was verified with a 200MHz Pentium
WindowsNT workstation and a MRI data set of 100 slices (250X250 pixels each). For
each set of data, pre-processing procedure is required consisting of three steps.

1. The MR images must be converted to the internal format of the program requiring
about 20 seconds of processing.

2. The definition of electrode locations and the generation of triangles between
electrodes requires 20 seconds.

3. The 3D reconstruction from MRI using ray casting requires 2 seconds of
processing per projection.

Refresh rate of the animated 3D EEG map is about six images per second (10-20
electrode system, 48 triangles). Hence is it possible to study EEG information as a
smooth animation. 48 triangles between the electrodes appeared to be sufficient.
Increasing the number improves displaying accuracy but makes the animation slightly
slower. The visualization program to display computed potential fields operates
slower due to greater number of virtual electrodes. E.g., a MRI set of 100 slices
consists of 100000 triangles and rendering requires a minimum of 3 seconds (200MHz
Pentium). On the other hand, the image quality is better.

When comparing calculated electrode locations to marked ones, little variability is
noticeable. If calculated locations are not sufficient, marked locations can be used
instead. In clinical situation, that is recommended.

DISCUSSION

3D brain mapping together with digital EEG is useful in various neurological
examinations, particularly in the interpretation of a set of signals. This combination
enables the optimization of temporal and spatial information for each condition.

3D EEG maps together with tissue segmentation (20) will become an option in
several commercial EEG software packages. Segmentation is crucial in producing
"intracranial" maps. One of the advantages of our software is the possibility to use real
patient anatomy instead of standard head models. Due to the increasing capabilities of
digital imaging devices it will soon be possible to use 3D brain mapping in clinical
use. Together with the fast “cortical” EEG method and computer model, the software
will be useful particularly in epileptic studies.

Even if the personnel of EEG (measurement) laboratories are skilled, the exact
placement of electrodes is difficult. That fact can be demonstrated by repeating
electrode placement procedure and comparing differences. Therefore the calculated
standard electrode locations are not always accurate enough for clinical purposes.
Especially in intracranial EEG maps erroneous results may be obtained.

Practical problems arise in utilization of this kind of multimodal software due to the
availability, transfer, and formats of the digital clinical data. At the moment our
software uses simple data formats to obtain MR images and EEG signals. In the future
we will develop particular filters to enable the use of some standard data formats, such
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as Distributed Continuous Object Management (DICOM) for MRI and Euro Data
Format (EDF) for EEG. Also visual appearance of the 3D EEG can be improved by
several techniques. E.g., the triangular mesh can be replaced by a parametric surface
applying splines (27). In addition, the appearance of 3D images of the head can be
enhanced using more advanced techniques, such as marching cubes (22) and ray
tracing.

CONCLUSIONS

Efficient algorithms and software were developed to present 2D and 3D EEG brain
maps based on individual patient MR images. The implemented software applies
several image processing techniques, such as ray casting, heuristic triangulation,
Gouraud shading, and image fusion. According to the tests, the software operates
rapidly and produces high quality images. It can be applied in the visualization of 21
and 64 channel EEG signals and computer modeled electric fields. The software may
serve as a model for utilizing the multichannel EEG technology which will be
available in the future as a clinical tool.
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