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Chapter I 
Introduction 

The measurement of small potential differences at the scalp was first performed by Hans 
Berger in 1924 (Berger, 1929).  He used two large sheets of tinfoil which served as 
electrodes, one on the forehead and one on the back of the head.  Such a registration is called 
an electroencephalogram (EEG) and it became routine clinical practice some thirty years later, 
albeit with more and smaller electrodes.  These potential differences are generated by currents 
inside the brain.  Since any current also generates a magnetic field, it should be theoretically 
possible to measure the magnetic field outside of the head due to this brain activity.  Because 
very sensitive sensors are needed to measure this field, it was not possible to do so until the 
development of the so-called superconducting quantum interference device (SQUID).  The 
measurement of the magnetic equivalent of the EEG was first carried out successfully by 
Cohen (1968).  He showed that the alpha rhythm, a spontaneous brain activity, could also be 
detected magnetically.  Such magnetic measurements are called magnetoencephalograms 
(MEG).  Brenner et al. (1975) were the first to present magnetic measurements of visually 
evoked responses (VEF's).  Since then, these types of measurements have been used for 
fundamental and clinical brain research. 
The field of research that deals with the measurement and interpretation of magnetic fields 
generated in biological tissue is called biomagnetism.  Although biomagnetism can be applied 
to muscles, heart and other organs, this thesis will only deal with brain research.  In this 
chapter the generation of biomagnetic signals will be briefly discussed, as well as how they 
can be measured.  The measuring device that is used at the University of Twente is discussed.  
The last paragraph discusses how the work described in the other chapters fits into other 
developments in the field of biomagnetism. 

1.1 The origin of the signals 

The origin of the electrical currents, and 
hence that of the electrical potentials and 
the magnetic fields lies in the neurons of 
the brain. Like any other biological cell 
they have a membrane around them, 
which is selectively permeable for ions.  
Normally, the concentration of these ions, 
like potassium, sodium and chloride, is 
different inside the call  from that at the 
outside.  Due to this difference in 
concentration the inside of the cell has a 
potential around -70 mV with respect to the outside of the cell.  This is close to the 
equilibrium potential for potassium ions, for which the neurons have a relatively large 
permeability (Ganong, 1987). 

When the cell is excited, the permeability for certain ions changes, allowing mainly sodium to 
travel freely through the membrane.  The potential of the cell then rises to positive values.  
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After a short period of time, the permeability returns to normal and the flow of potassium 
restores the resting potential.  The moving ions give rise to a current within the cell, which 
can be described by a current dipole, giving rise to currents in the surrounding tissues, the so-
called volume currents (Plonsey, 1981; Karp, 1981).  

Two types of neuronal activity can be 
discriminated.  First, the action potential, which 
is associated with the propagation of signals 
along neuronal fibers, as depicted in Figure I.I. 
Second, the postsynaptic potential or PSP.  Two 
types of PSPs can be distinguished.  In one case, 
the postsynaptic potential is a depolarisation of 
the cell due to the arrival of action potentials at a 
synapse.  Once the transmembrane potential 
rises above a critical value, the cell triggers a 
new action potential.  In the other case, the 
synaptic activation leads to a current of opposite 
sign causing a hyperpolarisation of the 
postsynaptic neuron.  The former is called an 
excitatory PSP (E) and the latter an inhibitatory 
PSF1 (1) (see Figure 1.2). The postsynaptic 
potential can be described by a current dipole which can exist for several tens of 
milliseconds.  The action potential can be described by a quadrupole (Wikswo, 1983), whose 
magnetic and electric fields decay more rapidly than those of a dipole.  Consequently, the 
EEG and the MEG mainly register the PSPs (Lopes de Silva and Van Rotterdam, 1987).  

The cortex is organized in layers parallel to the surface of the cortex.  Each layer contains 
different types of neurons.  Six layers can be discriminated, with layer I being the most 
superficial.  The connections between neurons are mainly in a direction perpendicular to the 
surface of the cortex.  Layers 11, IV and VI are populated with so-called stellate cells, which 
have a star-shaped form and cannot generate a significant resulting magnetic field.  However, 
pyramidal cells have a linear structure with dendrites that are arranged parallel to each other 
and perpendicular to the surface the cortex.  Therefore they do generate magnetic fields when 
activated.  These pyramidal cells can be found mainly in layer V (Okada, 1983). 

One activated neuron does not render a measurable magnetic field.  However, an area of 
several mm2 is usually excited almost 
synchronously.  About 100.000 neurons 
are present below 1 mm2 of cortical 
surface (Rockel et al. 1980).  Although 
only half of this number are pyramidal 
cells, which mainly contribute to the 
electric and magnetic fields measured at 
a distance, this still leaves an enormous 
number of neurons which are active at 
the same time.  However, the resulting 
magnetic fields are still very weak (see 
Figure 1.3). The measurement of 
neuromagnetic fields thus requires 
extremely sensitive sensors.  
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Furthermore, the fluctuations in the earth's magnetic field, or the magnetic disturbances from 
electrical appliances, power cables and traffic are of an order many times higher than the 
magnetic field generated by the brain.  Special care must be taken to reduce these 
disturbances as much as possible. 

1.2 Measuring the MEG 

1.2.1 The SQUID 

An extremely sensitive sensor for magnetic fields is found in the SQUID.  It consists of a 
superconducting ring with one or two weak links (Josephson, 1962).  The most common type 
nowadays is the DC-SQUID with two junctions.  In order to operate the SQUID a bias current 
is fed through the ring.  If this current is higher than the critical current of the SQUID a 
voltage appears across the weak links.  When a magnetic flux is applied an additional 
supercurrent starts to run through the ring in an attempt to compensate the change in flux, 
giving rise to a higher voltage across the SQUID.  The voltage as a function of the bias 
current thus changes with a change in flux.  However, if the flux has changed by exactly one 
flux quantum ((0), the I-V characteristic is the same as it was before.  The bias current has to 
be selected to give a high voltage change with changing flux.  It then follows that the voltage 
is periodic with changing flux (see figure Figure 1.4) (Tesche and Clarke, 1977, Swithenby, 
1980).  

 

Usually, the SQUID is used as a zero-detector, i.e. the flux in the SQUID is kept constant by 
compensating the change in the magnetic flux by coupling it back through an integrator 
(Clarke, 1977).  The output of the integrator is a measure for the change in the magnetic flux. 
Usually the SQUID is operated in a flux-locked loop, whereby a modulation frequency is 
applied to it. Phase-sensitive detection is used to retrieve the output voltage of the SQUID 
(see figure 1.5).  
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1.2.2 Flux transformers 

Since a SQUID is very sensitive to 
magnetic field changes, it must be 
shielded.  The flux is fed into it by means 
of a flux transformer.  This consists of 
pick-up coils and a signal coil which is 
inductively coupled to the SQUID.  
Usually the flux transformer is constructed 
as a gradiometer to measure gradients of 
the magnetic field instead of the magnetic 
field itself (see Figure 1.6). The principle 
of the gradiometer is that two loops both 
register the magnetic field at slightly 
different locations.  By winding these 
loops in opposite directions, the 
homogeneous part of the field is canceled out.  Since sources which are far away from the 
gradiometer produce magnetic fields which can be considered homogeneous, they no longer 
disturb the measurement. Gradiometers make the measuring device particularly sensitive to 
nearby sources (Carelli et al, 1983). 

Normally gradiometers are oriented more or less perpendicular to the surface of interest, i.e. 
the head. The maximum and minimum values are found on either side above the source 
location. It is interesting to note the approach of the Finnish group, where they use planar 
gradiometers (Hämäläinen, 1989). These measure the spatial gradient along the head, and 
therefore yield the highest output directly above a single source. 

The flux transformers are, just like the SQUIDs, superconducting, which means that they have 
to be immersed in liquid helium, which has a temperature of 4.2 K. 

1.2.3 Electronics 
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Part of the electronics consists of circuits to drive the SQUID, i.e. to generate the feedback 
current, and the driver for the bias current. Furthermore, amplification and filtering of the 
SQUID output is necessary. A high-pass filter is applied to get rid of the 1/f noise. A notch or 
comb filter can be applied to filter out the mains frequency and a low-pass filter may be used 
to attenuate frequency components which are not of direct importance for the investigations. 
A low-pass filter is also used as an anti-aliasing filter. Afterwards, the signal is sampled and 
stored in a computer for further processing. 

1.2.4 Shielded room 

By using higher-order gradiometers it is possible to measure the MEG in a noisy 
environment, although it is much more convenient to use a magnetically shielded room, 
which is designed to keep out external magnetic disturbances. The walls of such rooms 
contain a layer of aluminum which shields mainly higher-frequency fields by eddy-currents 
which are induced in the material. Furthermore, the walls of the room may contain one or 
more p-metal layers which absorb the magnetic field lines, and thereby give the room a basic 
level of shielding (Mager, 1981). 

An overview of the various components of the experimental set-up can be seen in figure 1.7. 
A subject is positioned under the dewar, containing the liquid helium, the gradiometers and 
the SQUIDs.  The dewar and subject are inside the shielded room.  The signals from the 
SQUID are amplified and fed to the SQUID control electronics (which include filters) and the 
signals are then sampled and stored in a computer. 

1.3 The Twente blomagnetic facility 

The sensors used in the 19-channel magnetometer system that is used in the Biomagnetic 
Centre Twente (BCT) are DC-SQUIDs which were made by the Low Temperature group of 
the University of Twente, using thin-film techniques. Their fabrication is based on Nb/Al 
technology. The SQUIDs are either resistively or inductively shunted. Two configurations are 
used in the 19-channel system. The first is a Tesche-Clarke type DC-SQUID with a SQUID 
inductance of 270 pH, an input inductance of 0.1 pH, and a coupling factor of O.S. The 
forward transfer is generally about 70 pVADO. The second configuration is a resistively 
shunted type with a SQUID inductance of 85 pH, an input inductance of 0.1 pH, a coupling 
factor of 0.8 and a transfer of 110 pV/00. Both types of SQUIDs have a white-noise spectral 
density below 10-5 (0/(Hz (Houwman, 1990). Each SQUID is placed on a solid niobium body 
that fits into a cylindrical lead shield and which is divided into several compartments. Apart 
from the SQUID chip a feedback inductor, an output transformer and a tuning capacitor are 
also placed in such a compartment. One compartment has screws to connect the sensing coil 
to the input coil on the SQUID. The output transformer is tuned to a modulation frequency of 
100 kHz by means of the tuning capacitor which is shunted across the transformer. The gain 
of the tuned transformer is 10 at 100 kHz, with a quality factor of about 2. 

The SQUID module is designed to operate the sensor in an external feedback mode. This 
means that the current in the sensing coil is compensated, instead of the flux through the 
SQUID. In this way, crosstalk between channels can be eliminated (Ter Brake et al, 1986). 

If a channel is not in operation, currents in its gradiometer are not compensated and therefore 
do cause a crosstalk contribution in other channels.  It is possible to correct for this 
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contribution, but measurements have shown this not to be necessary as long as the majority of 
the channels are correctly operating in external feedback mode. 

 

The magnetic flux changes to be measured are picked up by first-order, wirewound, 
gradiometers and are coupled into the SQUID. The gradiometers have a diameter of 20 mm, 
and a baseline length of 40 mm which separates the centres of the two coils which each have 
three turns. The distance between the turns of the lowest coil is 0.5 mm and that of the 
compensation coil is 6 mm. The 19 gradiometers are distributed in rings around the centre coil 
on the bottom of a CTF-SST 140 cryostat. This bottom has a concave shape having a 
curvature with a radius of 125 mm. The wire used for the gradiometers is Formvar-insulated 
single-core niobium wire with a diameter of 0.1 mm, manufactured by California Fine Wire 
Co. The calculated self-inductance of the gradiometers is 0.73 pH. In combination with the 
SQUIDs, the intrinsic noise is about 5 fT/(Hz. Apart from the gradiometers, a reference coil 
unit is placed at a distance of about 25 cm from the gradiometers. This unit consists of three 
orthogonal 1 cm loops which are connected to three SQUID systems. Their output can be 
used as a reference for the three orthogonal components of the magnetic field, and therefore 
for electronic balancing or active shielding purposes. 

The cryostat is suspended in a wooden gantry, which allows coverage of the head from all 
angles, while remaining perpendicular to a sphere with a constant radius. The gantry is placed 
in a magnetically shielded room manufactured by Vacuumschmelze GmbH, type AK3B. This 
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room has two (-metal layers and one aluminum layer, and the shielding factor for DC-fields is 
about 1200 while that for AC fields at 0.1 Hz is 70 (Ter Brake et al, submitted). 

All SQUIDs are connected to preamplifiers, which are placed in an aluminum box on top of 
the cryostat. They consist of Toshiba FETs (2SK146) in a cascade configuration, loaded with 
an RCL network, resonating at 100 kHz. The quality factor is about 3.5 and the preamplifier 
gain is 400. 

The control and detection electronics are realised on one Eurocard per channel. Several 
parameters are fixed. The sensitivity can be set to 1 V at an output of I 00 in the SQUID. The 
dynamic range of 10 V corresponds then to an effective field of about 0.5 nT in the 
gradiometer. The frequency bandwidth is fixed at 5 kHz. There are separate power and bias-
current supplies for each channel, whereas the 100 kHz modulation is obtained for all 
channels from one external oscillator. 

The control and detection electronics 
contain a 50 Hz adaptive notch filter, 
which suppresses the mains frequency by 
more than 60 dB with a bandwith of 1 
Hz.  High-pass and low-pass filters are 
applied.  The low-pass filters also act as 
anti-alias filters.  A block diagram of the 
filters and amplifiers is shown in Figure 
I.8. 
The signal goes from the electronics to 
the data-acquisition system, where the 
signals are sampled and stored (see 
chapter II).  Data can be sent through a 
computer network to a Vaxstation 5320 running under VMS.  This computer is equipped with 
three 340 Mb disks, 16 Mb of memory and two graphical workstations.  The system supports 
a variant of the X-Windows system, called Dec-windows.  This computer is used to process 
the data.  It can be accessed from outside the University through the network, and this allows 
people who carry out measurements at the Biomagnetic Centre to process the data remotely, 
or to transfer them to a local computer.  Various data-processing software packages are 
available on the Vax-station.  One of them, the software to integrate the MEG signals with 
MRI scans will be discussed later. 

1.4 Scope of this thesis 

Magnetoencephalography can lead to a better understanding of the functioning of the brain 
because of its ability to localize sources of electric and magnetic activity with a reasonable 
spatial resolution and an excellent resolution in time (1 ms). In the field of biomagnetism 
researchers from various disciplines do combine their forces to cover the mathematical, 
physical, technical, (neuro-) physiological and medical aspects of this field. In this multi-
disciplinary approach it is the task of the physicist to optimize the measurement equipment, 
the measuring procedure and the processing and presentation of the data in order to allow the 
physicians and psychologists to conduct experiments in order to obtain information about the 
location and the strength of the sources within the brain which are active under certain 
conditions. The localizations have to be presented with reference to anatomical and 
physiological information known from other means. In order to enable the physicians and 
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psychologists to appreciate the results, but also to understand the restrictions of the methods 
used, an estimation of the errors has to be given. It is important that the results are validated 
whenever possible. This can be done by comparing the results with known physiological 
facts, or by comparing the results with data from other types of measurements like PET or 
SPECT. 

Presently, many multi-disciplinary teams are doing research in the field of biomagnetism (cf., 
Hoke at al., 1992). The state-of-the-sensors are DC-based SQUIDs with an intrinsic noise 
which is as good as 5 fT14Hz or lower (Drung et al., 1991; Ter Brake et al., 1991; Kajola et 
al., 1991; Heiden, 1991; Foglietti et al., 1991; Flokstra et al., 1991). Present instruments still 
use SQUIDs which operate at liquid Helium temperature (4.2 K), alithough first 
measurements of magnetic fields using high T, Squids have already been carried out (Tavrin 
et al., 1993). Currently, biomagnetic measuring devices are coming into operation which 
measure the magnetic field simultaneously over the whole scalp, as with the 122 channel 
system in Helsinki (Ahonen et al., 1992) or the 64 channel system of CTF (Cheyne et al., 
1992). More helmet-type systems are under development (Yamasaki et al., 1992; Romani, 
1992). Other systems measure the magnetic field over one hemisphere of the head such as the 
commercial systems from BTI (37 channels) (c.f. Pantev et al., 1991), Philips (31 channels) 
(Dössel et al., 1993) or the system from Siemens (37 channels) (Abraham-Fuchs et al., 1990). 
Other systems have a number of channels which requires sequential re-positioning of the 
system with respect to the subjects head, like the system used in Twente (19 channels) (Ter 
Brake et al., 1992), Birmingham (19 channels), Berlin (37 channels) (Drung et al., 1991) or 
Rome (28 channels) (Foglietti, 1991). The general layout of such a system has been depicted 
in this chapter. Recently, an excellent overview article has appeared, dealing with the various 
aspects of magnetoencephalography (Hämäläinen et al., 1993). 

1.4.1 Measurements 

In classical EEG measurements, the signals of the various channels were directly written to 
paper. However, in order to calculate the source of magnetically or electrically measured 
brain activity the data needs to be measured by a computer and stored for later processing. A 
data-acquisition system is necessary which allows the acquisition of many channels 
simultaneously at a sample-rate which is high enough to measure the brain-activity of interest. 
The system has to be capable of acquiring data over long periods of time, specially in the case 
of the measurement of spontaneous brain-activity. The system should also be capable of 
registering information about time-instants at which stimuli are presented, or responses from a 
subject detected. Many groups have constructed such a system (Ross et al., 1989; Voskamp et 
al., 1989; Gonnelli et al., 1991; Cumming and Wells, 1992; Marlow et al., 1993). Our solution 
is discussed in chapter II and has the advantage of a long continuous measurement time, low 
cost and easy expendability. 

An important aspect in the measurement of the weak magnetic fields is the noise in the 
signals.  Due to the weakness of the signal it is important to find methods to reduce 
environmental disturbances.  One of the first methods used to reduce these disturbances was 
the use of first or higher-order gradiometers as pick-up coils for the magnetic field (Vrba et 
al., 1982; Carelli et al., 1983; Bruno et al., 1987; Node et al., 1987).  These gradiometers can 
not be made perfectly insensitive to these homogeneous fields, and a mechanical balancing 
method was developed to reduce these imperfections (Overweg and Walter-Peters, 1978).  
However, with the advent of multi-channel systems, mechanical balancing turned out to be a 
very impractical method.  An alternative in the form of electronic balancing was suggested 
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(Hansen et al., 1983, Ter Brake et al., 1986).  We performed measurements, using an 
electronic balancing method which is carried out by the computer, which automatically 
calculates the proper balancing factors.  We discovered that this method does not work well in 
combination with an other method to reduce environmental disturbances, namely the 
magnetically shielded room.  This is discussed in chapter II.  A different approach to reduce 
disturbances is the method of actively compensating disturbances.  This has already been 
suggested by Marzetta (1961) , and applied for biomagnetic measurements by Donnely et al. 
(I 988) and Kelhä et al. (1982) . It turns out that in this case, the combination with a 
magnetically shielded room is very beneficial.  Our approach in this matter is also discussed 
in chapter II.  An important difference with the approach taken by Kelhä et al. is that they 
measured the disturbances outside the shielded room with a fluxgate magnetometer while we 
measure the disturbances inside the room using a SQUID magnetometer. 

1.4.2 Modelling the head 

Because the solutions of the inverse problems of the MEG and the EEG are not unique, a 
model is needed both for the sources and the head (Morse and Feshbach, 1953). In other 
words a "constrained inverse solution" has to be solved, in which information about 
neurophysiology and anatomy is used to limit possible source distributions (Nunez et al. 
1991). A common model for the sources are equivalent current dipoles. It can be assumed that 
one or more dipoles are at a fixed position during a given time-interval and that their strength 
and orientation varies over time. The orientation can also be fixed. This is called the fixed 
dipole model. A different approach is to allow the dipoles to change their position as well as 
their strength and orientation. Basically, this method fits one or more dipoles at each time-
instant independently. This is the moving dipole model (Lopes de Silva and Spekreijse, 1991). 
A third approach is to try and estimate current distributions in the brain (Kuhlman et al., 1989; 
loannides et al., 1990; Wang et al., 1992; Okada et al., 1992). Basically, the result of this 
method is a fixed dipole solution with very many dipoles fixed at discretized points in the 
region of interest. Due to the nonuniqueness of this solution it is only possible to use a two-
dimensional surface as the region of interest. 

The head is always delineated by a compartment model where each compartment has its own 
electrical conductivity.  Usually, the compartments are described by a set of concentric 
spheres (Schneider, 1974; Hosek et al., 1978; Kavanagh et al., 1978; Cuffin and Cohen, 1979; 
Gutman and Shimoliunas, 1980; Sencaj and Aunon, 1982; Stok, 1986; De Munck, 1989).  A 
problem with the use of a spherical model is that the sphere has to be fitted to the head in a 
way that it is a good description for the curvature of the head, nearest to the source and 
therefore the parameters of the best fitting sphere are not uniquely defined.  Since the choice 
of the best fitting sphere is, to some degrees, arbitrary, we would like to fit the sphere by 
computer, using MRI scans, as described in chapter IV.  In that case, it is also possible to fit 
the sphere to the inner surface of the skull instead of the scalp, or to fit all the spheres to their 
proper surface in case of a multi-compartment model.  Furthermore, the use of a sphere fitted 
from MRI yields more accurate results than a sphere fitted to, for instance, the position of the 
electrodes, in case that the resulting source location is displayed in that MRI.  This is shown 
in chapter VII.  When EEG measurements are used to estimate the location of a source, an 
additional problem arises with the use of the sphere model; positions at which the potential is 
measured do not lie on the surface of the model, although this is exactly what has to be 
assumed in the inverse procedure.  This is an intrinsic problem of the use of the sphere model 
in processing EEG measurements.  
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For a spherically symmetric model analytical expressions can be found for the magnetic field 
and the electric potential.  The basic theory for these expressions is discussed in chapter III.  
From simulation studies based on realistically shaped multi-compartment models, however, it 
follows that the shape of the compartments can significantly influence the magnetic field and 
the electric potential (He et al., 1987; Mails et al., 1988; Hämäläinen and Sarvas, 1989; 
Ishiyama and Kanai, 1992; Menninghaus et al., 1992).  These simulations are based on the 
boundary element method, where the contribution of the volume currents is represented by 
that of equivalent sources at the interfaces between regions with a different conductivity, 
which includes the outer-surface of the head.  Since the skull is poorly conducting, the main 
contribution to the magnetic field outside the head is from currents flowing in the brain 
tissue.  The secondary sources at the outside of the skull counteract those at the surface of the 
head (Meijs et al., 1988).  Hence, the MEG lends itself to the use of a simpler model than that 
needed for the EEG when deducing source localizations.  Hämäläinen and Sarvas (1987) 
estimated that for the MEG a homogeneous model shaped as the inner surface of the skull will 
approximate within 5% a realistically shaped three-compartment model of the head, 
describing the brain, the skull and the scalp.  The shape of the skull's inner-surface was 
obtained from CT scans (Hämäläinen and Sarvas, 1987) or from an anatomically accurate 
plastic model (Hämäläinen and Sarvas, 1989) and was manually divided into triangles.  
However, for EEG such a homogeneous model is not adequate as the influence of the other 
compartments is large and the outside of the scalp has to be included in the model anyway 
since the measurement points are located on this surface.  

In electrocardiography (ECG) and magnetocardiography (MCG) the use of standard multi-
compartment models of the torso has been shown to produce reasonably accurate localization 
results (Oosterom and Huiskamp, 1992; Nenonen et al., 1992). Huiskamp and van Oosterom 
(1989) described the use of an individualized model for the solution of the inverse problem in 
electrocardiography. They used realistically shaped multi-compartment models of the human 
torso for three individuals. The models were derived from MRI scans of the subjects. They 
showed that using a realistic, yet inaccurate, geometrical description of a subject proves to be 
insufficient. Even when the torso shape and size of a subject is about the same as that of the 
applied standard realistic torso model. Stroink et al. (1992) found the same results, they 
suggest that scaling of the standard torso may be a cost effective compromise between the 
accuracy of the solution and the time and expense of creating an individual torso model. 
Especially, since the manual tesselation of the interfaces is such a cumbersome procedure. 

In order to decide if a tailored standard model of the head is sufficient in MEG some 
simulations were carried out, as described in chapter V. From these simulations it follows that 
the use of a standard realisitically shaped inhomogeneous model of the brain used in solving 
the inverse problem of MEG and EEG will also give less reliable solutions then tailored 
models.  However, if indeed an individualized model is needed to obtain a precise localization 
from MEG and/or EEG, such a model has to be constructed from CT or MRI images of each 
subject separately.  

Consequently, it is of importance to develop a procedure to extract points on the interface of 
the compartments which can be carried out fully automatically. From these points 
(triangulated) surface descriptions can be obtained which can be used in the boundary element 
method or as basis for a finite element model. The automated procedure is even more 
important with the improvement in scan-techniques, where a dataset of one subject can 
consist of more than 200 images, each of which would otherwise have to be examined 
manually. To enable the extraction of the various surfaces, the data from the scan has to be 
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segmented. This has also to be performed fully automatically, for the same reasons as 
mentioned above. Various groups in the world work on the automatic segmentation of 
medical images (Udupa, 1982; Kubler et al., 1987; Ortendahl and Carlson, 1988; Lifshitz and 
Pizer, 1988; Farrell and Zappulla, 1989; Bornans et al., 1990; Gevins et al., 1990) with 
varying results. We designed a dedicated method, with an accuracy sufficient for our 
purposes. This method and the generation of the realistically shaped model is described in 
detail in chapter IV. 

The current density method, also often referred to as minimum norm estimate of the sources, 
restricts the solution to a two-dimensional surface.  An obvious choice for this surface would 
be the cortex itself.  If the geometry of the cortex is known and if it is known that the sources 
of measured fields and potentials are located in the cortex, it is possible to uniquely delineate 
the pattern of electrical activity (Wang et al., 1993).  Wang et al. suggest that an accuracy of 
better than 4 mm in knowledge of cortical geometry may be required.  With the method 
described in this thesis the geometry is smoothed and the gyri and fissures are not given in 
detail, although it is possible to extract the cortical tissue in each slice. 

1.4.3 Visualization and evaluation of results 

The goal of an inverse procedure is, obviously, to obtain an equivalent dipole for which the 
model predicted distribution is closest to the measured distribution in a least square error 
sense.  A small residue is a necessary but not sufficient condition for the validity of the model 
used.  Examples of insidious errors due to misspecification of the models used for EEG in the 
case that multiple sources are active were reported by Zhang and Jewett (1993).  Thence, we 
are in favour of combining MEG and EEG.  By using them both the non-uniqueness 
associated with the inverse problem is reduced.  If the sources of MEG and EEG, for instance, 
would coincide within the error estimate, it would strengthen our faith in the models used.  
Such a confrontation was used by Sutherling et al. (1988).  Oostendorp et al. (1990) compared 
the results from ECG and MCG in order to decide if, instead of a uniform current dipole 
layer, a single dipole could be used as a cardiac source model.  Their measured ECGs were 
almost as good described by a moving dipole as by spreading uniform dipole layers.  The 
measured MCGs, however, were much better described by dipole layers.  Therefore they 
concluded that the dipole layer is to be preferred as a model because it seems to represent the 
actual sources more closely.  A singular value decomposition of the data matrices of both 
MEG and EEG can help us to estimate the number of equivalent dipoles with more 
confidence.  Assuming that there are sources which are magnetically "silent" ("radial" 
dipoles) and electrically not and that there are no sources which are electrically silent and 
magnetically not, the number of equivalent dipoles estimated from MEG has to be equal or 
less than those obtained from EEG.  A Second argument for combining MEG and EEG is that 
the amount of information obtained is larger than that of EEG or MEG alone.  A third 
argument is that when the inverse algoritm for minimalization of the difference between 
observed and simulated data is performed for MEG and EEG simultaneously that the results 
are better (Stok, 1986; Stok, 1987).  A fourth argument is that the combination of MEG and 
EEG can give us an estimate of the strength of the equivalent dipole as discussed in chapter 
V.  

Not only the surface of the brain but also the inside of the brain can be made visible by 
making "cut-away" views. Such a view is of importance when the inverse solution is 
confronted with a-priori information obtained from electrophysiological, neuroanatomical, 
neuropathological and neurosurgical studies about, for example, the orientation and density of 
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pyrimidal cells. The composition of a database which will contain such information has been 
started within the EC program AIM (Anogianakis et al., 1992). The methods discussed above 
are part of the contribution of the research group in Twente to that program. Hence, it is 
important to be able to show the sources of brain activity calculated from MEG and/or EEG 
with respect to anatomical information obtained from the MRI. Various groups working with 
the MEG and EEG have shown sources depicted in MRI scans (Pantev et al., 1990; Suk et al., 
1991; Gallen at al., 1992; Nomura et al., 1992; Peresson et al., 1992), but often without any 
exact information on how the calculated sources were transferred to the MRI. Chapter V 
discusses the methods we developed to accurately locate the source in the MRI. Usually, the 
dipole is displayed in the appropriate transversal slice of the MRI-dataset but it can also be 
depicted in arbitrary chosen planes. However, it is still difficult to envision the source position 
with respect to the complete head. To facilitate this task, 3D images of the head and brain can 
be constructed. This has already been done by various groups working on medical images 
(Lobregt and Kleine Schaars, 1987; Zonneveld et al., 1987; Wallis et al., 1989; Bomans et al., 
1990; Tiede et al., 1990; Valentino et al., 1991) and raytracing (Phong, 1975; Robb and 
Barillot, 1989; Levoy, 1990). We have implemented these methods, as described in chapter 
IV. By cutting parts away from the 3D head, through the source location, and indicating the 
source location in the resulting image, it is much easier to envision the position of the sources. 
Examples can be seen in chapters IV and V. Another useful 3D image is that of the brain. It is 
possible to project the sources directly onto the 3D image of the brain, thereby allowing the 
researcher to directly view their location with respect to important anatomical landmarks like 
the central fissure or the sylvian fissure. This is especially useful in the case of very 
superficial sources. We have used this in chapter VI. 

It is important to confirm the findings of MEG and EEG localizations as much as possible.  
The first check on the position of the dipole is if it is located within the cortex and if the 
direction of the dipole is consistent with the local shape of the cortex.  One step further would 
be the use of different imaging techniques which also give functional information of the brain, 
like Positron Emission Tomography (PET) and Single Photon Emission Computed 
Tomography (SPECT), even when it is not yet clear if they should indicate the same areas to 
be active as MEG and EEG.  Information from a PET scan is first of all complementary to the 
information obtained from the MEG (Bartenstein and Schober, 1992).  To enable the direct 
comparison of PET and the MEG/MRI, it is necessary to translate the position of a voxel in 
the MRI to the corresponding position in the PET dataset and vice versa.  In this way it is 
possible to merge these two images together.  The merging of images from different 
modalities, also called registration or fusion, is a major topic in the field of medical image 
processing where the emphasis is placed mainly on the combination of PET, MRI and CT 
(Levin et al., 1988; Pelizzari et al.,1989; Neiw, 1991; Valentino et al. 1991; Van den Elsen et 
al., 1992).  The combination of PET data with MRI and MEG data has been demonstrated 
already by Walter et al. (1992), where they localized sources from magnetic responses due to 
voluntary movement of the right foot, the right thumb, the right index-finger and the right 
cheek.  We constructed an algorithm to automatically establish a transformation from PET 
coordinates to MRI coordinates, and to display the PET data in colour in a transparent way 
over the MRI scan.  Dipole positions can be added to the MRI scan at the proper locations.  
Alternatively, the PET data can also be displayed on the 3D brain surface, which is useful 
when areas of the brain are investigated which are located on the outer brain-surface.  This is 
discussed in chapter VI.  To demonstrate the method we used somatosensoric stimuli, since 
the various measurements had to be conducted on different days and at different locations and 
therefore the measurements needed to be consistently reproducible.  As shown by Schwartz et 
al. (1992) the somatosensory source localizations are highly repeatable from session to 
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session.  Moreover, with these stimuli it is not necessary to average the data over subjects in 
order to get results with PET. 

1.4.4 Errors 

If a source localization is to have any scientific or clinical value an estimate in the error of its 
position is imperative.  The influence of different aspects of source localizations have been 
investigated in the past.  These aspects include the influence of noise on the data (Kuriki et 
al., 1989), the parameters of the compartments in the concentric sphere model (Stok, 1986), 
the measurement position (Buchanan, 1989; Peters and De Munck, 1991) and the influence of 
the volume conductor model itself (Meijs et al., 1988; Cohen et al., 1990; Menninghaus et al., 
1992).  In chapter VII we try to take al these factors into account and also assess those errors 
which are generated by combining the data from MEG and EEG with the MRI.  
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Chapter II 
Data acquisition and noise reduction 

In this chapter the data-acquisition system, which has been specially developed, is discussed 
in detail.  Two methods to reduce environmental noise in the measurement signal in 
combination with a magnetically shielded room are discussed, i.e. electronic balancing and 
active shielding by means of a feedback loop. 

II.1 The data-acquisition system 

A data-acquisition system basically samples and stores the data.  The demands for the system 
at the Biomagnetic Centre were: 

A. It should be able to sample continuously over long periods of time, so that 
registrations of long stretches of on-going brain activity can be carried out 

B. The number of channels to be sampled should be high enough to allow for 
simultaneously recording of multichannel MEG as well as EEG. 

C. It should be able to detect and store events associated with responses evoked 
transiently by applied stimuli, namely sensory stimuli. 

D. The sampling rate should be at least 1000 Hz. 
E. The system should be PC-based so that in future it can be expanded by simply 

doubling the complete system. 

The main problem when sampling continuously over long periods of time is the necessity to 
store data immediately on disk.  In a PC this is done through a DMA transfer process.  
However, most Analog/Digital converters, especially the more advanced types, also use DMA 
to move the data from the A/D card to the PCs memory.  This usually leads to busconflicts, 
which force the A/D converter to stop sampling during transfer to disk.  Only interrupted 
measurement is possible in this way over longer periods of time. 
An easy way around this problem is to choose an A/D converter which uses interrupts to 
signal the presence of new data, and to have the computer move the data.  Since interrupts are 
served during DMA transfers, no conflict will occur.  The time spent by the computer in the 
various routines is depicted in figure 11.1. It also shows the nesting of interrupt routines 
during disk transfer. 
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The A/D converter used has four 
12 bit AID converter chips, 
together with four 16 to 1 
multiplexers, which gives 64 
single-ended input channels.  The 
A/D card, made at the Technical 
University of  Delft, has a built-in 
timer chip and memory to store 
one sample of each channel.  This 
memory is mapped into the 
memory of the main    
computer.     The      basic scheme 
of the AID card is shown in 
Figure 11.2. Originally, the addresses of this memory were located in a part of the memory 
used by VGA cards in graphics mode.  Since the program which takes in the data runs in 
graphics mode, it could not read the A/D card.  A small modification of the printed circuit 
board of the AID card shifted the addresses used by the A/D card outside the area used by the 
VGA display.  

The timer can be programmed, and on its command all channels are swept, four channels at a 
time.  No sample and hold circuits are used.  The time lag between the first and the last 
sampled channel is less than 0.5 ms.  After all channels have been read, an interrupt signal is 
generated to signal the computer to move the data.  The computer stores the data in a double 
buffer in the main memory.  If one of the buffers is full, a disk write process is started. The 
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PC used is equipped an Intel 80486 processor running at 25 MHz, and has a 340 Mb SCSI 
harddisk, for the measured data. The programs are stored on a separate 20 Mb harddisk. 
Further, the PC has a super-VGA display with a resolution of 1024x768 pixels and an ethernet 
card to connect to the network and allow data to be transferred to the Vaxstation 3520. The 
computer-connections are shown in Figure 11.3. 

The software written for this PC 
is able to display twelve 
channels on the screen during 
measurement.  This can also be 
a running average of the evoked 
responses, together with an 
estimation of the noise obtained 
by computing the plus-minus 
average of the signal 
(Schimmel, 1967).  The system 
samples standard at 1000 Hz, 
and if 64 channels are being 
measured, the disk is able to 
store 40 minutes of continuous 
measurement.  Since the 
number of channels is usually less than 64, the largest possible measurement time increases 
proportionally. 

In order to be able to keep track of events, for instance the presentation of a stimulus of a 
certain type, an Event Data Multiplexer (EDM) can be connected to the printer port of the 
PC.  The EDM was developed by the University of Groningen, The Netherlands, and 
generates an interrupt together with an event code on this printer port whenever it receives a 
signal.  This signal can come from a second PC which generates stimuli, or from the subject 
who takes some action in response to a stimulus.  The event code is a number from 0-15 
which can be used to discriminate between various types of events.  When the computer 
receives the interrupt, it reads the code and stores it in memory, together with the current 
sample number.  After the measurement is completed, a separate file is created which contains 
all the events and the time at which they occurred.  In this way, each event can be correlated 
to the sampling time at which it happened.  The time resolution of the registration of the 
events is the same as the sampling interval used for the measurement. 

If so desired, the sampling program can be configured to start sampling on an event which 
acts as a trigger.  After the specified number of channels has been sampled the system waits 
for the next trigger event to start a new cycle.  This ran be repeated automatically as often as 
required.  However, most evoked response measurements are carried out by sampling 
continuously.  All events are stored, and averaging is done afterwards.  In this way pre-trigger 
data can also be averaged. 

II.2 Data-processing 

The data-acquisition system provides the possibility to examine channels of sampled files and 
generate an FFT on screen.  Also, the system can convert the measured file to other file 
formats to enable the use of available software from other research groups, written for the 
analysis of EEG signals. 
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However, on the VAXstation a special-purpose program has been developed to examine 
measurement files in detail called the Data Analysis Program (DAP).  After the data has been 
transferred, all channels, or a selection of them, can be viewed simultaneously on the screen.  
A digital finite-impulse response filter can be applied, with selectable corner-frequencies for 
the high- and low-pass filter.  An average can be made from the event-data file, and can then 
be displayed with an estimate of the measurement noise based on the plus-minus average or 
the standard deviation. 
Signal characteristics can be found by matching a template, using correlation techniques with 
an adjustable threshold.  As an alternative, a neural-network simulator is built into the 
software which can be taught to recognize specific signal features.  The network has already 
been taught to detect the spike and wave complex in EEG and MEG recordings of epileptic 
patients. 
The software can also be used for other applications like the analysis of the 
magnetocardiogram (MCG) or electrocardiogram (ECG).  For this purpose a heart-peak 
detector is built in, which first removes the low-frequency variations in the signal, and then 
searches for the QRS-complexes.  After these have been identified, the QRS complexes can 
be averaged.  This part of the program is used for foetal magnetocardiograrn recordings, in 
order to average these signals to show significant details in shape, like the p-wave (Peters and 
Dunajski, 1991). 

II.3 Environmental noise reduction 

Averaging of the evoked responses is one way to improve the signal-to-noise ratio 
significantly.  Shielding the sensors is preferable in many ways, certainly if spontaneous brain 
activity measurements are to be performed, for instance to record brain activity of epileptic 
patients or the EEG/MEG during sleep.  A magnetically shielded room is the most obvious 
way to reduce the influence of environmental noise on the measurement signal.  The 
Biomagnetic Centre is equipped with such a magnetically shielded room, but is also situated 
at a remote site on the campus.  The walls of such a room consist of a sandwich structure of a 
high conductivity material (usually an aluminum alloy) and a high permeability material (a 
nickel-iron alloy, usually called µ-metal).  The former establishes an eddy current shielding, 
of which the efficiency increases with the frequency.  It starts to be effective above about 0.2 
Hz in standard magnetically shielded rooms.  The µ-metal, however, gives a frequency-
independent shielding for biomagnetic relevant frequencies (up to 100 Hz).  Although this 
room greatly reduces the contribution of environmental noise, the shielding for lower 
frequencies is relatively poor.  Furthermore, the room also distorts the environmental noise 
fields.  This distortion creates gradients inside the room, even when the disturbing field is 
homogeneous.  The homogeneous field changes are not detected by ideal (first-order) 
gradiometers outside the room, but inside the room they do register the distorted field 
changes.  Various other noise reduction techniques are known from literature (Regan, 1989), 
of which two are further examined here. 

11.3.1 Electronic balancing 

The method of electronic balancing is an alternative to the mechanical balancing methods.  
The purpose of balancing is to reduce the sensitivity of the imperfect gradiometers to 
homogeneous magnetic fields.  The principle is that the magnetic field is measured by a 
magnetometer and that this measured field is attenuated and subtracted from every 
gradiometer signal.  The attenuation factor depends on the imbalance of a gradiometer, so it is 
different for each gradiometer. 
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In the article by Ter Brake et al. (1989) the balancing was done with an electronic device, but 
the method can be easily implemented on a computer.  If the gradiometer signals as well as 
the reference channels are read into a computer, the attenuation factor can be calculated and 
the disturbance subtracted from the signals.  Three orthogonal reference channels are needed 
for a complete balancing.  The problem with digital balancing is that the A/D computer has to 
have a sufficient signal range and resolution to sample the signal with the disturbance and still 
have a detailed signal after subtraction.  Therefore, subtraction is usually best carried out 
before sampling. 

DETERMINATION OF THE A17ENUATION FACTORS 

The gradiometer-signal G can be imagined to be composed of an ideal gradiometer signal S 
and contributions of the homogeneous magnetic field in all three orthogonal directions due to 
the imbalance of the gradiometer: 

G= xBx+ yBy+ zBz 

With 

i: the unknown sensitivity of the gradiometer channel for homogeneous fields in the i-
direction (the imbalance). 
Bi:    The magnitude of the homogeneous magnetic field in the i-direction. 

The conversion of the (gradient of the) magnetic field to the measured voltage should be 
described by the transfer function.  It is assumed here that this transfer function can be 
described by a factor which is constant for all frequencies in the signal.  This multiplication 
factor is denoted by the symbol .  If it is assumed that the imbalance other than in the 
direction along the axis of the gradiometer can be neglected, only one reference has to be 
taken into account; the Z-reference.  Calculating the cross-correlation of the gradiometer 
signal with the reference signal R., yields: 

 

with rz being the amplification factor for the z-reference channel. 
The cross-correlation of the gradiometer and the Z-reference can be divided by the auto-
correlation signal of the Z-reference Azz to yield: 

 

Since the amplification factor of the Z-reference can be determined, the attenuation of the 
homogeneous magnetic field component in the gradiometer can be determined, and with this, 
the amount with which the reference channel has to be subtracted from the gradiometer output 
signal to reduce the environmental noise.  These formulas also hold if the homogeneous 
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magnetic field components are uncorrelated to each other.  However, since the reference 
channels do not only sense the homogeneous part of the magnetic field, this method only 
works properly if the disturbing sources are far enough away that their field is approximately 
homogeneous. 

This method can be expanded for all three orthogonal directions, but then crosscorrelation 
terms between references have to be taken into account.  A disturbing signal is probably 
visible in more than one reference channel and each should be used to subtract part of the 
disturbance, For this purpose, the cross-correlation of the gradiometer with each reference has 
to be determined.  They are: 

 

This set of formulas can be written in matrix form: 

 

The factors i/ ri can be determined from this equation by inverting the matrix.  All the 
cross and auto correlations can be calculated from the measured signals 

MEASUREMENTS WITH ELECTRONIC BALANCING 

This method has been applied to a real measurement.  For this purpose one gradiometer 
channel and three reference channels were sampled outside the shielded room to guarantee 
enough environmental noise.  The result is shown in Figure 11.4. The amplification factor for 
the Z-reference is much higher than those for the X- and Y- directions.  Since the imbalance 
of a gradiometer is largest along its axis and the axis of the gradiometer was almost parallel to 
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the Z-direction, this is what could be expected.  The disturbance has been reduced with a 
factor of 10 to 20. 

 

However, if the experiment is repeated inside the shielded room, the result is less encouraging 
as can be seen in figure 11.5. The noise is reduced after balancing, but when the gradiometer 
signal undergoes a significant change, a peak is left in the balanced signal, with an amplitude 
as high as the noise in the signal.  This can only be caused if the response of the reference 
channel to the field change is no longer similar to that of the gradiometer.  This indicates that 
the imbalance of the gradiometer is no longer the main contribution to the response to 
external disturbances. 
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In order to test this effect, a Helmholtz-like coil was constructed around the shielded room, so 
that by applying a current through the coil, artificial disturbances of the magnetic field could 
be created.  A disturbance in the form of a step function was applied, and the responses of 
both the reference channel and a gradiometer channel were recorded.  The result is shown in 
Figure 11.6. The response of the reference channel is as expected; it follows the step function 
but with a certain timeconstant.  This is because the high-frequency components of the field 
change are shielded by the room.  However, the gradiometer channel does not follow the 
stelpfunction directly, but shows a clear distortion of the magnetic field gradients inside the 
room. 
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The effect of the field distortion can be understood by taking a closer look at the biomagnetic 
sensing system.  Usually, biomagnetic experiments are performed with gradiometers that 
measure field gradients.  They should, in principle, be insensitive to uniform noise fields.  
However, due to limited accuracy and errors in the construction of such a gradiometer a 
sensitivity to uniform fields is always present.  This imbalance of the gradiometer is 
represented by the factor Cb.  This imbalance factor Cb is equal to the ratio of the effectively 
measured field to the applied field.  Gradiometers; usually have Cb values of 10-2 to 10-3 . 
If such a gradiometer is placed inside a shielded room the situation is much different.  In this 
case, a uniform magnetic field is distorted by the walls and gradients arise inside the room, 
due to the eddy currents, which are detected by the gradiometer.  This can be seen from 
Figure 11.6. The full curve shows the current through the coil, the broken curve shows the 
output from the magnetometer while the dotted curve shows the output from the first order 
gradiometer.  The distortion of uniform magnetic fields can be quantified as an effective 
contribution to the imbalance.  We measured in our shielded room, for a magnetic field in the 
vertical direction, a Cb of 3.10-3 in the centre and a Clo of 1.2.10-2 at 60 cm above the floor 
in the centre, employing a gradiometer with a baseline of 5 cm.  The standard double p-metal 
walled shielded rooms have low-frequency shielding factors somewhat below 100.  This 
means that a reasonably balanced gradiometer is more sensitive to uniform environmental 
magnetic noise inside the room than outside it! 

Furthermore, one may conclude that it makes no sense at all to try to make gradiorneters 
which are highly balanced to be used inside a magnetically shielded room.  Finally, it has to 
be concluded that the use of electronic balancing in combination with a shielded room is not 
an effective way to reduce disturbances. 

11.3.2 Active shielding 
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To reduce environmental noise, the idea of an active shield has been used by Marzetta (1961), 
although not for Biomagnetic measurements.  The principle of active shielding is based on a 
feedback loop.  A magnetic field sensor picks up the variations in the magnetic field.  This 
signal is fed into a controller which in its simplest form consists of an amplifier, that drives a 
set of coils which generates a magnetic field in the direction opposite to the disturbance.  In 
this way the disturbing field is compensated and the resulting field should be less noisy.  In 
Biomagnetic measurements this method has been used by Donnelly et al. (1988), but a 
problem occurs if the disturbing field pattern cannot be compensated by the field-generating 
coils.  In this case, the disturbing and compensating field do not coincide, and a large part of 
the noise field remains.  This problem becomes worse if one tries to compensate disturbances 
over a large area. 

In order to avoid this problem, the method of active shielding can be combined with the 
passive shield viz, the magnetically shielded room.  The p-metal walls of the room absorb the 
field lines, thereby reducing the possible field configurations.  By applying coil-sets around 
the room which generate a counter-magnetic field of which the field lines are also absorbed 
by the p-metal, the actual compensation of the disturbances takes place in the walls of the 
magnetically shielded room.  This way the compensation is much more effective than the 
methods without the shielded room.  This method has been tried by Kelha et al. (1982).  They 
used a flux-gate magnetometer outside their shielded room as a sensor.  By feeding the signal 
through a PID controller they established an improvement in shielding of 35 dB at 0.1 Hz. and 
20 dB at 1 Hz.  The numbers depend on the position of the sensor.  However, this sensor picks 
up more of the disturbance than is actually needed to be compensated, because part of it is 
also shielded by the room.  Furthermore, the compensation of the feedback loop is best at the 
location in the area where the measurements are performed, i.e. near the pick-up coils.  It is 
therefore logical to place the sensor inside the shielded room, and use a SQUID as the sensor.  
Most multichannel systems are already equipped with reference channels. 

An important advantage is that frequencies which are already shielded properly by the room, 
do not reach the sensor.  Especially the mains frequency, which can swamp the feedback 
amplifier, is reduced significantly. 

 

The principle of the active shielding method is shown in Figure 11.7. Ter Brake et al. (1991) 
showed that a low frequency shielding of up to 40 dB can be reached with this method in 
magnetometer channels.  The disturbances in the gradiometer signals are reduced by at least a 
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factor 5. Obviously the improvement is less spectacular than it is for magnetometers.  This is 
caused by the fact that the transfer function of the environmental field to the magnetometer is 
quite different from that of the environmental field to the gradionneter.  Since this 
improvement is very useful, a user-friendly PID controller is under construction, which 
should yield an improvement over the use of only an amplifier to generate the compensating 
field.  Also, the method will be expanded to all three orthogonal directions.  This should 
further improve the performance of the active shield. 
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Chapter III 
From electric and magnetic signals to their 

sources 
The previous chapters described how to measure the magnetic fields generated by sources 
within the brain.  The next step is to analyse the data with the purpose of estimating the region 
where the source of the activity seen in the signals would originate.  Isofield and isopotential 
maps can be generated, depicting the magnetic field or potential distribution at a certain point 
in time, which can be analysed visually, but also numerically.  From these distributions, one 
can calculate the current distribution that would yield these measurements. 

The solution of inverse problems is based on the theory of electromagnetics, which is 
described by the Maxwell equations.  Plonsey and Heppner (1967) showed that for the 
relatively slow bioelectric phenomena we are talking about, the time-dependency can be left 
out of these equations, and the quasi-static Maxwell equations can be applied.  The 
permeability of the head is taken as that of free space, thus: 

 

In these equations, is the electric field, V is the electric potential, the magnetic field, 
the current density, and . the magnetic permeability of free space. 

The head can be seen as a conducting region of space, in which the conductivity changes with 
the various types of tissue.  Helmholtz (1853) already showed that the calculation of the 
current distribution within a volume conductor from measurements of the fields at points 
outside of the volume conductor does not yield a unique solution.  Furthermore, since the 
inverse problem is a non-lineair problem, it is necessary to Solve the inverse Solution 
iteratively, i.e. estimate a current distribution, calculate the resulting field and compare this 
with the measured field.  The calculation of the magnetic and electric fields from given 
sources is called the solution of the forward problem. 

III.1 The Inhomogeneous volume conductor 

MEG signals arise from impressed (non-ohmic) currents produced by permeability changes in 
the neuronal membranes.  These impressed currents generate ohmic currents in the active 
cells, in the interstitial space adjacent to the walls of active cells, in the non-active positive 
cells and at a larger distance in the volume conductor.  The impressed currents do not produce 
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MEG signals outside the volume conductor since the membrane is very thin, and since the 
current elements tend to mutually cancel their magnetic fields (Swinney and Wikswo, 1980).  
Therefore, It is convenient to split the total current into two parts.  First, the currents 

occurring in the source region, denoted by the primary current density . Second, the return 

currents, or volume currents outside the source region, which are ohmic and ran be written 
as 

 

is the marcroscopic conductivity within the volume conductor, in our case the head.  The 
conductivity will be a function of space coordinates and for an anisotropic tissue it will be 
different for different directions and can mathematically be treated as a tensor.  We restrict 
ourselves to an isotropic conductivity.  Substitution of equation III.4 into III.3 leads to the 
Poisson equation for : 

 

The solution of this Poisson equation reads: 

 

This solution is known as the Biot and Savart law. r' is the source location, and the point at 
which is being calculated is called r . The integration is carried out over the head (G), and 
all variables inside the integral depend on the location inside the head. 

Equation 6 can be simplified by assuming the head to be a piece-wise linear homogeneous 
isotropic medium, also called a simple medium, i.e. consisting of several regions, each with a 
conductivity which is constant.  Such a model is called a compartment model of the head.  By 
applying the Gauss theorem, we can arrive at the formula derived by Geselowitz (1970): 

 

is equal to the first term on the right-hand side of equation 6 and denotes the contribution 
of the primary current, j denotes the number of the region over which the integration takes 

place, although it is now an integration over the surface of the region and is the normal 

vector to the surface of the region. denotes the electric conductivity on the outside of the 

jth boundary, while denotes the electric conductivity on the inner side of that boundary.  
As can be seen, the magnetic field depends on the potential at each surface.  Barnard et al. had 
already found an equation for the electric potential (1967): 
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with: 

 

which is equal to the potential generated by the primary current density Jp. in an infinite 
homogeneous medium with unit conductivity. 

The integral over the surface of a compartment can be discretised in order to solve the 
forward problem numerically.  Surface elements, for instance triangles, are the basis of the 
boundary element method, which will be used in chapter IV.  Note that equations 7 and 8 are 
only valid for closed homogeneous and isotropic compartments.  This means that anisotropy 
of tissues and breaches in the skull or skull-less regions cannot be taken into account.  If 
skull-less regions or anisotropy have to be taken into account, the volume integral has to be 
discretised and solved numerically. The most appropriate method used for this purpose is 
called the Finite Element 
Method (Pruis et al., to be published; Miller and Henriquez, 1990).  Its use for modelling the 
surface of the head has been described by Yen et al. (1991) and Bertrand et al. (1991). 

Often the forward (and hence the inverse) problem is solved using a model consisting of 
concentric spheres.  Each sphere is a homogeneous compartment with a constant conductivity, 
which is usually also taken to be isotropic, or where anisotropy is allowed in the restricted 
sense that the conductivity in the radial direction differs from that in the tangential direction. 

III.2 The source model 

The most frequently used model of the source is the equivalent current dipole.  A current 
dipole P is defined by: 

 

P is finite. a is a vector pointing from a current sink to a current source, |a| is the distance 
between the sink and the source and I is the total current coming out of the source, which is 
equal to the total current going into the sink. 
Okada and Nicholson (1988) studied the neural basis of magnetic evoked fields of the brain 
with an isolated turtle cerebellum.  From their measurements it followed that the field is 
dipolar at a distance of the order of the dimensions of the active region, the dipole is oriented 
along the longitudinal axis of the active cells (i.e. perpendicular to the cerebellar surface) and 
that a synchronous activity in a 1 mm3 of nerve tissue will lead to a magnetic field of 0. 1 pT 
at a source-to-field distance of 2 cm. 

In this thesis we shall restrict ourselves to an equivalent current dipole to represent the 
primary current distribution within a source region.  The dipole term is the lowest-order term 
in the multipole expansion of V and of B . At a distance which is much larger than the 
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dimension of the source region, the higher-order terms can be neglected.  The magnetic field 
due to the dipole is, according to the law of Biot and Savart: 

 

This expression can be entered in equation III.7 to obtain the magnetic field.  The similar 
expression for V0(r), necessary for equation III.8 reads: 

 

The medium is assumed to be infinite and simple.  Two different approaches can be used to 
analyse measured data of the magnetic field and the electric potential.  First, at each point in 
time, one or more dipoles can be assumed to be active.  Therefore, in principle, each time 
instant would yield a different solution.  This is called a moving dipole solution.  Second, one 
may assume that over a certain period of time the dipole or dipoles remain in the same 
position.  In this case, more information is used to determine their positions.  The strength and 
orientation of the dipoles may vary over time.  This is the fixed dipole solution. 

As noted earlier, any measurable response from the brain is the result of many neurons firing 
simultaneously.  The neurons are organised in layers in the cortex.  The activated area has a 
finite extent, and the active patch of cortex may be more appropriately described by a dipole 
layer.  If this dipole layer is assumed to be homogeneous, i.e. the dipole density r is constant 
and the dipoles are oriented perpendicular to the layer, the magnetic field and electric 
potential in a homogeneous isotropic conductor of infinite extent are given by (Peters, 1981): 

 

where is the dipole density in the direction of the local normal, dS is a surface-element, ðS 
is the rim of the layer, dl is a line element of this rim and d  is the solid angle at which the 
dipole layer is seen from the observation point.  Consequently, any homogeneous dipole layer 
with the same rim gives rise to the same magnetic field and electric potential distribution.  
Simulation studies for layers with a circular rim show that at distances larger than the 
dimensions of the rim the field and potential can be described in good approximation by the 
field and potential distribution generated by a dipole in the centre of the layer.  The condition 
that the measurement is taken at a sufficient distance from the extended source region to 
represent it by a dipole is normally satisfied since the measurements are performed outside the 
head, at a distance of two to three centimeters from the brain in the case of magnetic 
measurements and on the scalp at a distance of at least I cm in the case of electric 
measurements.  Note that, if the dipole layer representing the cortex is not planar, the location 
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found for the equivalent dipole will not be located in that dipole layer (De Munck, 1989).  
This is of consequence in interpreting and evaluating the location of dipoles in MRI-scans. 

Instead of describing sources which represent a restricted area of space, which can be 
modeled by current dipoles, it is also possible to model the brain activity as distributed 
sources.  An approach for calculating such sources is the Current Density method (loannides 
et al., 1990), in which an algorithm searches for a current distribution in a restricted region of 
space.  Kullmann et al. (1989) used this method to search for sources inside a plane in the 
head, and then he repeated the procedure for a different plane, effectively scanning the head 
for sources.  The algorithm as used by Kullmann et al. or Wang et al. (I 992) tries to find a 
solution in a two-dimensional region.  This surface should be known a priori.  A logical 
choice for the two-dimensional surface is the cortex, because in many experiments this is the 
location where the sources are expected to be.  Although the cortex can be extracted 
successfully from MRI scans with our software, it may not be trivial to reconstruct the 
complex shape of the cortex in three dimensions into a single two dimensional surface. 

III.3 The Sphere Model 

The use of a sphere model for the head greatly simplifies equation III.7. The outer product 
with the normal vector clearly states that the integral in equation III.7 gives no contribution to 
the radial part of the magnetic field outside the sphere.  Since the divergence of B has to be 
zero (equation III.2), there is no contribution to the magnetic field outside of the sphere at all 
from this part of equation III.7 (Peters and Wieringa, to be published).  Therefore, the 
magnetic field produced by a current in a spherically symmetric volume conductor is the same 
as that of a current in an infinite medium: B0. Consequently, the magnetic field does not 
depend on the conductivities or radii of the concentric spheres.  The expression for the 
potential is also simplified by using a spherical volume conductor, but no closed analytical 
expression for V at the outer surface can be found if the number of compartments is more 
than one. 

The expression for the electric potential at the outer surface of a set of concentric spheres is 
given by the general solution of Laplace's equation V=0 and the particular solution of the 
dipole is: V = Vpart + Vgen. Taking the boundary conditions into account. 

 

where b is the distance between the dipole P and the centre of the sphere, the conductivity 
of the region where the dipole is situated and Pn

m are the associated Legendre functions.  The 
boundary conditions for this problem are: 

1) V is continuous at r = Rs 

2) The normal component of  j  is continuous at r = Rs, therefore 

 



36 

3) The potential for r goes to zero should be finite. 

Without loss of generality we can choose a coordinate system such that the dipole is at the Z-
axis.  As an example, we calculate the solution for a radial source Pz within a homogeneous 
sphere.  In this case the potential distribution possesses axial symmetry and therefore is 
independent of the azimuthal angle . In this case the general solution of Laplace's equation 
reads: 

 

where Pn. = Pn
0 are the Legendre polynomials. 

The particular solution expressed in spherical harmonic functions reads: 

 

The total solution is the sum of the general and the particular solution (equations 17 and 19).  
Taking boundary condition 3 into account it becomes: 

 

From boundary condition3 it follows that Bn=0 for all n. 

Applying boundary condition 2 yields: 

 

Combining equation 20 and 21 and taking r=Rs. results in the solution: 

 

We can do the same for a dipole oriented in the X-direction.  The solution reads: 
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The solution for a dipole in the Y-direction is analoguous to the one in the X-direction.  The 
problem ii only rotated over 90 degrees.  The total solution for the potential at the surface of a 
homogeneous sphere due to a dipole inside the sphere on the Z-axis, with dipole moment    p 
= (px, py, pz), is: 

 

A solution for an arbitrary number of spheres was derived by Zhang and Jewett (I 993).  In 
the solution derived by De Munck (I 989) even anisotropic conductivity, in the restricted 
sense that the conductivity in the radial direction could differ from that in the tangential 
directions, was allowed.  If concentric spheres are used to represent the head, it is important 
that the spheres are fit locally to the inside of the skull in the region of interest nearest to the 
(expected) location of the source, since the volume currents are confined to the conductor. 

III.4 The Inverse procedure 

The solution of the inverse problem can be found by an iterative procedure.  An initial 
estimate of the parameters for the chosen source model is made, and the resulting magnetic 
and electric field are calculated, using a head model.  The calculated fields are compared with 
the measured ones, and the source parameters are adjusted accordingly.  We use the 
Marquardt algorithm (Marquardt, 1963) for this procedure.  The iterations continue until the 
difference between the measured and calculated field is sufficiently small.  If no satisfactory 
solution can be found, or if the solution of the problem using the magnetic and the electric 
data differ significantly, it indicates that one or more of our assumptions could be wrong.  
Perhaps the model of the volume conductor is not adequate for this situation, or the number of 
sources which are simultaneously active differ from the number which was anticipated. 
The generated magnetic fields are not uniform across the individual coils of the gradiometer.  
Consequently, the inverse procedure has to take into account the spatial separation, size and 
orientation of the gradiometer coils.  The location and inclination of the axis of the 
gradiometer has to be known with respect to the head or with respect to the sphere describing 
the head. 
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Chapter IV 

Processing MRI-data for 
electromagnetic source imaging 

  

The estimation of a source of activity in the brain is much more useful if it is combined with 
structural information of the brain.  Furthermore, the structural information can help in 
creating better models of the head.  This information can be obtained from Magnetic 
Resonance Images (MRI).  However, for these images to be useful, they first need to be 
processed.  This chapter will describe the data processing of MRI-scans for one purpose only: 
The processing is dedicated for electrical and magnetic source imaging and is designed such 
that the processing is as simple as possible and can be carried out fully automatically, without 
any supervision. 

The processing steps as developed consist of the automatic segmentation of the data set, the 
generation of models of the head as a volume conductor, and of the generation of 3D-views of 
the head.  In the segmentation step, the information in the MRI is classified according to its 
type of tissue.  This step is necessary to enable the generation of both the surface of the head, 
interfaces between tissues, and the 3D-views.  This step allows the hydrogen-density image to 
be converted to a map of the areas in the head with different conductivities, as used in the 
inverse calculations.  Usually the head is described by a compartment model where each 
compartment has a homogeneous, isotropic conductivity.  The compartments considered in 
the processing of MRI-data are the brain, the cerebro-spinal-fluid, the skull and the scalp 
because the conductivities of these tissues differ significantly.  The ratio of these 
conductivities is of the order of 1 : 3 : 1180 : 1. The most often used compartment model for 
the head consists of spheres, which are concentric with a sphere which is locally fitted to the 
surface of the scalp or to the inside of the skull.  This sphere can be obtained from the MRI 
and so can the thicknesses of the various shells.  The segmentation allows also the use of 
more realistically shaped models of the head, which are expected to improve the estimation of 
the source of the electric and magnetic fields.  A triangulation of the surface of the head and 
of the various interfaces between the compartments can be used in the Boundary Element 
Method.  Finally, the 3D-views can be used to display and evaluate the source in various 
ways.  In order to decide whether the orientation and location of an equivalent dipole is 
acceptable, it is necessary to know how the cortex is folded at that location.  This is only 
possible if in addition to the transversal slice one has to have other views like a sagital or 
coronal slice to ones disposal. 3D-views can further assist to identify the structure which 
contains the source of activity.  This chapter will describe all these fully automated processing 
steps in detail. 

IV.1 The MRI-data 
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When taking an MRI-scan, the subject is placed in a magnetic field with a strength usually 
between 0.5 - 1.5 T. This field aligns the atoms with a magnetic moment, such as hydrogen 
atoms.  The hydrogen atoms are then perturbed by an rf signal.  As the atoms return to their 
equilibrium position, they emit their own rf signal, with a frequency that depends on the local 
magnetic field strength.  By introducing variable gradients in the applied fields, and taking 
phase shifts in the signal into account, the hydrogen density within a particular volume can be 
reconstructed from the rf-signals.  The information obtained in this way is a measure of the 
amount of magnetization of the hydrogen in each volume element.  This value differs for 
different types of tissues due to differences in the hydrogen density and its chemical bonds. 

The two most important types of scanning techniques are the T11-weighted and the T2-
weighted.  Both techniques, or combinations of them, give varying contrasts between 
different tissues.  For instance, in a T2-scan the cerebrospinal fluid (CSF) is highlighted, but 
in a TI-scan it is hardly distinguishable.  On the other hand a TI-scan shows a clear difference 
between the white matter and the gray matter, whereas a T2-scan does not. 
For our purposes the complete head is scanned using a 3D TI-contrast enhanced scan.  The 
data of this scan can be processed without much difficulty leading to a naturally looking 
display of the brain.  Our scans are made on a Philips T15 Gyroscan at the local hospital, 
Medisch Spectrum, in Enschede.  A complete data set consists of 256 transversal slices, each 
containing 256x256 voxels of lxlxl mm. The slices are contiguous. 
The scanner uses a VAX/VMS system to reconstruct the data set.  The data is transformed to 
the ARC-NEMA standard (National Electronics Manufacturers Association, 1989).  In this 
standard each slice is described in one file, so that the complete set consists of 256 files, plus 
one additional file with personal information.  This takes up approximately 22 Mbytes of disk 
space.  The data is then written an tape, and read into our computer, the VAXstation 3520.  
The system is used for processing both MRI-data as well as MEG/EEG data. 

Slices can be displayed by translating the value of a voxel, which is usually scaled between 0 
and 4095, into a gray value.  This is not necessarily a linear sr-ale.  Contrast can be enhanced 
in certain regions by using a non-linear scaling.  When looking at the voxel values of a data 
set, it is obvious that a certain type of tissue does not have a unique range of values.  
Moreover, this range of values can shift throughout the data set, which makes it difficult to 
classify the voxels to the type of tissue. 
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IV.2 Histogram analysis 

Whereas a human being does not have any difficulty discriminating the brain from other parts 
in an MRI slice, this is not easy for a computer.  To analyse the slices by computer, a 
histogram of each slice has to be made.  In a histogram of a slice the number of voxels having 
a certain value is displayed (see figure IV.1) 

The histograms show peaks for voxel values which occur relatively more often than others in 
the slice.  A (large) peak which represents the background is always present.  This consists of 
voxel values outside the head which are black in an image of the slice.  These are low-valued 
voxels.  The head consists of all the pixels except the background ones.  This would suggest 
that all voxels with a value above a certain threshold can be considered to belong to the head.  
This works reasonably well, except that due to noise in the image, some pixels outside the 
head are also identified as part of the head. 

The histograms of most slices show, apart from the background peak, two more peaks.  In 
slices with poorer contrast both peaks are merged together.  All the voxels of the gray matter 
in the slice have their values in the area of the first peak, all the voxels of the white matter in 
the area of the higher valued, second peak.  Because also a number of voxels which are part of 
the skin and other tissues have a value within the range of these peaks, thresholding cannot be 
applied.  To take into account the differing voxel values for certain tissues in different slices 
the histogram is analysed by choosing certain "keyvalues", such as the high end of the 
background peak, the lower end of the first peak, the high end of the second peak and, if 
possible, a value between the peaks.  To obtain these values the histograms are smoothed and 
the derivative is determined, with peaks at the beginning and end of each of the original 
peaks, and zero at the extreme (see figure IV.2). The keyvalues are found, by scanning this 
derivative for appropriate values.  These values are used in the segmentation of each slice. 
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IV.3 The segmentation of a slice 

The histogram is calculated for each slice of a data set and the keyvalues are determined in the 
method described above.  The first step in the actual segmentation of a slice is to identify 
which voxels are part of the head and which are not.  This is carried out by selecting all 
voxels with a value higher than the lower end of the first peak (one of our keyvalues).  These 
voxels will be the seeds of a regiongrowing operation, where neighbours of a voxel which is 
already part of a set, are examined.  If such a neighbour satisfies particular criteria it is added 
to the set.  This step is repeated until no more voxels can be added to the set.  At the start of 
the procedure the set only consists of the seeds. 
Note that a voxel's neighbour has to be defined.  Each voxel can have either four or eight 
neighbours.  The speed of the region-growing operation depends on the order in which the 
voxels are scanned.  A better performance in speed is usually reached if the order is reversed 
after each pass. 

IV.3.1 The head 

The criterion used for this region-growing operation is that the voxel value has to be higher 
than the value at the upper end of the background peak in the histogram.  In this way the 
complete head is found, without noise elements around it.  Because such noise elements have 
no connection with the head elements the region-growing operation cannot reach them.  In 
case of severe noise in the picture it is possible that voxels outside the head are selected as 
seed points.  Possible solutions are to set the seed-selection criterion to a higher value, to 
perform an erosion after seed selection or to check afterwards for isolated structures in the 
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image.  Performing an erosion means that, from a set of voxels, all those that have a 
neighbour which is not part of the set are removed.  This ran be repeated more than once.  Of 
the above mentioned solutions the last option is used for the removal of isolated structures.  
The risk of using the first two options is that the complete head is not obtained if certain 
structures in the head are not connected in a slice. 
After the region-growing, the complete image is checked for 'holes' i.e., for voxels which are 
not part of the set which makes up the head, but that are completely surrounded by voxels that 
do.  These voxels are also considered to be part of the head.  In practice, this applies mainly to 
the dark points which represent the skull. 

IV.3.2 The brain 

The next step is the determination of the voxels which represent the brain.  First the voxels 
which are part of the head and have values between the two following keyvalues are selected.  
The lowest keyvalue is found in the histogram at a quarter of the distance between the upper 
end of the background peak and the lower end of the first peak.  This keyvalue is called the 
lowerbound (see figure IV.2). The second keyvalue is at the upper end of the second peak.  In 
this way almost the entire brain and large parts of the skin are selected.  At least two erosion 
operations are performed on this set of voxels.  The purpose of this is to disconnect the brain 
voxels from the skin voxels.  The set of voxels obtained in this way, will act as a 'mask'.  A 
small region in the middle of the slice is chosen as the seed under the condition that it is part 
of the mask.  These voxels are usually part of the brain.  If the slice does not include any brain 
tissue, the set of voxels making up the mask should have been empty, and no seed is selected. 
A region-growing operation is again started, under the condition that the neighbouring voxels 
are part of the mask.  In this way region-growing should not have been able to reach points 
outside the brain.  If this is not the case, because the erosion did not break all the connections 
between the brain and the skin, this can easily be detected by the computer because all the 
brain voxels should be surrounded by 'head-only' voxels.  If this is not the case, and there are 
voxels classified as brain on the outside of the head, the operation has to be completely 
repeated, but now with an additional erosion.  This can be repeated as long as necessary or for 
a limited number of times.  If the number of attempts is too high, it has to be assumed that 
there is no brain tissue in the slice in question, and that some other tissue was initially 
assumed to be brain tissue.  This happens mainly with skin/fat tissue in a slice at the top of the 
head. 

Next the number of erosions used to separate the brain from other tissues has to be 
compensated with the same number of dilations.  A dilation is the addition of each neighbour 
of voxels that are already part of the set to that set, without any further restriction.  The 
definition of "neighbour" is relevant in this respect, and the same definition has to be used in 
the dilation as was used in the erosion.  Next, a region-growing operation is started, adding 
only voxels with values between the lowerbound and the lower end of the first peak to the 
region.  This has to add the CSF pixels to the brain pixels if they were not already included.  
Any pixel inside the brain which is not yet considered as being part of it, should now be 
classified as if it were.  Finally, a dilation followed by an erosion, also known as a closing 
operation, is performed to close small holes on the surface of the brain.  In this way, the brain 
has a more or less smooth surface. 

IV.3.3 CSF 
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All voxels classified as brain, but with a value lower than the start of the first peak are 
considered to be fluid. 

IV.3.4 The skull 

The last step is the detection of the skull.  An upperbound value is established, which has a 
value halfway between the end of the background peak and the beginning of the first peak.  
Of all voxels which are inside of the head, but which are not part of the brain, those having a 
value below this upperbound are selected.  An erosion removes single odd pixels and then a 
region-growing operation is again started, where the added voxels have a value lower than the 
upperbound.  A closing operation completes this stage.  It is well known that the detection of 
the skull from MRI images is difficult.  Our segmentation does give usable results for 
modeling purposes, but turned out not to be good enough for 3D-images. 

 
Figure IV.3: Segmented slice. Each tissue category is displayed in a different color 

Figure IV.3 is an example of the segmentation of a slice.  Slices are always viewed from 
underneath.  The segmentation information is coded in 4 bits.  The original voxel values are 
contained in 12 bits and the 4 bits are added to them.  The segmentation is usually carried out 
at night, needs no supervision and gives satisfactory to good results.  These results can be 
improved afterwards by minimal user-editing, but in our research this never turned out to be 
necessary. 

A graphical version of the program has been constructed to show the various segmentation 
steps for a single slice.  This can be very helpful when improving the algorithms. 

IV.4 Generation of models of the head 
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Points on the surface of the brain and the head can be generated from the segmented data set.  
These points are useful for fitting spheres in the head or for the generation of more realistic 
surface descriptions, which can be applied to solve the biomagnetic forward and inverse 
problems.  When fitting a sphere locally, only the region of interest of the head is sampled, 
while for a surface description, the complete head has to be sampled. 

A central point in the compartment of interest is selected in each slice.  An imaginary line is 
drawn from this point towards the back of the head, voxel by voxel, until one is reached that 
is no longer part of the compartment of interest.  This voxel is the first point taken on that 
slice.  If the number of desired points on this slice is known, the angle between each line from 
the central point to the edge can be calculated.  A new line is then initiated from the centre 
towards the edge.  If it reaches the edge a new point is found.  This repeats itself until points 
are found through 360 degrees (see figure IV.4). 

 
Figure IV.4: Generation of surface points on a slice 

Because the circumference of the head is smaller in some slices than in others the number of 
points per slice will have to vary.  Therefore the slice that is approximately in the middle of 
the data set is sampled first.  The length of the line from its central point towards the back of 
the head is an indication of the circumference of the head.  By choosing the desired number of 
points on the slice, the length of the arc between points can be approximated.  Looking at the 
length of the same line in other slices the number of points needed in that slice can be 
estimated. 

All the points are written in a file.  The order in which the points are found on the slice has to 
be the same for all slices.  In our case, looking from the top, this order is anti-clockwise.  The 
first points on each slice are aligned on the back of the head.  A triangulated surface 
description can be generated from the points found in the described way.  This is not very 
difficult to achieve, because both the head and the smoothed surface of the brain have convex 
shapes. 

In order to triangulate the surface, two points are added, namely a top and a bottom point.  
Both can be considered to be the only point on a slice, and are not treated as exceptions.  
Their location is usualy in the middle of a slice, and the vertical distance to the next slice ran 
be taken as equal to the other inter-slice distances.  The correct slice for the top point can be 
determined from the data set by tracing from the centre of the head to the top. 
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The triangulation is performed by looking at two adjacent slices, starting from the bottom or 
the top.  The points of each slice form contours.  Figure IV.5 demonstrates the principle.  The 
first point of each contour is always at the back of the head.  The first points of two adjacent 
contours (Ai and Ai+1) are connected by a line, the baseline.  This baseline forms the start of a 
triangle.  On each contour the next point is taken, and for each of these points (Bi and Bi+1) the 
distance to the point of the baseline on the other contour is calculated.  The point with the 
shortest distance (Bi) is taken as the third point of the triangle.  The other point is not used, 
but it becomes the 'forward point' (Bi+1), and is the most forward one in the direction of 
triangulation. 

Now a new base-line has to be established.  If the distance between the third point added to 
the triangle (Bi) and the old baseline point on the other contour (Ai+1) is smaller than the 
distance between this third point and the forward point, then this line will be the new base-
line.  If not, the line between the third point of the last triangle and the forward point will be 
taken as the baseline.  The space skipped also forms a triangle consisting of one side of the 
previous triangle, the new baseline and a connecting line along the contour of the forward 
point (Ai+1, Bi and Bi+1).  A new triangle is generated on the new base-line.  The procedure 
stops when the first point on a contour is met.  Then the next contour can be used to make a 
new band of triangles until all contours are used.  The size of the triangles varies with the 
number of points selected per slice. 
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Figure IV.6: Triangulated surface of the head with a 3D-view of the brain inside 

An example of the triangulation of the head can be seen in figure IV.6. 

IV.5 Visualization of head and 
brain in three dimensions 

To present the results of any localisation, 
it would seem advantageous to use 3D 
images of the head and brain.  This 
allowed the visualization of a source in 
its context, and should aid in finding the 
correct structure in which the activity 
takes place. 

Using ray-tracing or volume-rendering 
techniques (Robb et al, 1989, Tiede et al, 
1990) it is possible to generate 3D-
images from a segmented data set.  For 
this purpose, the MRI data set is 
considered to be part of a larger virtual 



49 

3D-space.  The object of interest, in our case the head, is considered to be illuminated by one 
or more imaginary light sources.  The object is viewed on the computer screen.  Light from an 
imaginary light source is reflected by the object to the eye of the observer. 

Each pixel has to be illuminated in accordance with the light reflected from a 3D object.  To 
be able to calculate the intensity of a pixel, a ray is directed from it into the virtual space until 
it hits the object of interest (figure IV.7). This can easily be established because of the 
segmentation described above.  The computer ascertains how this point is illuminated by the 
light source.  A method called Phong shading is used for this purpose.  In this shading 
method, reflection of light is considered to consist of three elements.  This is described by the 
following formula: 

 

The first term, the ambient reflection, represents the light shining indirectly on the object.  
This term comprises the intensity of the ambient light Ia, and the reflection constant for 
ambient light Ka. 

The third term represents light that hits the 
surface of the object from the light source 
directly, and is reflected in all directions 
(see figure IV.8). The angle at which the 
light hits the surface is important for the 
amount of light that is reflected.  This is 
represented by taking the inner product of 
the surface normal N and the unit vector in 
the direction from which the light comes 
L, multiplied by a diffuse reflection constant Kd and the intensity of the light source Is. If the 
inner product is negative, the diffuse term is assumed to be zero, because no light can hit the 
surface at that point. 

The second term represents the effect that most of the light is reflected at the same angle as 
that at which it hits the surface.  This is called specular reflection.  
The main term is the inner product between the unit vector in the viewing direction V and that 
in the direction of the main reflection H. By raising this term to the power of n, the reflection 
becomes more specular.  If the surface has to be shiny, n is chosen high and otherwise n is 
chosen low.  The main term is multiplied by a specular reflection contant Ks and the intensity 
of the light source Is. 
Hence, the directions of the light source L, the viewing direction V and the normal vector N 
to the surface have to be known.  N can best be calculated from the original MRI data.  The 
gradient of the values of the voxels at the surface point of reflection is usually a good measure 
for the normal vector on the surface.  All the constants can be chosen more or less freely, and 
together they determine the appearance of the image, and give an impression of what the 
'material' is made of.  The values we use are as follows; n=10, Is..Ks.=100,Is.Kd=150, 
Ia.Ka.=50. 
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Figure IV.9: 3D-View of the brain using integrative shading 

In this way any object can be visualized.  In figure IV.10 an example is shown.  Improvement 
can be made by taking shadows into consideration.  This involves tracing back from the 
surface point toward the light source to see that nothing is blocking the light.  However, this 
significantly enhances the already high computation times, and does not seem to be of great 
importance for displaying the head.  Another improvement on the 3D effect is to suggest 
motion by rapidly displaying different views of the head in sequence.  The best results are 
obtained by keeping the light source at the same position, relative to the screen, although it is 
computationally less expensive to keep the light source at a constant position with respect to 
the head.  In the latter case most of the calculations only have to be carried out once for all 
views. 
Although this rendering method works well for the head, it is less suitable for generating 
images from the brain because it is difficult to obtain its exact shape, including all the gyri 
and sulci.  Looking back to our segmentation method of the brain, it is so designed that it 
generates a more or less smooth surfaced brain. 
Using a different method called transparant rendering, it is still possible to obtain a good 3D-
image of the brain (Bomans et al., 1990).  In this method, a ray is traced from the screen 
towards the brain.  When the ray hits the surface, the original gray value is stored, and the ray 
proceeds into the brain.  In each step the gray value is added to the precious value, and 
afterwards the average value is calculated.  The values of voxels at a gyrus are low due to the 
fluid, but on the edges of a gyrus the values are high.  Hence, averaging gives good 3D 
images.  Bomans used an integration of 6 voxels, but in our case this rendered low contrast 
images of the brain with a lot of surface details such as veins.  Since we are not interested in 
the veins, we use the average of the squared values of nine voxels; this works very well.  This 
is demonstrated in figure IV.9. 

Because most of the neuromagnetic sources are inside the brain, a 3D-display of the outside 
of the brain may not be the most useful one.  One of the possibilities of obtaining a better 
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display is to intersect the head by an imaginary plane, and to show the original MRI data on 
the head-plane intersection. 
The easiest way is to start from a full 3D-display of the head which has been generated 
earlier.  The intersecting plans can be chosen in any direction or location.  The points where 
rays cast from every pixel on the screen intersect the chosen plane are calculated.  If a point 
lies inside the head, the original voxel value has to be retrieved and displayed.  If a point does 
not lie within the head, it has to be determined whether it lies in front of the head or behind 
the back, as seen from the viewing direction.  In the first case, the original information on the 
screen, a pixel of the 3D-display of the head, has to be retained.  Otherwise the pixel has to be 
made equal to the background, effectively erasing any part of the image that may have been 
there.  See figure IV.10 for an example. 

 
Figure IV.10: 3D-View of the head, with a part cut away 
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Chapter V 
Integration of the MEG and EEG with the 

MRI 
In this chapter, a method will be described, providing a tool for combining structural 
information obtained from MRI-images with functional data from MEG and EEG.  To be able 
to do so, one has to convert the coordinates of the location of the source area represented by a 
current dipole found by means of an inverse procedure into the coordinate system of the MRI-
scan.  Different models for the head that can be used in the source localisation are extracted 
from the MRI.  It will be shown that the source location found, does depend on the model 
used.  Moreover, integration of MRI with MEG/EEG provides us with a better insight into the 
location of an active region, but also allows the evaluation of the results.  It will be shown that 
by combining MEG and EEG, one may attempt to estimate the size of the active area in the 
cortex.  For further verification of the locations found, PET scans will also be matched with 
the MRI as well.  The software to perform these tasks has been developed at the Biomagnetic 
Centre Twente, and comprises a single program which is called the Biomagnetic Imaging 
System (BIS). 

V.1 Coordinate systems 

In matching MEG and EEG with the MRI, differing coordinate systems have to be taken into 
account.  The most straightforward of which is the MRI coordinate System.  In an MRI-
dataset each voxel has its own Cartesian coordinates, of which the Z-coordinate reflects the 
number of the slice.  In the scans used, all coordinates can run from 0 to 255, in units of one 
mm.  The origin is located at the lower left side of the head, at the back.  The scanned area 
can be viewed as a cube which contains the head. 

A second coordinate system is related to the head itself, the head coordinate system.  It is 
defined by X- and Y-axis running through anatomical landmarks.  The Z-axis is taken 
perpendicular to the X- and Y-axis, and always points to the top of the head.  The origin is 
always located in the head, somewhere between the ears.  Different landmarks are in use.  De 
Munck (1989) used the inion and the external auditory meatus, with the origin halfway 
between the line connecting the left and right auditory meatus, with the Y-axis running 
towards the right.  The X-axis runs from the origin to the inion.  For convenience often the 
preauricular points are used instead of the meatus.  We will call this the modified head 
system.  Also, it is possible to use the nasion instead of the inion.  The X-axis runs in this case 
towards the nasion, and the Y-axis points toward the left-ear.  This will be called the reversed 
head-system.  In the reversed head system it is assumed that also the preauricular points are 
used.  The program called BIS can deal with these three variants of the head coordinate 
system. 

To match the head coordinate system with the MRI coordinates, the MRI scan is performed, 
with markers attached at the nasion and preauricular points of the subject.  These markers 
consist of small plexiglass holders, filled with the fluid Gadolinium, which shows up very 



54 

well in the MRI-scans.  If they have been found in the scans, they have to be identified for the 
computer, so it can set up the coordinate system (see figure V.1). 

| 
Figure V.1: Position of the markers indicated in the MRI scans 

The origin, and the axis of the head coordinate system are subsequently expressed as vectors 
in MRI-coordinates.  Any coordinate in the head coordinate system is given in MRI-
coordinates by: 

 

where Hi, i=x,y,z, is the location vector in Cartesian head coordinates, the vectors Xi, Yi and 
Zi represent the three axis of the head coordinate system, expressed in MRI-coordinates, and 
Mi is the resulting location vector in MRI-coordinates. 

Since it is very uncomfortable for the subject to be scanned with a marker on the inion, we 
decided not to use such a marker.  Therefore, if the non-reversed head coordinate system 
needs to be used, the inion has to be located afterwards in the scan.  Although a rough 
estimate can be made of the inion on visual inspection, it is preferable to measure the 
distances of the inion to the preauricular points and the nasion.  With these distances known, 
it is possible to calculate the location of the inion in the MRI-scans.  This is the same method 
De Munck used to calculate the position of electrodes with respect to the head-coordinate 
system (De Munck et al., 1991).  He derived the following formula: 
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where a is the distance from the origin of the head coordinate system, to the inion or nasion, 
whichever is used, b is the distance from the origin to one of the earpoints used, where it is 
assumed that the distance between the earpoints is 2b. dl, d2 and d3 are the measured 
distances from the point of interest, to respectively the inion, the right earpoint and the left 
earpoint in the case of the non-reversed coordinate system (see figure V.2). 

For the reversed coordinate system the distances are measured to the nasion, left earpoint and 
the right earpoint respectively.  One can use this method to find the inion.  The distances of 
the inion to the landmarks of the reversed-coordinate system are used for this purpose.  Once 
the position of the inion has been established, the non-reversed coordinate system can be 
used.  Formula V.2 has two solutions.  The user will have to decide which of both solutions is 
the proper one. 

 

V.2 Localization of the dipole 

V.2.1 Sphere fitting 

The inverse procedure based on EEG, described by De Munck(1989) uses concentric spheres 
as a model of the head.  The procedure has been adapted to handle MEG as well.  In this case 
one sphere suffices.  Usually, De Munck's procedure uses a sphere fitted to the electrode 
positions as the outer one.  The electrode positions are calculated from the distances measured 
from each electrode to the anatomical landmarks used.  The resulting dipole(s) are expressed 
with respect to the centre of the spheres.  To reproduce the locations of these dipoles in the 
MRI scans, this centre has to be expressed in MRI-coordinates.  The position of the centre of 
the sphere is given in the head coordinate system, and can therefore be translated to the MRI-
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coordinates as described above.  For dipole positions to be translated to MRI-coordinates, the 
centre of the sphere has to be taken as the origin of the coordinate system.  We will call this 
the sphere coordinate system.  Obviously, this coordinate system is only displaced with 
respect to the head coordinate system.  The directions of the axis remain the same. 

Instead of fitting the sphere to the electrodes, a sphere can be fitted locally in the MRI-scan.  
Various regions of interest can be selected, like the back of the head, the side of the head or 
the top of the head.  Points are taken from this region using the same method as described for 
generating a realistically shaped model of the head in chapter IV, except that points are only 
taken from a limited region of the head.  Once points are selected, a sphere can be fitted to 
these points, using an iterative procedure which finds the best fit of the origin and the radius 
of the sphere using the method of steepest descend.  Once the sphere has been found, an 
inverse coordinate transformation can be used, to express the location of its centre in the head 
coordinate system.  These coordinates can be used in the inverse procedure.  An example of a 
sphere fitted in the MRI scan can be seen in figure V.3. 

 
Figure V.3: Example of a sphere fitted in the MRI scan at the back of the head 

V.2.2 The measurement positions 

For any good source localisations, it is important to know the measurement positions with 
respect to the head.  For EEG-measurements, the position of the electrodes of the head can be 
determined by measuring the distance of an electrode to each of the three points which are 
used to define the head coordinate system.  Equation V.2 then gives the coordinates of the 
electrode for the head coordinate system. 
For an array of magnetometers the situation is quite different.  Although a mechanical 
solution is easy to implement, its accuracy leaves much to be desired.  Therefore many groups 
are using coil sets which are attached to the head (Ernè et al., 1987; Ahlfors and Ilmoniemi, 
1989; Hulsteyn et al, 1989, Higuchi et al., 1989; Incardona et al., 1992) . A current is sent 
through each coil in turn, which generates a magnetic field which is measured by the 
magnetometer.  From these measurements, the position of each of the coilsets can be 
determined with respect to the pick-up coils of the magnetometer.  Since the position of the 
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coils with respect to the head-coordinate system ran be determined in the same way as the 
electrodes, the magnetic measurement position is known with respect to the head. 

Such a system is in the final stages of development at the Biomagnetic Centre Twente. 

V.2.3 Displaying the dipole in the MRI 

Once an inverse solution has been calculated, usually with respect to a sphere, the coordinates 
of the equivalent current dipole have to be entered into the program.  The BIS program can 
accept dipole locations in spherical or Cartesian coordinates, with the origin being either the 
centre of the sphere, or the origin of the head coordinate system.  It is also possible to enter 
the dipole directly in MRI-coordinates.  This is useful in case the inverse procedure is carried 
out using the boundary element method, because the elements are derived from the MRI, and 
their coordinates correspond to the MRI-coordinate system.  The location of the resulting 
dipole would therefore also be expressed in MRI-coordinates.  The program transforms the 
dipole position to MRI-coordinates and retrieves the proper MRI-slice, indicated by the Z-
coordinate of the dipole.  The dipole is indicated with a dot in this slice.  A sagital slice of this 
MRI-scan is also retrieved to indicate the vertical position of the slice, and the dipole location 
in this slice.  Figure V.4 shows the position of an equivalent dipole indicated in the MRI. 

 
Figure V.4: Example of an equivalent dipole shown in the MRI 

V.3 Influence of the head model 

As indicated earlier, one can use various models for the description of the volume conductor, 
i.e. the head.  The most often used model, the sphere, has the advantage that there is an 
analytical solution of the forward problem.  Something which significantly reduces the 
computational effort in solving the inverse problem.  Furthermore, the magnetic field is not 
influenced by volume currents.  For the magnetic case, this model is equivalent to the 
concentric spheres model.  The more realistically shaped descriptions of the head need 
numerical calculations to solve the forward problem.  To illustrate that the volume conductor 
influences the location of an estimated equivalent dipole, the estimation based on a sphere 
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model will be compared to one based on a more realistically shaped model of the head.  The 
equivalent current dipole location will be calculated from an actual magnetic measurement. 

The realistically shaped volume conductor model is a bounded homogeneous conductor with 
the shape of the inner surface of the skull.  This should be equivalent to a compartment with 
the shape of the brain, since the layer of fluid between the brain and the skull is very thin.  
This model is within an error of 5% equivalent to a model consisting of three realistically 
shaped homogeneous, isotropic compartments, describing the brain, the skull and the scalp, as 
argued by Hamalainen and Sarvas (1987).  The inverse problem is solved by means of the 
boundary element method (BEM).  The BEM is based on the following integral equations 
derived by Barnard et al. (1967) and Geselowitz (1970) as discussed in Chapter III.  

 

The first two equations describe the electric potential , while the second two are valid for 

the magnetic field B. Ns denotes the number of surfaces. is the electric conductivity 

outside the j th surface, while is the electric conductivity on the inside of that surface. a. is 
the conductivity in the source region.  The source is located at position r0 . 

These equations show that the contribution of the volume currents in a homogeneous, 
isotropic volume conductor can be considered equivalent to the influence of secondary 
sources which lie at the boundary.  The orientation of these secondary sources is normal to the 
boundary and their value is linearly proportional to the electric potential at that location.  The 
magnetic field due to these secondary sources has to be added to the magnetic field due to the 
current dipole.  To compute magnetic fields and electric potentials numerically, the integral 
equations mentioned above must be approximated by summations.  The surface involved is 
presented by many automatically generated triangles and the potential is assumed to be 
constant over each triangle. 

In our algorithm the fields are computed with the so-called centre of mass approach in which 
the potential of the centre of mass of a triangle is ascribed to the potential of that triangle.  
The set of linear equations resulting from the numerical expression is singular.  This 
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singularity is first removed by deflation of the associated matrix (Lynn and Timlake, 1968).  
Usually, the matrix equation obtained is solved by iterative procedures.  However, especially 
in the case that the volume conductor consists of a single compartment, it is more convenient 
to solve the system of linear equations by computing the inverse of the matrix (Oostendorp 
and Van Oosterom, 1991).  For the magnetic case the matrix for the discretised integral 
equation has to be created and multiplied by the inverted potential matrix.  This System 
matrix remains the same for any source within the volume conductor chosen.  Consequently, 
once this inverse is obtained, the forward problem can be solved very fast for any choice of 
the location of the dipole within that volume conductor.  The inverse solution is based on the 
algorithm of Marquardt (1963).  That dipole is estimated for which the model predicted 
distribution of the field, Bcomp  is closest to the measured distribution of the field, Bmeas The 
function which is minimized reads: 

 

The forward solution by means of 
the BEM is tested by computing the 
magnetic field distribution due to a 
current dipole p within a 
homogeneous sphere and by 
comparing the results obtained with 
those obtained by the analytical 
expression.  The surface of the 
sphere is discretized with 320 
triangles.  Magnetic fields 
components are computed in 19 
grid points, which are chosen such 
that they coincide with those 
measured with our magnetometer 
system (see figure V.5). The 
distances of the observation points 
are 2.5 cm from the surface of the 
sphere with radius r = 10 cm . 

The numerical error in the computed magnetic field distribution (in least-squared error sense) 
turned out to be smaller than 5% for tangential dipoles located in a range of 10 to 90 mm from 
the Centre of the sphere.  

The same sphere is used to test the inverse solution.  Because radial dipoles do not contribute 
to the outer magnetic field, a penalty function is added to the sum of quadratic differences 
function F. This penalty function P reads 
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where Pr is the instantaneous radial component of the current dipole. 

The function to be minimized is F', where 

F'=F+P 

The fitted dipoles are found within 0.5 mm from the known dipole locations and the strength 
of fitted dipoles differ about 1% from the original ones. 

As an example the inverse procedure is used to localise a source from visually evoked 
magnetic fields.  These measurements are part of a study on the effects of visual spatial 
attention on early components in Visual Evoked Potentials and Fields. 

Eight subjects with a mean age of 23 years, with normal or corrected to normal vision, were 
investigated.  The stimuli consisted of sets of two letters (consonants), presented to the left or 
the right of a central fixation dot that was continuously present.  The distance between the 
subject and the monitor was kept constant at 1.5 meters.  The visual angle between the dot 
and the letters was 2.5 degrees, the letters were 0.9 degrees in height. The subject was 
instructed to pay attention to the left or the right visual field while fixating on the central dot.  
They had to react with a button press, as fast and accurately as possible when a letter from a 
memory set was presented in the attended field. Magnetic measurements were performed in 
36 grid points. Memory load did not affect the early components like P1 and N1. 

The source analysis described in 
this paper is carried out on the first 
large component in the VEF the 
P1m, the magnetic counterpart of 
the electrical P1-component, 
which shows up for all stimulus 
categories, either attended or 
unattended.  The comparison 
between head-models as described 
here was done for one of the 
subjects of this experiment. 

The BEM method described above 
is used to estimate the source from the P1m component of the VEF.  The model of the head is 
shown in figure V.6. The head is also described by a sphere which is locally fitted to the 
scalp.  The results obtained are displayed in figure V.7. Although it is the common opinion 
that both models (i.e., the sphere locally fitted to the scalp and the inner surface of the skull) 
are adequate as models for the head to localize activity from MEG measurements, we observe 
a difference in dipole location of about 1 cm. 
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Figure V.7: Equivalent dipole locations calculated using a realistically shaped and a 

spherical model 

In order to see if this distance can be explained by noise in the measurements or by the 
assumption that there is only one dipole present, we did the following simulation: The dipole 
found was used in a forward solution using the realistically shaped model.  The resulting field 
distribution was used in an inverse solution with the sphere model.  The dipole obtained in 
this way was located at the same position as the one which was obtained with the sphere 
model from the measured fields.  This location is at a distance of 1 cm from the original 
dipole which was used in the forward solution. 

The different dipole positions found by using either the sphere or the realistically shaped 
model of the head illustrate the strong influence of the volume conductor on the measured 
magnetic fields.  Furthermore, it is impossible to determine from the MRI which solution is 
better.  Both dipoles are found in reasonable locations.  The application of the BEM, 
combined with MRI based models, enables us to improve the accuracy of dipole estimations 
with acceptable computational effort by enabling us to use more detailed descriptions of the 
head. 

Although the generation of the realistically shaped homogeneous model is fully automated, 
the localization procedure based on such a model is still time consuming and costly.  
Consequently, it will be advantageous if not the actual geometry of the inner surface of the 
skull of the individual subject is needed to solve the inverse problem for MEG.  For this 
reason the adequacy of a standard realistically shaped model has to be tested.  Such a standard 
model might be obtained by scaling the inner surface of the skull of an arbitrarily chosen 
subject.  From a computational point of view it is to be preferred that the same scaling factor 
is used for three orthogonal directions, because in such an operation the Maxwell equations 
are conserved and so is the matrix describing the linear system of equations given by equation 
III.7. As a consequence the inversion of the (deflated) matrix used in the inverse solution 
based on the boundary element method has to be carried out only once.  The variation in the 
lengths and widths of skulls is rather limited.  Van Veenendaal (1982), a coworker at our 
university, measured the skulls of 29 women and 64 men who died in the age between 20 and 
60 years.  The average distance between inion and nasion was 182 ± 8 mm, the average 
distance between the ear canals was 144 ± 7 mm 
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In order to test the adequacy of a transformation of a standard model by scaling, simulations 
were carried out.  Two models were derived from the MRI of two different subjects.  A dipole 
was placed within one of the models.  The magnetic field was calculated in 57 points, based 
on one model and the inverse solution was carried out using the scaled model.  The distance 
in localization is called the error.  The forward and inverse procedures were based on the 
boundary element method.  The number of triangles used was about 650.  The errors due to 
the discretization are of the order of 1 mm.  From the calculated magnetic field distribution 
the dipole was localized using the scaled model.  The relative position of the pick-up coils 
with respect to the head was the same for the two models used.  When the scaling factor was 
taken to be the same for all three orthogonal directions, the errors (dependent on the position 
and orientation of the dipole) could be quite large, i.e. up to 2 cm. Taking a different scaling 
factor for each of the three orthogonal directions led to better results.  The three scaling 
factors used in our example were less 
than 10%.  The two triangulated 
models are shown in figure V.8. The 
results for a tangentially oriented 
dipole at different depths in the 
occipital region near the midsagital 
plans are shown in figure V.9. 

Also the results are shown for the case 
that instead of the scaled model a 
sphere was used. For  deeper sources 
the scaled model gives better results 
than the spherical model. It turns out 
that for superficial sources the sphere 
gives  rise to errors which are of the 
same order or even smaller than the 
scaled model dependent on the 
orientation of the dipole. This is only true for the occipital region.  From the results mentioned 
above we  
have to conclude that an individual realistically shaped model is superior to a standard 
realistically shaped model or a spherical model. 

V.4 Estimation of the active patch of neurons 
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V.4.1 Determination of the strength of a dipole 

To be able to estimate the area of cortex in the brain, activated at a certain instance, the 
strength of the equivalent dipole has to be known.  In a spherical model, the inverse solution 
of an MEG measurement only yields the tangential component of the equivalent dipole.  
However, using only EEG to estimate the active patch of cortex, does not give reliable results, 
as ran been seen from an investigation by Stok (1986).  In order to study the influence of the 
head model parameters, he calculated the potential distribution due to a current dipole, and 
used the data obtained to solve the inverse problem.  The inverse solution was based on a 
reference model.  The conductivities used for the scalp, skull, fluid and brain compartments 
were respectively 0.33, 0.0042, 1.0 and 0.33 S/m as given by Cohen et al. (1990).  Values of 
the radii of the four concentric shells were 75, 69, 66 and 64 mm.  Stok used current dipoles 
which were either radially or tangentially oriented.  He found that both the sphere radii and 
the conductivities especially influence the strength of the EEG dipole, and much less its 
location.  To study the influence of the changes in conductivities on dipoles with an arbitrary 
orientation, we performed similar simulations.  In these simulations the conductivities were 
allowed to change by a total of 30% in steps of 5% and the radii by 2.5% in steps of 0.5%. 
From all possible combinations the worst-case maximum and worst-case minimum potential 
were selected.  The influence of the changes in the conductivity and radii upon the ratio 
between the tangential and radial dipole were computed for the worst-case combinations of 
the conductivities, for sources at various depths.  The results are given in table V.I. R is the 
distance from the centre of the sphere to the dipole.  As shown in this table the influence is in 
all cases smaller than 5%.  In other words, the ratio between the radial and tangential 
components of the EEG-based equivalent dipoles is hardly influenced by the model 
parameters, although both the strength and the position of the equivalent dipoles are 
influenced.  The influence of uncertainties in the radii turned out to be such that for both the 
worst-case maximum and minimum the orientation of the equivalent dipole did not change 
more than 0.5% for all depths and all angles between the radial and tangential components.  
The tangential component of the equivalent dipole can be derived from MEG data.  As shown 
by the simulations, the angle can be reliably derived from EEG data.  The fact that the 
orientation of the dipole is preserved was also found by Cuffin et al. (1991), who studied the 
influence of the real head by means of activated implanted electrodes.  As a consequence 
MEG measurements can be used to localize the current dipoles and to estimate the strength of 
the tangential component.  EEG measurements can be used to compute the orientation of the 
current dipole.  The strength is equal to the tangential component times 1/cos ).  In other 
words, using both EEG and MEG, all six parameters describing the dipole can be found more 
reliably than with EEG or MEG alone.  Once the strength and the orientation of the dipole are 
known, the patch of cortex which is represented by this equivalent dipole can be depicted in 
the MRI, using data from electrophysiology. 

 relative errors in orientation (1/cos ) in %  

R = 30 mm R = 50 mm R =  62 mm   

Worst case 

    Min .  Max.   Min.   Max.   Min.   Max.  

0 0.0 0.0 0.0 0.0 0.0 0.0 

15 0.1 0.2 -0.5 0.1 2.8 0.1 
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30 -0.2 0.1 -0.8 0.3 -4.6 -0.1 

45 -0.3 0.3 -0.9 0.3 -4.1 -1.1 

60 -0.6 0.4 -1.2 0.4 -3.6 -2.0 

75 -1.5 0.5 -2.6 0.8 -4.2 -2-2 

90 - - - - - - 

Table V.1:Influence conductivities on EEG-equivalent dipoles. R-distance centre sphere to 
dipole. Errors in 1/cos in % 

Williamson et al. (1991) determined the strength of the dipole from MEG en MRI, by 
determining the position of the dipole from the MEG, and determining the orientation and 
thus the strength of the dipole from the fact that the direction of the dipole should be 
perpendicular to the cortical surface.  The correctness of the strength depends in this case 
entirely on the accuracy of the dipole localisation.  As shown by the comparison of the head 
models above, different localisations may yield different but both quite possible solutions.  
Therefore this method does probably not yield reliable results. 

V.4.2 Determination of the active area of cortex 

In the cortex, the pyramidal neurons form the main source of electric activity.  Due to the 
axial alignment of their apical dendrites and to the lamellar organization of the synaptic 
inputs, the population of pyramidal neurons generates dipole fields (Lopes de Silva and Van 
Rotterdam, 1987).  It is interesting to establish a quantitative relationship between the strength 
of the estimated dipole and the dimensions of the cortical dipole layer generated by the local 
pyramidal cells.  In order to realize this objective, some assumptions have to be made about 
the quantitative characteristics of the cortical dipole layer.  While recording 
electrocorticograms, Freeman found the largest transcortical potential differences to be I mV 
over a distance of 1.5 mm. Assuming the specific resistance of the cortical tissue to be, on 
average, 25 ohm-mm, one can estimate the transcortical dipole current density to be about 270 
nAmm-2 (Freeman, 1975, p.454). In the case of visually evoked fields, Stok (1986) found for 
the largest equivalent dipoles measured, having a strength of 100 nAm, that the area of the 
cortical layer activated should be about 400 MM2, assuming that the poles were separated by 
a distance of 1 mm, and that the dipole current density was 250 nAm M-2 . Thus taking into 
account these basic quantities, we can estimate the active cortical area corresponding to a 
given equivalent dipole.  As mentioned before, the location of the estimated dipole is derived 
from MEG data, as well as the strength of its tangential component.  The orientation of this 
dipole is derived from EEG data.  Combining both yields location, strength and orientation of 
the equivalent dipole.  The direction of the dipole corresponds to the direction of the 
intracellular current.  However, the direction of this current can only be known if the pattern 
of synaptic activation underlying a given field is also known from basic electrophysiological 
studies.  For example, if we assume that an evoked field component is primarily caused by 
excitatory synapses in the middle or deep layers of the cortex, the main intracellular current is 
oriented towards the cortical surface.  Knowledge of the direction of the dipole can be used to 
reposition it within the error estimate in order to obtain the correct solution.  

It follows from simulation studies that the electric potential and the magnetic induction, for 
any homogeneous dipole layer with a circular rim (e.g. a disc, a hemisphere or a 
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homogeneous dipole layer having the shape of a half prolate spheroid) is equivalent to a 
single current dipole at the centre of the circle of the ground plans, at distances comparable to 
the dimensions of the layer.  Only a dipole layer, where all the conditions mentioned above 
are met within the error estimate, can be a solution.  

The segmentation of the MRI-images ran often discriminate between white matter (cortex) 
and grey matter within the brain.  This allows the computer to indicate a patch of cortex 
corresponding to the dipole strength, under the assumption that that patch of cortex is 
rotational symmetric around an axis formed by the direction of the dipole.  The computer 
generates an enlarged view of the brain area around the location of the equivalent dipole and 
tests to see if the dipole location is within the grey matter (cortex) or fluid.  In the latter case 
the dipole could be located in a gyrus, which can be a valid solution.  The computer algorithm 
searches in the direction of the dipole orientation for grey matter first.  When found, a region 
growing operation is started.  The size of the region is dependent on the strength of the 
dipole.  The choice to search in the direction of the dipole orientation is arbitrary, since it is 
not known what direction the current inside the neurons have, towards or away from the 
cortical surface.  An example is shown in figure V.10.  

 
Figure V.10: Example of an estimated area of cortex from the strength of the equivalent 

dipole  

V.5 Conclusion 

It has been shown that MRI and MEG/EEG can be of mutual benefit to each other.  The 
structural information contained in the MRI has been used to generate models, to display and 
evaluate the location of equivalent current dipoles and to estimate the active region of the 
cortex.  The strength of the dipole has to be determined from both MEG and EEG.  
Determining the strength from MEG and MRI, as proposed by Williamson et al. (1991) does 
probably not lead to reliable results.  The MRI can not be used to discriminate between two 
possible solutions, but it can be used to modify a solution to satisfy electrophysiological 
restraints.  Although one has to take care not to suggest more knowledge or precision than 
available, the combination of these three techniques may prove very fruitful in future.  
Another technique may be added to these to add further information, the PET scan.  This will 
be discussed in the next chapter. 
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Chapter VI 
Matching MRI with PET data 

In this chapter the problem of matching PET images with MEG/EEG/MRI images is 
addressed.  A Positron Emission Tomography (PET) scanner is capable of registering 
functional brain activity (cf.  Lammertsma, 1992).  Therefore it is interesting to compare the 
information from PET scans with the information derived from MEG/EEG/MRI 
combinations.  A comparison of the localization results obtained with these various modalities 
may help to find those areas which are active with a higher degree of confidence.  PET may, 
for instance, be able to indicate that the number of dipoles taken in MEG/EEG inverse 
procedures is adequate.  However, it should be kept in mind, that each modality probes 
different properties of the brain which may bear a rather complex relationship. 

The time resolution of PET scans is much lower than that of MEG and EEG, the minimum 
scan time being about 1 second.  However, in order to perform useful measurements usually a 
scan time of at least 20 seconds is required.  To obtain a reliable PET image may require 
several seconds to several minutes.  The voxels are approximately 3.5 x 3.5 mm, and the slice 
thickness is about 3 mm.  The spatial resolution is several mm.  The high noise content of the 
images makes analysis of PET scans difficult for single individuals.  Often averages are taken 
over several subjects.  The PET studies discussed in this chapter have been carried out at the 
PET research unit of the University Hospital at Groningen. 

VI.1 The PET data 

PET is a technique that produces images of the distribution of a previously administered 
radionucleide.  The radioactive tracer is inhaled or injected into the vascular system and thus 
transported to the brain.  Consequently, due to radioactive decay positrons are emitted in all 
directions within the brain.  A positron is annihilated within a very short distance from the 
point of emission when meeting an electron.  At the moment of annihilation, two gamma 
particles are emitted, traveling in opposite directions.  The two gamma particles are detected 
as coincidence events by appropriately placed scintillation detectors.  The time difference 
needed for the gamma particles to reach the detectors is sometimes used to calculate the 
location  where the annihilation took place, but usually only the direction of the particles is 
taken into account.  The locations found are not exactly the same locations as where the 
radioactive material emitted the positron, but the difference in location is less than 3 mm.  
Averaging the data reduces this distance considerably. 
In order to measure the brain activity of a subject, he or she is placed in the PET scanner, 
which consists of a number of rings of detectors, in our case 16.  Each ring scans one slice.  
Additional slices are interpolated from the measurements.  A typical PET apparatus can scan 
31 slices of 3 mm thickness. 

In order to increase the accuracy of the reconstruction of the location where annihilation of 
the positrons takes place, the attenuation factors of the various tissues within the body can be 
calculated before the actual experiment is carried out by performing a transmission scan.  The 
subject's head is exposed to radioactive sources, and the detectors measure the amount of 
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radioactivity received.  A transmission scan can be compared to a low resolution CT-scan.  
Since the source is known, the attenuation factors for radiation of the various tissue types can 
be calculated from these measurements . 

A number of positron-emitting tracers can be used in PET-recordings.  A [15O] labeled 
compound can be used to measure the regional cerebral blood flow (rCBF).  Because the 
measurement time for rCBF with PET is short, a [15O]-labeled compound is an appropriate 
choice for activation studies.  In Groningen [15O]-Water is used.  In general, in activation 
studies paired images of rCBF are obtained, one image in a control state and one during the 
presentation of a stimulus.  The neurophysiological activity associated with the activated state 
is determined by subtracting the image of the control state from that of the stimulated state.  
Regions with increased activity are the areas with increaced rCBF.  It can be assumed that the 
increased blood flow is a consequence of brain activity.  After injection of the tracer, the 
scanner counts the gamma quanta, indicating the emitted positrons over a period of time, 
called a frame.  Different frames can be taken one after another. in this way changes in the 
activity over a time lapse can be recorded to obtain a reasonable signal-to-noise ratio.  The 
time resolution of a PET scan taken to measure rCBF is a few seconds.  This means that even 
using the shortest time resolution possible, the measured activity is the integral of the total 
brain activity over a few seconds. 

 
Figure VI.1: An example of a PET scan 

VI.2 Method of matching PET scans to the MRI 

An example of a PET scan is shown in figure VI.1.  As the PET scan has its own coordinate 
system and its voxels do not have the same dimensions as the voxels in the IVIRI, and 
because there are few obvious reference points common to the two images, combining the 
two is not a trivial procedure.  A number of different approaches have been described in the 
literature.  Two procedures are followed; the first one uses markers, which is in theory a 
straight-forward procedure giving unambiguous results, but it assumes that both the PET and 
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the MRI scans have to be performed with markers on the subject's head (cf.  Eisen et al., 
1991).  However, the region of the head that is scanned with the PET scanner is usually 
smaller than that in the MRI, so that it is not sufficient to place the markers on the usual 
anatomical landmarks, e.g. the auricular points and the nasion.  To obtain the desired 
information additional PET scans have to be performed where the bed on which the subject 
lies is moved over a known distance. 

The second method uses feature matching (Borgefors, 1988; Valentino et al., 1991; Besl and 
McKay, 1992; Eisen et al., 1992; Walter et al., 1992), where features of the head that are 
obtainable from both PET and MRI are matched.  For example, such features are the outer 
surface of the head, the skull or even the contour of the ventricles in the brain.  A frequently 
used method is to locate points on the outer surface of the head from the MRI scan and the 
PET transmission scan.  Both sets of points are then matched together (Arun et al., 1987; 
Levin et al., 1988; Neiw, 1991; Pelizzari et al, 1989; Walter et al., 1992).  This is the basis for 
our matching procedure. 

In order to use the feature matching procedure to combine the MRI with the PET images, 
points on the outer surface of the head are taken from both types of scans.  In order to retrieve 
the surface points from the MRI we use the same method which is employed to generate a 
realistically shaped model of the head, that was described in chapter IV of this thesis.  In 
order to be able to extract surface points from the PET scan, the transmission scan has to be 
analysed.  The transmission scan shows the outline of the head as well as the headrest in each 
slice.  A basic threshold operation can separate the background from the head and the 
headrest.  An erosion separates the head from the headrest, just in case pixels from the head 
connect with pixels from the headrest.  Once again, to find all the pixels that are part of the 
head, a region growing operation is started.  One point at the front of the head is used as seed, 
somewhere at the midline of the slice. 

Once all the pixels that are part of the head have been determined, a dilation is used to make 
up for the pixels lost in the erosion.  The mass midpoint of the head in this slice is calculated, 
and from this centre-point, points on the surface of the head are selected, just as it was done 
with the MRI scans.  However, in the case of PET, a constant number of points in each slice 
can be used. 

The coordinates of each surface point are expressed in mm, so that the different size of the 
PET voxels is automatically taken into account.  A transformation is used to translate the PET 
axis to the axis used in the MRI scans.  Points are also taken on the outer surface of the head 
from the already segmented MRI scans, but now in every slice. 

A least-squares algorithm is applied to reduce the distances between the PET and the MRI 
points.  Since there are many more MRI points than PET points, for each PET point the 
distance is calculated to the nearest MRI point.  The algorithm searches for six parameters 
that characterize a three-dimensional translation vector and three angles through which to 
rotate the PET points.  The rotation is carried out according to the following formula: 
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in which (X0, Y0, Z0) are the original PET coordinates, and , and are respectively the 
rotation around the x, y and z axes.  The rotation is always carried out around the centroid of 
the PET points. 

The least-square search algorithm is divided in two steps.  In the first step, the routine only 
searches for a suitable translation vector.  The rotation is fixed at an angle of 30 degrees 
backwards, which is the approximate scan direction for PET with respect to the orientation of 
the MR1 slices.  The second step optimizes the translation as well as the rotation.  The 
algorithm uses the method of steepest descent to find the translation and rotation.  Although 
the translation does not cause any problem, the proper rotational parameters are difficult to 
find, not in the least due to local minima, and to the fact that the sum of all the distances 
hardly changes with a change in rotation.  Operator assistance is usually required for the most 
optimal fit.  The approach of Neiw (1991) to solve this problem is very interesting.  He fits 
the points on the contour in two slices from the different modalities that lie on the line formed 
by the intersection of both slices.  It is advisable to implement such a method, since the 
reported results are good, and local minima are avoided. 

Once the matching parameters have been established, any slice in the MRI can be recalled.  
The corresponding PET coordinates are then calculated by inverse rotation and translation, 
and the PET scan is overlaid in colour over the gray scaled MR1 scan.  The program has to be 
switched to the PET/MRI mode, and if in this mode an MRI scan is displayed, with or without 
a dipole, the computer will take the MIRI coordinates for each pixel in the slice, and 
transform it back to PET coordinates.  Since PET pixels are larger than MRI pixels, the 
resulting coordinates are divided by the size of the PET voxels, and rounded to the nearest 
integer.  The value at these coordinates in the PET scan determine the colour to be mixed with 
the colour of the voxel of the MIRI scan at that position. 

Since the number of colours on our display is limited to 256, of which 128 are already in use 
for the grey scale needed for displaying the MRI scans, it is not possible to use new colours 
necessary for laying the PET scan over the MRI scan.  The choice that was made was to make 
the PET scan 50% transparent, thereby allowing the viewer to see the underlying MRI scan 
simultaneously.  A solution to the problem of the restriction on the number of available 
colours is to alternate pixels from the PET and the MRI scans, like a chessboard.  This works 
well for most displays of the MRI scan, since 1 pixel in the MRI is displayed as either 3x3 or 
2x2 pixels on the screen.  In the case of the sagittal view of the MRI scan, each pixel in the 
MRI is mapped to one pixel on the screen.  In this case 50% of the MRI pixels are replaced by 
PET pixels.  This method has the advantage that one is still able to manipulate the colours 
used to display the PET data. 

An example of the overlay of the transmission scan with the MRI is shown in figure VII.2. 
Notice the head rest visible in the transmission scan, and how well the scans fit on top of each 
other. 
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Figure VI.2: PET transmission scan overlaid on an MRI slice 

VI.3 Discussion 

Figure VI.2 shows a result obtained by the method described above of matching MRI and 
PET.  The matching is accurate within a PET voxel.  Data from the MEG and EEG 
measurements, the MRI data and the PET data from one subject can now be combined.  Due 
to the relatively low time-resolution of the PET scans, the obtained value is an integral over 
several seconds.  Therefore several active areas of the brain can typically be observed in the 
scan.  In MEG experiments, however, one records the brain activity on a millisecond scale.  
The highest value of the integral of the brain activity computed over a given time lapse as is 
indicated in the PET scan need not coincide with the location of the area where the highest 
activity at any time instant took place as localised from the MEG.  Furthermore, in these PET 
experiments it is assumed that areas of the brain that are more active during stimulation than 
during the resting condition have a higher blood-perfusion, and therefore a higher [15O] 
content.  Therefore, neuronal activity is measured only indirectly.  Indeed both MEG/EEG 
and PET measure different phenomenon.  Until more research in this field has been 
performed, it is by no means certain that active areas of the brain, obtained from both 
modalities should necessarily coincide. 

VI.4 An example of combining MEG, EEG, MRI and PET 

To test the matching procedure and to explore the possibilities in presenting the results of 
combining all these modalities together the area of the brain which is activated by median 
nerve stimulation of the wrist was localized, using MEG, EEG and PET in the same subject.  
In order to measure the activity with a PET scanner, the subject was injected with 
radioactively labeled water, H2O15, which has a half-life of 123 seconds.  The radioactive 
dosage was 60 mCu per injection.  The water was injected into the lower arm opposite to the 
side which was stimulated.  Immediately after injection, the electrical stimulation was started.  
A square pulse was used with a duration of 400 ps with a strength just below the thumb twitch 
threshold (7.510 mA) and with an interstimulus interval of one second.  The acquisition of the 
PET data was started after a rise in count rate from the PET camera, indicating that the tracer 
had reached the brain.  The total measurement time for each condition was 40 seconds, 
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divided into 15 frames.  The subject was positioned in a head mould to fix the head.  Apart 
from the scan obtained during stimulation, a scan was also taken without stimulating the 
subject.  The resting period between the different sessions was about 15 minutes, which 
allowed the radioactivity in the body to be reduced to below the background radiation level. 

The MEG was measured in 30 positions over the right hemisphere of the head.  The EEG was 
measured at 23 electrode positions, placed according to the 10-20 system, using an 
electrocap.  The electrode positions were also chosen mainly on the right hemisphere of the 
head of the subject.  The measurements were corrected for eye movement artefacts.  The 
interstimulus interval was again 1 second, and the subject was continuously stimulated for at 
least 150 seconds.  Each measurement was carried out twice.  The signals were averaged over 
at least 230 responses. 

 

An example of three MEG channels is shown in figure VI.3. The localization of an equivalent 
current dipole was carried out on the first peak, between 25 and 35 ms after the stimulus in 
the MEG and between 30 and 40 ms in the EEG.  This localization was carried out separately 
for the MEG and the EEG measurements.  The volume conductor was simulated by a four-
sphere model.  A different sphere was taken in both cases, which clearly shows that a best 
fitting sphere is not uniquely defined.  The results from the MEG are projected in the 
corresponding MRI slice in figure VI.4, with the PET data overlaid, using translation and 
rotation parameters derived with the method described above.   
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Figure VI.4: The equivalent current dipole, localised from the MEG, with the MRI and PET 

data 

The MEG dipole seems to be located just posterior of the central sulcus, in the somatosensory 
cortex.  The PET data was derived by subtracting the PET images taken without stimulating 
the subject from those taken during stimulation.  The used sphere is also indicated.  As can be 
seen, the dipole overlaps with an area of the cortex that shows an enhanced cerebral 
bloodflow in the PET scan.  The almost symmetric frontal activity seen in the PET scan was 
due to movement artefacts. 
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Figure VI.5: The equivalent current dipole, localized from EEG, displayed with MRI and 

PET data 

The corresponding equivalent dipole localized from the EEG data can be seen in figure VI.5. 
The position of the MRI slices containing the MEG and the EEG dipole are indicated in figure 
VI.6. There is a difference with the dipole localized from the MEG.  The dipole is also found 
in right posterio-temporal region of the brain.  The EEG dipole is found about 2 cm lower in 
the brain.  However, this difference ran be explained in terms of a localization error.  Also in 
the case of the EEG results, brain-activity can be seen in the PET scan in the same area as the 
dipole location. 

Notice that the activity seen in the PET data 
is not seen in the left hemisphere of the 
brain, which is as expected when the left 
wrist is stimulated.  The PET data, however, 
does not give any information about a 
possible erroneous localization of one of 
these dipoles.  From Figures VI.4 and VI.5 it 
is still very difficult to estimate the location 
of the dipoles and the PET activity within 
known neurophysiological areas.  Therefore 
another projection was created.  Figure VI.7 
shows a three-dimensional view of the 
surface of the right side of the brain, with 
PET data projected on this surface, as well as 
the positions of both dipoles.  The information from the PET indicates much activity over the 
right hemisphere.  A large area shows a higher level of activity than in the rest condition.  
Various factors may account for this abundance of brain activity see the PET.  First, as 
mentioned earlier more areas of the brain may be activated by stimulation than just that area 
that is active when a peak in the magnetic and electric responses is measured.  The activity of 
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those other areas is also registered by the PET scan.  This would suggest that all the activated 
areas seen in the PET scan can be explained not only in terms of primary sensory processes 
but also of secondary processes, possibly cognitive, that take place during the time a PET 
scan is being made.  Second, the stimulation may not be precise enough to stimulate only 
cortical areas where the thumb is represented.  The current may also stimulate nerve fibers 
from the other digits.  A larger cortical area would then be active.  In this case, the usefulness 
of a single equivalent dipole localization may be questioned, since an area with a significant 
extent would then be active at the same time and render a single dipole approximation 
invalid.  This could explain the poor goodness-of-fit that was found in these localizations.  
Third, the PET images have a poor signal-to-noise ratio, which deteriorates when two such 
images are subtracted.  Furthermore, the PET scan of our subject shows significant movement 
artefacts in the frontal region.  Together with the low dynamic range of these images, this 
produces incorrect results for some areas. 

 
Figure VI.7: 3D-View of the brainsurface with PET data and dipoles projected onto it 

An important aspect to note about Figure VI.7 is that neither the PET activity nor the dipoles 
are present in the area of the brain where they are most expected, namely the somatosensory 
cortex for the hand.  To verify this observation, a match between the MRI and the PET scan 
of a second subject under the same conditions was made.  The 3D view can be seen in figure 
VI.8. It is clear that the distribution of PET activity is the same, with the exception of the 
absence of the frontal activity due to the movement artefacts of the previous subject.  This 
would indicate that the PET image expresses mainly secondarily activated regions of the 
brain.  The somatosensory cortex may be stimulated for a time-period too short to show up in 
the PET scan under these conditions.  However, also the MEG and EEG indicate the same 
region.  Generally, one dipole is fitted to the data from magnetic response measurements from 
median nerve stimulation.  However, Baumgartner et al. (1991) used two dipoles to explain 
the magnetic data.  They found two peaks during the first 40 ms in their response after 500 
averages and accounted for them with two dipoles which were simultaneously active.  One of 
them may be located in the somatosensory cortex.  A principal component analysis of the 
MEG data showed that it was possible to fit two dipoles to our data, but one of the dipoles 
was then localized outside the brain, although still in the same region of the head.  However, 
principle component analysis of the EEG data showed that is was impossible to fit also two 



76 

dipoles to the EEG data.  Since only one dipole could be found from the EEG data, this 
suggests that only a single dipole is responsible for the responses between 25 and 35 ms in the 
MEG.  Because, from theory we know that radial dipoles would be magnetically silent, 
although they would yield a signal in the EEG, the number of dipoles found using the EEG 
should be equal or more than the number of dipoles found from MEG.  Apparently, a better 
signal-to-noise ratio is required to detect the activity associated with the somatosensory 
cortex. 

 
Figure VI.8: Combination PET and MRI data, subject 2, in 3D view of brain 

Clearly, the results are not as trivial as might have been expected.  The dipoles would 
normally have been rejected as inconsistent with neurophysiological knowledge, but the 
combination of the MRI and the PET data in the 3D view changed this point of view.  In our 
opinion, this already demonstrates the usefulness of having available a method of fitting MRI, 
PET, MEG and EEG data together.  That the use of this method leads to new questions maybe 
the best result that could have been hoped for.  Clearly, further research using these methods 
is necessary. 
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Chapter VII 
Errors in source localization 

To estimate the source parameters of brain activity non-invasively, magnetic field and/or 
electric potential distributions due to these sources are measured. These distributions have a 
relationship to the desired quantities, the source parameters. The relationship is defined by 
electromagnetic theory (see chapter III). In practice the relationship can be made operational 
only after choosing appropriate models for the source and for the head. In this chapter we 
discuss errors in the estimation of the source parameters. Here we consider the analysis of the 
localization accuracy of a single superficial current dipole, i.e. a dipole at a depth between 20 
- 40 mm beneath the scalp in a healthy subject. The assumption of a single dipole source has 
commonly been used in the analysis of early evoked responses of somatosensory, visual and 
auditory modalities (Snyder, 1991). Of course, the number of independent recording channels 
must exceed the number of parameters to be estimated. This is because measurements are 
contaminated with noise. Moreover, the spacing between measurements points is not allowed 
to exceed a maximum value. We assume in this chapter that the number of measurement 
points and the spacing is adequate (c.f. Erné and Edrich, 1992; Huizenga and Molenaar, 
submitted). The localization error is due to several factors of which the most important ones 
are:  

• Measurement errors due to environmental, instrumental and biological noise. 
• Errors in the position and orientation of the recording device. 
• Errors related to the volume conductor;  

o Errors due to the deviation of the model from a real head.  
o Errors due to the use of a sphere model.  

• Errors in the MRI;  
o Errors in the position of the MRI markers.  
o Errors in the MRI scan. 

The parameters of the dipole are determined by iterative calculations to minimize the 
difference between the measured field and the theoretical field. The algorithm is sensitive to 
the presence of noise. If the conductor is spherically symmetric, the external magnetic field is 
only due to tangentially orientated dipoles. Consequently, the fields do not depend on 
conductivities or radii of concentric spheres, but they do depend on noise in the measurements 
and on the position of the centre of the sphere (Stok, 1986; Hari et al., 1988; Buchanan, 1989; 
Kuriki et al., 1989; Peters and De Munck, 1991). The electric potentials on the scalp, and 
therefore the EEG, are influenced by changes in conductivity of the compartments and 
variations in the radii of the concentric spheres. For a spherically symmetric volume 
conductor the effects of noise, the influence of the conductivity parameters and the radii on 
the dipole parameters obtained from EEG has been reported by several authors (Arthur and 
Geselowitz, 1970; Schneider, 1974; Hosek et al., 1978; Kavanagh et al. 1978; Ary et al., 
1981; Stok, 1987; De Munck, 1989). 

VII.1 Measurement errors 
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Most studies are based on the assumption that the measurement noise is gaussian and that the 
response is repeated with negligible variation after each stimulus. In the Biomagnetic Centre 
Twente median nerve stimulation experiments have been performed and the noise on the 
evoked magnetic response was analyzed. These somatosensory evoked fields were measured 
with the 19-channel system (see chapter II) over the right hemisphere of the head. The same 
stimulus conditions were used as with the median nerve stimulation experiments described in 
chapter VI. The signal was sampled at 1000 Hz and filtered with a low-pass filter with a 
corner frequency at 150 Hz. 177 responses were averaged. The deviation of each response 
from the average, which is the result of noise on the signal, proved to be gaussian. The 
histogram of the noise is shown in Figure VII.1 which indicates the number of points that lie 
at a certain distance from the mean given in units of the standard deviation. For comparison a 
gaussian distibution is fitted to the data. From this it can be concluded that although the 
original signal is filtered and contains environmental, instrumental and brain noise, the 
distribution of the total noise on the signal does not deviate from gaussian. 

 

Instrumental noise is typically in the order of 10 (Ter Brake et al., 1992). If we 
assume that the bandwidth is 100 Hz the instrumental noise will be 100 M The brain noise is 
in the order of 40-50  (Hari et al., 1988; Knuutila and Hamilainen, 1987). Since the 
power spectrum of brain activity is mainly concentrated below 25 Hz, this would indicate a 
contribution to the noise of 250 M The thermal magnetic noise from the dewar is estimated at 
6 (Kasai et al., 1993). Over a bandwith of 100 Hz, this would give a contribution to 
the total noise of 60 M The total noise would then be about 230 to 280 fT. However, the 
signal strength of evoked brain responses is also about 250 fT. Therefore, to obtain a signal-
to-noise ratio of 10 to 1, 100 averages should be enough. Furthermore, if we assume the noise 
to be white, then the signal-to-noise ratio varies with the amplitude changes in the signal. This 
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should be kept in mind, when selecting the time instants where dipoles should be fitted. In 
cases with a worse signal-to-noise ratio, the number of averages necessary increases 
quadratically. When increasing the number of averages one should also keep in mind that the 
measurement paradigm may influence the signal-to-noise ratio. For example, Pantev et al. 
(1986) showed that magnetically measured auditory evoked responses can deteriorate when 
using a constant interstimulus interval. A randomized data acquisition paradigm, in which the 
interstimulus interval was varied, produced superior results. Also breaks during the 
acquisition, for instance, to reposition the cryostat had a positive effect on responses. 

Once a reasonable signal-to-noise ratio has been obtained, the error due to the noise present 
on the response has to be estimated. From simulations Kuriki et al. (1989) demonstrated that 
the error in the localization of equivalent current dipoles for signals with a signal-to-noise 
ratio of 10 to 1 is in the order of 2 to 3 mm for a spherical head model. For a S/N of 4 the 
error increased to 5 mm and a S/N of 2 resulted in errors of 10 mm. To verify whether these 
theoretical figures are applicable in an actual measurement, we performed experiments using 
a phantom head, where a dipole was placed in a glass sphere filled with a saline solution. The 
sphere had a radius of 10.4 cm. A hollow perspex tube entered the sphere through a rubber 
plug in the wall of the sphere. A small dipole was constructed at the end of the tube, using 
two wires, the isolation of which was stripped at the end. The distance between the tips of the 
wires, which form the sink and source of the artificial dipole, was 3 mm. The wires ran 
through the tube to a current source outside the sphere. The part of the tube which was inside 
the sphere could be changed, thereby changing the location of the current dipole inside the 
sphere. The dipole was always located on an axis of the sphere. The dipole strength was taken 
as 0.1 pAm. The measurements were performed with the 19-channel system (see chapter 11). 
The resulting localization error turned out to be less than 2 mm, if the number of averages was 
large enough to obtain a signal-to-noise ratio Of 10 to 1, which is in good agreement with 
experimental results of other groups (Barth et al., 1986; Kuriki et al., 1989). From these data 
it can be concluded that the error in the position of an equivalent current dipole due to noise in 
the measurements is about 2 mm for signals with signal-to-noise ratio in the order of 10 to 1. 

For the EEG a similar situation exists. Stok (1987) showed in simulations that for signals with 
a signal-to-noise ratio of 10 to 1, the error in the localisation of a single current dipole was in 
the order of 3 mm. The simulations were carried out by adding noise to the field component 
obtained from a forward calculation, and estimating the dipole from these values using an 
inverse procedure. The results of these simulations are in agreement with those of Henderson 
et al. (1975), who localised dipoles in a spherical phantom. The dipoles were activated by a 
series of pulses with a duration of 200 Ms and at a frequency of 0.5 Hz. The potential changes 
at the surface were recorded; a time window with a duration of 320 Ms of the response was 
averaged 8 times. The dipole was localised at the peak in the responses. The calculated dipole 
position could be compared with the actual position using a stereotaxic apparatus. These 
authors found an error in the position of about 3 mm The same errors were found by Cuffin et 
al. (1991) who performed a similar experiment. 

It appears that the influence of noise on the inverse solution is about the same in the magnetic 
and electric case, a conclusion which was also reached by Cuffin (1985a). 

VII.2 Errors In the position and orientation of the recording device 

The locations at which signals are recorded, i.e. the positions of the gradiometers in the 
magnetometer device or the positions of the electrodes on the scalp, ran be expressed with 
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respect to the head-coordinate system. An error in the position of the measurement points will 
influence the localization of an equivalent dipole. 

For electric measurements the electrode-positions can be expressed with respect to the head-
coordinate system by the method of De Munck et al. (1991) which has been described in 
chapter V. The coordinates of the position of each electrode are determined by measuring the 
distances of that electrode to three reference points on the head, usually the preauricular 
points and either the nasion or the inion. The actual measurement of the distances can be 
carried out with a 3D-space tracker, which can localize any point in space within a certain 
region with an accuracy better than 1 mm. Since the reference points also have to be measured 
with this tracker and both positions have to be subtracted to obtain the corresponding 
distance, the error of this distance measurement is smaller than 2 mm. De Munck et al. (1991) 
found in theoretical simulation studies, that a standard deviation of 2 mm in the distance 
estimates led to an error in the position of the equivalent dipole of 4 mm. 

For magnetic measurements, the position of the gradiometers can be determined with respect 
to the head-coordinate system using sets of coils attached to the head (see chapter V). 
Incardona et al. (1992) used simulations to show that, when using this method, the maximum 
error in the position of each coil-set is 3 mm, a result also found by Fuchs and Dössel (1992). 
The combination of the errors in each of the coil-sets determines the error in the position of 
the head with respect to the magnetometer. The error in the location and orientation of the 
magnetometer system with respect to the head-coordinates is the same as the error that arises 
in the dipole location due to the combination of the errors in the MRI markers, as will be 
discussed in paragraph VII.4 From the simulations that we carried out and describe in VII.4 
we estimate the maximal error in the position of the magnetometer to be 1 cm. The resulting 
error in the position of the head relative to the magnetometer influences the results of the 
inverse solution, as was investigated by various authors. 

Buchanan (1989) performed simulations in which the measurement array was perturbed by 
adding gaussian distributed noise. A standard deviation of 2 mm resulted in localization errors 
of 3 mm for superficial dipoles. Peters and De Munck (1991) performed simulations to assess 
the influence of an incorrect position of the gradiometers with respect to a spherical model of 
the head. The simulations consisted of calculating the magnetic field due to a dipole in a 
sphere which was located at a different position than the sphere used in the inverse procedure. 
The sphere in the inverse procedure was always assumed to be in the same position, the 
reference position. The pick-up coils of the magnetometer system were assumed to be 
oriented perpendicular to the concave bottom of the cryostat. This concave bottom has the 
shape of a spherical surface of 110 mm with its origin at the reference position. The difference 
in the location of the dipole used in the forward procedure and the location of the dipole 
found in the inverse procedure, with respect to the sphere, was taken to be a measure of the 
error. If the sphere used in the forward procedure was closer to the recording device than the 
reference model, no influence on the location of the dipole with respect to the sphere was 
found. However, Cuffin (1986) did find a dipole at a different location when performing these 
simulations. If the distance between the sphere model used in the forward procedure and the 
gradiometer array was reduced by 50%, the resulting dipole shifted 4 mm to the surface in the 
direction of the gradiometers. The error in the dipole position was in all cases less than the 
error in the distance between the sphere model and the gradiometer array. A possible 
explanation for the fact that in the experiments of Cuffin a larger error was encountered, may 
be found in the fact that he used a planar gradiometer array as opposed to the concave 
gradiometer array used by Peters and De Munck. 
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Peters and de Munck also investigated sideway shifts in the position of the sphere. A shift of 
the centre of the sphere used in the forward solution with respect to the reference model of 4 
cm in a direction perpendicular to the line connecting the centre of the recording device and 
the centre of the sphere at the reference position resulted in an error in the position of the 
equivalent dipole of 2 cm. If this shift in position is taken to be only 1 cm, the error in the 
dipole location is 6 mm. 

The use of the positioning device as described by Incardona et al. should result in an error in 
the location of the magnetometer system of maximal 1 cm, as argued above. If we combine 
this estimate with the results of the simulations of Peters and de Munck, which would indicate 
a maximum error of about 6 mm, it can be concluded that an error estimate of 4 mm in the 
location of an equivalent current dipole due to errors in the position of the magnetic 
measuring device is a reasonable estimate. This is also in agreement with the results found by 
Buchanan and Cuffin. 

From these results it can be concluded that 4 mm is a realistic estimate of the error in the 
position of an equivalent current dipole due to errors in the measurement locations for both 
magnetic and electric measurements, under the assumption that 

the measurement of these locations is carried out properly and with sufficient accuracy. 

VII.3 Volume conductor model errors 

The forward and, therefore, the inverse solution for the electric and magnetic case are 
influenced by the geometry of the volume conductor and the distribution of the conductivity 
within the volume conductor and homogeneity. The errors in the location of an equivalent 
current dipole have been investigated by numerical simulations, phantom studies and in-vivo 
measurements. 

VII.3.1 The electric case 

The influence of head inhomogeneities on EEG measurements has been demonstrated by 
Schneider (1974) and Kavanagh et al. (1978). They compared EEG localizations based on a 
homogeneous sphere and a spherical shell model and showed that neglecting the 
inhomogeneities leads to the displacement of the equivalent dipole localization toward the 
centre of the sphere. Because the potential distribution on a homogeneous sphere is given by a 
closed expression the inverse solution using this model is fast. However, this solution is 
inaccurate and rare has to be taken to introduce a correction that takes the inhomogeneities of 
a three-spheres model into account (Ary et al., 1981). Zhang and Jewett (1993) showed that 
these corrections only yield valid results for the single dipole model. However, the EEG is not 
only influenced by the number of shells but also by uncertainties in the conductivities of the 
various tissue types (Peters and De Munck, 1991). This is a major problem, since these 
conductivities are poorly known. Stok (1986) performed simulation studies to investigate 
systematically, using the sphere model, the influence of the conductivity and the radii of the 
spheres on the position, strength and orientation of the equivalent dipole. Variations in the 
conductivities between 10% to 30% led to errors in the position of the equivalent dipole of 
about I to 3.5 mm. The influence of the radius was shown to be of the order of 0.5 to 3.5 mm 
when the radii where varied up to 2.5%. These simulations only apply to the EEG, since the 
MEG is not influenced by conductivities nor radii when using the sphere model. 
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Although a set of concentric spheres is currently the most used model for the head, it is 
obvious that the head is not shaped like a sphere. Inevitably, the deviation of the head from a 
set of spheres is bound to cause an error in the position of the estimated source. This was 
already shown by Henderson et al. (1975) who compared electric source localizations from 
artificial dipoles positioned in a sphere with those in a specially prepared human skull. The 
calvarium was covered by a saline soaked woolen cloth, simulating the "scalp". EEG-
electrodes had been stitched on to this scalp. The maximum observed distance between actual 
and calculated dipole position was 9.4 mm as opposed to 5.2 mm in the case the spherical 
phantom was used. The standard error increased from 3.5 mm to 5.3 mm. The three sphere 
model was used in the inverse procedure in both cases. 

Unfortunately, it is generally impossible to give an analytical expression for V and B except 
for relatively simple cases like spheres and spheroids (De Munck, 1988). He et al. (1987) 
described the head by a homogeneous model with the shape of the outside of the head. They 
studied the influence on the EEG using the boundary element method. To estimate the 
accuracy of their method they used a homogeneous triangulated model of the cat's head to 
localize implanted dipoles in the brain of a cat. The electrical dipoles were inserted through 
holes in the skull of 5 mm, which could have influenced their results (Bertrand et al., 1992). 
Deviations of the estimated dipoles from the true ones were dependent on the dipole 
orientation and were about 4 mm, which is large for such a small head. The deviations were 
dependent on the depths of the dipoles. They were larger when the dipoles were deeper. 
Cuffin et al. (1991) used electrodes implanted in patients being evaluated for epileptic surgery 
as artifical dipoles to test the localization procedure with a three-sphere model. They found an 
average error of 1 1 mm for a total of 28 dipoles localized from electric measurements at 16 
points on the head. All dipoles were implanted in the frontal part of the brain. To study the 
influence of the parameters defining the three-spheres model, three tests were performed. 
First, the location of the centre of the sphere was shifted by 2 cm in three different directions, 
leading to changes in the localization error of 6 mm. Second, the radius of the outermost 
sphere was varied without changing the thicknesses of the other layers by about I cm, leading 
to changes in the localization errors of 8 mm. In the third test the conductivity of the skull was 
varied by about 20% leading to changes in the solution of the order of only I mm. Similar 
experiments are reported by Smith et al. (1985) who studied the localization accuracy in 12 
patients. The electrodes were implanted in the hippocampus and amygdala. The localization 
of the sources were accurate within 2 cm of the known origin. Because all these studies are 
performed with patients there might have been influence from the lesions having a different 
conductivity. 

VIL3.2 The magnetic case 

Also for the magnetic case, the shape of the head-model was shown to influence localization 
results. Secondary sources situated at interfaces between regions of different conductivity 
have an opposite contribution to the magnetic field outside the volume conductor and 
therefore tend to cancel each other out. Thus, a model which only consists of one 
compartment should be a good approximation for a multi-compartment volume conductor 
(Meijs and Peters, 1987). Hämäläinen and Sarvas (1987) described the head by a 
homogeneous model with the shape of the inside of the skull. They showed that for superficial 
sources with a depth of up to 20 mm the influence of the model used on the magnetic field is 
neglectable when the results are compared with those obtained from the spherical model. The 
differences in localization between different models were in this case always smaller than 2 
mm. Only when the sources were located deeper in the head or in regions close to the 
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irregularly shaped bottom of the skull did the model of the head significantly influence the 
location of the dipoles. As was indicated in chapter V, a comparison between the localization 
of an equivalent dipole based on magnetic measurements using a spherical model and a 
homogeneous model shaped as the inner surface of the skull yielded a difference of 1 cm in 
the location of the equivalent dipole, although both models are generally considered to be 
acceptable models for the head. Meijs et al. (1988) compared a model consisting of four 
realistically shaped compartments with the sphere model and found differences in the location 
of the current dipole of 2.3 mm for a dipole at a depth of 20 mm up to 7 mm for dipoles at a 
depth of 38.3 mm for dipoles in the occipital region of the head. 

Barth et al. (1986) demonstrated experimentally that the influence of the shape of the head 
cannot be neglected. They implanted electrodes in a sphere and a human skull, both filled 
with a saline solution, and compared the magnetic source localizations using a spherically 
shaped model. The sphere model worked well for a spherical conductor but yielded errors of 
about 9 mm when applied to the skull. Menninghaus et al. (1992) used artificial dipoles at 
various depths implanted into a realistically shaped skull phantom to compare the results 
obtained from using a sphere model with those obtained with the realistically shaped 
boundary element model of the skull phantom. This model consisted of a single compartment, 
shaped as the inner surface of the skull. They measured the generated magnetic field and 
calculated the equivalent dipole using both types of head models. The error in the localization 
of the dipole using the sphere model was dependent on the depth of the dipole and varied 
from 3.7 mm for a dipole at a distance of 1.2 cm from the inner surface of the skull to 7.9 mm 
for a dipole at a depth of 3.3 cm. When using the boundary element method, the localization 
error turned out not to be dependent on the depth of the dipole. In this case the mean error was 
1.9 mm. In their experiment the dipoles were located in the temporal region of the head where 
the head deviates most from a sphere. Due to the shape of the head the sphere-model is a 
worse approximation of the temporal part of the skull than of the posterior regions. 

Balish et al. (1991) and Cohen et al. (1990) used implanted artificial dipoles in vivo in a 
human brain, and tried to localize them using magnetic measurements. The inverse procedure 
was based on a sphere as a model of the head. The localization errors in the magnetic case 
were in the order of 17 mm (Balish et al.) and 8 mm (Cohen et al.). The signal to noise ration 
in the first study mentioned is somewhat higher than in the latter. Also "holes" in the skull 
may play a role in the observed accuracies. The errors found by Cohen et al. are mainly due to 
inaccuracies in the model of the head, i.e. the sphere model, since repeating the measurement 
with a spherical phantom instead of a real head gave localization errors of 0 to 3 mm, which 
corresponds to phantom experiments by others including ourselves (see paragraph VII.1). 

VII.3.3 Discussion and conclusions 

In the magnetic case it can be assumed that the error in the location of an equivalent current 
dipole due to the shape of the head is about 8 mm when the sphere model is used, but an error 
in the order of 3 mm can be obtained with a (realistically shaped) model which describes the 
volume conductor perfectly. Since a perfect realistic model is not usually possible, we 
estimate the error in a localized dipole using a realistically shaped model to be about 4-5 mm. 
For the electric case the error in the position of the equivalent current dipole is about 10 mm. 
However, an estimate for a realistically shaped model is difficult to obtain. Since the 
conductivities play an important role in the electric inverse solution, a realistic model would 
have to be at least a multi-layer boundary element model, although the influence of the 
conductivities of the different tissue types will still be significant. A major problem is that 
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these conductivities cannot be obtained accurately. No doubt, a realistic shape of the head can 
improve the estimation of the localization. At least with a realistically shaped model, all 
electrodes are an the surface where the potential is supposed to be known, in contrast to the 
case when a spherical model is used. Nevertheless due to the inaccurately known 
conductivities the improvement in localization will not be as good as in the magnetic case. 
We estimate that an error of 6-7 mm will remain if a realistically shaped head model is used. 

The realistically shaped models of the head do not take fissures and sulci into account. Since 
fissures and sulci in the brain are filled with cerebrospinal fluid, which is more conductive 
than the brain tissue, they may influence the fields and potentials generated by the sources. 
The effects of fissures on EEGs and MEGs was simulated using the boundary element method 
by Cuffin (1985b). The head was described by a sphere and the fissures were longer and 
wider than actual fissures in the head, with the possible exception of the hemispheric fissure. 
For both the MEG and EEG the author found that the effects of the fissures on the locations 
could be as large as 7.5 mm, on the orientation 15 degrees and on the amplitudes 28%. The 
EEG solutions using the model with fissures tend to be deeper in the head than when a 
smooth sphere model was used. From animal studies Huang et al. (1989) concluded that the 
influence of the cortical sulci on MEGs can be ignored because they are less than 5 mm wide 
in normal human brains. 

Another aspect of the volume conductor model not taken into account is the presence of the 
ventricles in the brain. They are filled with CSF, and will therefore influence localization of 
dipoles, especially when these are located near the ventricles (Ueno and Iramina, 1990; Peters 
and Wieringa, 1993). However, ventricles can be extracted from MRI scans, and therefore can 
be taken into account. 

The use of three realistically shaped compartments is a first step towards a more accurate 
description of the head. However, the accuracy of the description has its limits. For instance, 
variations of 4 mm in the thickness of the scalp and skull influences the inverse solution 
(Cuffin, 1993). The maximum EEG localization error obtained in this study was 6.1 mm and 
the maximum MEG error was 3.7 mm. The thickness of the human scalp has been known to 
vary between 2 and 10 mm (Ary et al., 1981) at different locations. Van Veenendaal (1982), a 
co-worker in our group measured the geometry of 93 human skulls of people who died at ages 
between 20 and 60 years. The thickness of the skulls studied varied between 3 and 7.5 mm. 
However, such variations in thickness can not at present be taken into account. 

A special consideration is the number of compartments necessary to describe the head 
adequately. Although it has been shown in simulations that the inclusion of a separate 
compartment to describe the CSF influences the inverse solution (Peters and De Munck, 
1991), it is not at all certain that the inclusion of such a layer helps to create a more realistic 
model of the head. The MRI scans indicate that a separate layer of CSF has a thickness in the 
order of 1 mm. Differentiating this layer from the brain and skull boundaries suggests an 
accuracy of the volume conductor models that is presently not realistic. Furthermore, the 
influence of such a thin layer would probably very limited. Most of the CSF would seem to be 
contained in the sulci of the brain and can therefore not be represented by a separate layer on 
top of the brain. We would therefore argue that a layer describing the CSF is at this stage not 
feasible. 

A final point on the aspects of the influence of the volume conductor model is the influence of 
anisotropy. Peters and Elias (1988) demonstrated a clear influence of anisotropy in a two 
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layered medium, both for magnetic fields and electric potentials. Zhou and van Oosterom 
(1992) demonstrated the influence of anisotropy in the outer layer of a four compartment 
concentric spheres model on the potential recorded from the surface. De Munck (1989) used a 
five sphere model in which two layers representing the skull and the cortex were made 
anisotropic. The errors varied from 5 to 17 % of the outer sphere radius. In the latter case both 
were taken to be anisotropic. However, the conductivities of the tissues of the head are 
practically impossible to obtain with any accuracy and their anisotropic behaviour is even less 
known. Therefore, inclusion of anistropy in the volume conductor model can not be shown to 
make the model any more realistic. 

VII.4 Errors In the position of the MRI-markers 

To be able to find the position of a dipole in the MR-scans, a coordinate system is set up using 
markers attached to the subject's head, at known anatomical landmarks such as the pre-
auricular points and the nasion. These markers can be identified by visual inspection of the 
MRI-scans. An error in the positions of these markers give rise to an error in the coordinate 
transformation from the head-coordinate system to the MRI coordinate system and thus to an 
error in the position of the dipole in the MRI. The error in marker-position results from a 
combination of the variation in placing the markers on the anatomical landmarks, and of the 
variation in the indication of the position of a marker in the scan on the computer. This last 
error is mainly due to the fact that a marker is visible in more than one MRI slice, and one has 
to assume that the brightest spot is in the centre of the marker. Since the MRI slice thickness 
is 1 mm, this is also the order of the error in the position of the marker. 

To examine the influence of these errors on the position of the dipole, we performed a series 
of simulations in which errors in all three of the coordinates of each marker were included. 
We assumed these errors had a gaussian distribution, with mean zero, and a standard 
deviation of 2 mm. For the axis perpendicular to the surface of the scalp, negative errors were 
not allowed, because such an error is not possible as it would mean that the marker is located 
inside the head. In this case the absolute value of all numbers of the same distribution were 
taken, and therefore the mean is no longer zero. 

A special function has been programmed to generate random numbers according to a gaussian 
distribution. Simulations were run 100000 times, whereby each time the markers were given 
an arbitrary error in each of its coordinates. Then the equivalent dipole was fitted. The dipole 
was calculated using the concentric sphere model. The dipole was given in spherical 
coordinates with respect to the best fitting sphere. This was done for two cases. First it was 
assumed that the sphere was fitted using the MRI scans. In this case no additional error 
occurred in the positioning of the dipole, since the origin of the sphere is calculated directly in 
MRI-coordinates. In the second case the sphere was fitted based on the positions of the 
electrodes on the scalp. In this case, the sphere parameters are expressed with respect to the 
head coordinate system, since the positions of the electrodes are expressed in this coordinate 
system (see chapter V). Translating the position of the sphere to the MRI-coordinate system 
led to an additional error in the dipole position, due to the errors in the positions of the 
markers. The results are shown in Figure VII.2. As a measure of the error, two times the 
standard deviation ( was taken, consequently 95% of all localizations of the dipole fall within 
this error. This measure, in mm, is given as a function of the dipole distance r/R, in which r is 
the distance between the dipole and the centre of the sphere, while R is the radius of the 
sphere 
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. 

The lower curve shows the resulting error due to errors in the positioning of the markers in 
the case that the sphere was fitted in the MRI scan. The position of the sphere does therefore 
not depend on any markers and has an error of zero. The other shows the error in case the 
sphere is fitted from electrode positions and then transferred to the MRI. In this case the 
location of the sphere does depend on the markers. Although this indicates that it is better to 
fit the sphere in the MRI scan, one needs to keep in mind that the parameters describing the 
best fitting sphere have to be expressed in the head coordinate system in order to be used in 
the inverse procedure. This translation into the head coordinate system is also influenced by 
the markers. This error can be expected to be at least as large as the error that results from 
placing a sphere fitted on the basis of the electrode positions. However, the error in the dipole 
position due to the error in the position of the sphere is less than the error in the position of 
the sphere itself (see paragraph VII.5) 

VII.5 Errors In the sphere location 

As both the sphere and the measurement locations are expressed with respect to the head 
coordinate system, an error in the position of the sphere can be partly expressed as an error in 
the measurement location due to the reciprocity of the problem. This situation was already 
discussed in paragraph VII.2. However, an additional error will be generated because the 
sphere deviates from the "best fitting" sphere, which would best describe the curvature of the 
outer surface of the head nearest to the source. As long as this error is smaller than 5 mm we 
may assume that the additional error on top of the error already made by using the sphere 
model instead of a more realistically shaped model, is neglectable. This error is implicitly 
included in the investigations which evaluate the results of sphere model on realistically 
shaped volume conductors (see paragraph VII.3). The influence of chasing a sphere with a 
wrong radius is also limited. Cuffin (1986) showed for magnetic measurements that changes 
in the radius of up to 1 cm changes the resulting dipole location by less than 1 mm. 
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VII.6 Errors In the MRI 

When applying magnetic fields, as carried out during an MRI, it is assumed that the head has 
the permeability of free space. However, the head is in this respect not a homogeneous 
volume. The different tissue types have slightly different magnetic properties, which cause the 
local magnetic field to deviate from the applied magnetic field. This may cause small errors in 
the location of tissues in the image. The differences between water and fat are especially 
known for this phenomenon, called the water/fat shift. In our high resolution scans, tissues 
may be shifted over I mm. A different error occurs due to the fact that the brain can move 
inside the head. The MRI scan is usually taken with the subject lying on the back, which 
shifts the brain to the front of the head a little. When the MEG measurements are taken, the 
subject is often lying on the side, or even on the belly. The brain settles in a slightly different 
location. This may give rise to differences in brain-locations of 2 to even 5 mm for elderly 
people, where relatively more fluid is present in the head, and in certain pathological cases. 
These differences have to be taken into account when evaluating a dipole location in an MRI 
scan. 

VII.7 Overall error-estimate for the MEG 

The aim is to find how accurate a dipole location in an MRI scan is. For an estimate of the 
total error in a dipole localization the various error components have to be considered to be 
independent. Therefore, the root of the sum of squares of the individual error components has 
to be taken to find the total error in the position of the equivalent dipole. However, there are 
many different situations to consider. If a sphere model is used, not only the model error is 
larger than that for a realistically shaped model, but there is also an error in the placement of 
the sphere in the head. In case of the realistically shaped head model, these errors are not 
present, since the boundary elements used are derived from the MRI. Therefore the model and 
the dipole are denoted in the same coordinate system as the MRI images. in such a case, only 
the error in measurement position is present. Many errors depend on the depth of the dipole 
and on the section of the head where the dipole is located. Therefore only a rough estimate of 
the error can be made, which will give insight into the best possible localization accuracy of 
the MEG. The results are useful to determine the priority in the improvement of the method. 
Table V.1 summarizes the different errors for the magnetic case, and gives an estimate of the 
total error for the case that a realistically shaped volume conductor model is used, and for the 
case that a spherical model is used which is either fitted in the MRI scan or fitted to the 
positions of the electrodes on the scalp.  

MEG 
Errors in mm Realistically 

shaped volume 
conductor 

Sphere model, 
fitted in MRI 

scan 

Sphere model, 
fitted from 
electrode 
positions 

Error due to noise (S/N >= 10) 2 2 2 

Error due to error in position of 
measuring device 4 4 4 

Error due to volume conductor 
model 4.5 8 8 

Error due to conversion to MRI 
coordinates - 2-4 7-9 
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Error in MRI scan 2 2 2 

Total Error 6.7 9.7 12 

Table VII.1: Errors in the location of an equivalend dipole in mm for various situations 

  

The numbers for the electric case are given in Table VII.2. 

EEG 
Errors in mm Realistically 

shaped volume 
conductor 

Sphere model, 
fitted in MRI 

scan 

Sphere model, 
fitted from 
electrode 
positions 

Error due to noise (S/N >= 10) 3 3 3 

Error due to error in position of 
measuring device 4 4 4 

Error due to volume conductor 
model 6 10 10 

Error due to conversion to MRI 
coordinates - 2-4 7-9 

Error in MRI scan 2 2 2 

Total Error 8 11.7 14 

Table VII.2: Errors in the location of an equivalend dipole in mm for various situations 

From these figures it can be concluded that improvement of the localization of an equivalent 
current dipole can be achieved mainly by determining the measurement positions with a 
higher accuracy. Also, there may be some gain in further improvements of the head model, 
although high computational efforts may then be needed for a relatively small gain in 
accuracy. 

In the case of the sphere model an improvement of the localization can be obtained by 
locating the markers in the MRI with a higher precision. In that case the contribution to the 
error from transferring the dipole (and sphere) parameters is smaller. However, it is doubtful 
that much improvement can be achieved. An improvement in the accuracy of the 
measurement position would only result in a marginally smaller error in the location of the 
equivalent dipole. The most obvious improvement that can be made is not to use the sphere 
model, but rather a realistically shaped model of the head. 

It is clear that the error generated by the model of the head plays an important role. The 
sphere model cannot be considered to be an acceptable model for locating equivalent current 
dipoles at absolute positions in the MRI. Using a model derived from MRI clearly eliminates 
some steps in the process, and thereby reduces errors. From these data a lower limit to the 
accuracy with which dipoles can be localized in the MRI may be estimated. The errors due to 
noise and the error in the MRI scan can hardly be improved. If we assume that the error due to 
the model and due to variations in the measurement position will only slightly improve, an 
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accuracy of about 4 mm in the absolute position of an equivalent current dipole depicted in an 
MRI scan can be achieved. The error estimate described here applies to an absolute 
localization of a dipole with respect to the anatomical layout given by an MRI scan. If only a 
relative localization of various sources is desired the accuracy is significantly better, because 
several error-introducing steps ran be ignored. 
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Chapter VIII 
Evaluation and Conclusions 

This thesis deals with various aspects of the measurement of biomagnetic signals, and the 
incorporation of the results in MRI scans including a method for further evaluation by using 
PET scans. 

VIII.1 Data acquisition 

We have shown a convenient 64 channel data-acquisition system, which allows continuous 
sampling at sample rates of 1000 Hz per channel. Although this sample rate is sufficiently 
high for most evoked response measurements, demands on the instrumentation increase. In 
the future, higher-performance systems will be developed in which the sample rate can be 
varied between 100 and 5000 Hz per channel. This enables the system to measure, for 
instance, early somatosensory evoked responses, but also to sample at lower rates for less 
demanding experiments, thereby reducing the amount of storage space needed. This 
development also places a higher demand on the filters, and therefore the use of 
programmable digital filtering is preferred. To enable DC-measurements, a 21 bit AID 
converter is under development. Demands on the acquisition system will also increase in 
terms of speed, number of acquisition channels, on-line display possibilities and storage 
space. Already our acquisition computer has been equipped with a 1 Gb. hard disk. Further 
increase in the amount of data will have consequences for the speed and storage-capacity of 
the computers used for analyzing the data and the devices used to archive the measurements. 
Programs will have to be adapted, not only to deal with an increase in the number of channels 
or data points, but also in the presentation of the data to the investigator. The huge amount of 
data needs to be easy accessible to the investigator, with comprehensive views to enable it to 
be analyzed accurately. Although these problems are not uncommon to users of super-
computers, in the field of biomagnetism this is still an uncovered area. 

VIII.2 Noise reduction 

Two methods to reduce the noise in biomagnetic signals were shown. The first, electronic 
balancing, works very well outside magnetically shielded rooms, yielding improvements in 
the signal-to-noise ratio of a factor of 10 to 20, but does not work properly inside shielded 
rooms. The second method, active shielding, actively compensates disturbing magnetic fields 
from the environment. This method works only in combination with a shielded room. The 
improvements are very impressive for magnetometers, in which the noise is suppressed by up 
to 40 dB, but only yield an improvement of a factor of 5 for gradiometers. These noise-
suppression schemes may have their value when biomagnetic sensing devices are being used 
in the clinic in an inherently noisy environment. They could very well be a cheap alternative 
to additional shielding with p-metal and/or aluminum. 

VIII.3 Display of dipoles In MRI images 
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The methods for combining MEG/EEG results with MRI, shown in this thesis, enable an 
experimentator to view an equivalent dipole calculated from MEG and/or EEG measurements 
in MR] scans. Various views are available, and the investigator should be able to manipulate 
these views to get a general idea about the location of a dipole, to correlate it with other 
methods like PET, or to compare it with views taken from functional brain atlases. At this 
moment, viewing the data, and creating new views takes a relatively long time. Although this 
is, in principle, not so much a problem in a research environment, researchers should be 
stimulated to use these new techniques to push beyond the current standards. Therefore, the 
process of generating the views has to be speeded up. This can be done in an easy and 
expensive way by updating the computer used to current standards, increasing memory and 
on-line storage capacity at the same time. However, the dataset we use is very large, and does 
not fit completely in memory. This generates a lot of overhead by having to read from disk all 
the time. By reducing the resolution of the MRI scan from I mm3 to 2 mm3, the amount of 
data is reduced with a factor of 8. This reduced data set fits into memory completely, so it 
only has to be read once. Furthermore all operations on the data set, like reconstructing 
different planes or creating 3D views, will be reduced also by a factor of S. The time 
necessary to render the data on the screen will be reduced by another factor of 4. The result 
should be that most operations can be carried out within 1 minute. High resolution views can 
always be obtained if deemed necessary. If further optimizations are made, like selecting a 
view by pre-showing a low-resolution image, the program can be made even more interactive, 
inviting the investigator to try out different views. Other improvements which should be 
considered are:  

• to allow more dipoles to be displayed, possibly in combination with a transparent head 
or brain in motion, to discern their 3D positions relative to each other.  

• to display the positions of the electrodes or gradiometers with respect to the head 
during the measurement session. This should give appropriate feedback as to whether 
the measurement was carried out over the proper area. Isocontour maps could show 
the original data at any time-instant. 

• to have access to more than one subject on screen for direct comparison of the results. 

VIII.4 Segmentation of the MRI 

To improve the accuracy of the inverse solution, more realistically shaped multicompartment 
models of the head can be used, which can be generated from the MRI scans. To enable the 
generation of these models, and to be able to generate 3D views of head and brain, the MRI 
scans needs to be segmented. We have shown a practical and successful method to do this 
completely automatically in chapter IV. Automatic segmentation of medical images is a 
problem which has not been solved in general. Our procedure appears to work well in most 
case, partly due to the high resolution of the scans used. This high-resolution makes it 
possible to neglect any partial-volume effects, where voxels derive their value from more than 
one tissue type due to their finite extent. The segmentation procedure is also specific for the 
head. Further improvements could be made with minor modifications, for instance to extract 
the ventricles and to discriminate between the grey and white matter of the brain. This should 
facilitate the construction of more realistic models. The segmentation procedure has to be 
carried out only once for each dataset. The segmentation is stored in the original file, without 
modifying the original voxel-values. Therefore, it is still possible to re-segment the dataset 
after improvements to the algorithm have been made. To completely segment a 256 slice 
dataset in high resolution takes currently about twelve hours. Optimizations to the algorithm 
are difficult to implement, since the procedure has to be robust for the many different 
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situations encountered. However, this does not usually present a problem, since the 
segmentation can take place during the night. 

VIII.5 The volume conductor 

From simulation studies it emerges that the accuracy of the source estimation is strongly 
dependent on the model of the head. The information on the conductivity distribution as 
found in the literature is not very accurate. Information on the geometry can be obtained from 
MRI as described in chapter IV. Usually a set of concentric spheres is used as a model of the 
head. The spheres are fitted to that part of the boundary of the head which is nearest to the 
source. This is not an adequate description as is illustrated in figure VIII.1 in which the head 
is described by a four sphere model which is obtained by fitting the spheres to the occipital 
region of the head. It is obvious that the head is not a sphere and neither are its compartments. 
When the electrodes used to measure the potential distribution cover a large part of the 
surface of the scalp some measuring points will not be located at the outermost sphere of a 
multi-sphere model. Consequently, a realistically shaped scalp surface should be incorporated 
into the model of the volume conductor for the EEG. 

Inverse procedures for realistically shaped models are presently all based on the boundary 
element method. Thus, a model consisting of realistically shaped compartments has to be 
constructed, where all compartments have closed surfaces and a homogeneous, linear and 
isotropic conductivity. The MEG leads itself to the use of a simpler model than the EEG. This 
is due to the fact that the skull is poorly conducting, so the main contribution to the magnetic 
field outside of the head is from currents flowing in the brain tissue, and because the 
secondary sources at the outside of the skull and the ones at the outside of the scalp counteract 
each other. Consequently, in the case of the MEG the head can be described by a 
homogeneous model shaped as the inner surface of the skull. We have described in chapter IV 
a practical and successful method to extract such a model completely automatically from 
MRI-data. As mentioned above, multi-compartment models are needed in the case of the 
EEG. The generation of the (triangulated) outside surfaces of the brain and the scalp is fully 
automated. The triangularization of the outside surface of the skull sometimes requires human 
interference. In the healthy subjects studied the layer of CSF was in the order of I mm. From 
simulation studies of concentric sphere models, De Munck (1989) found that when the CSF 
layer of 3 mm was omitted the depth errors were very small, but the error in the tangential 
direction could be 6 mm. Therefore, it seems that for elderly subjects, who may have large 
spaces filled with CSF, this layer should be taken into account. The description of the surface 
of this layer is easy to obtain from brain surface data by using a scaling factor. From 
simulations it followed that the magnetic field will very much influenced 

by the presence of a lesion and indeed could even be reversed (Ueno, 1992; Peters and 
Wieringa, 1993). Since the magnetic field is dependent on the distribution of the potential, it 
is to be expected that the EEG is also influenced by such a lesion (if the lesion is more 
conductive than the surrounding tissue we have the so called Brody effect). As the ventricles 
are filled with CSF the influence of the ventricles may be substantial for sources nearby. The 
ventricles can also be obtained from MRI-data with the method described in Chapter IV. An 
example is shown in figure VIII.2. Another geometrical aspect of the volume conductor 
which is expected to have a large influence on the EEG and MEG are breaches and openings 
in the skull (Bertrand et al., 1992). These structures will be difficult to obtain from MRI and 
certainly these cannot be extracted in a fully automated procedure. Although the generation of 
triangulated surfaces is automated, the total procedure (i.e. MRI measurements, segmentation, 
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inverse solution using the boundary element method) is still very time consuming. The time 
for the calculation of a source can be reduced dramatically (a reduction from hours to 
seconds) if a scaled standard head model can be used in the inverse procedure. 

VIII.6 Accuracy 

To properly assess the shown dipole location in the MRI, an estimate of the error in this 
position is necessary. In chapter VII it is shown that this error depends on all the steps taken 
to reach this result. A global estimate is made for three situations, 

i.e. for the case in which a realistically shaped model of the head is used, for the case in which 
a sphere model is used, where the sphere is fitted in the MRI scan, and for the case in which a 
sphere model is used which is fitted to points on the surface of the real head. The estimated 
error-estimates in the location of the dipole were for these three cases were 6.7 mm, 10 mm 
and 12 mm respectively. From these error-estimates we can conclude that the best results for 
the absolute localization of an equivalent current dipole in an MRI scan are obtained using a 
realistically shaped model of the head derived from the same MRI scan. Using the sphere 
model gives worse results, especially in the case that the sphere has been fitted to the head 
externally, and is afterwards transferred to the MRI. From these results it can be concluded 
that the errors due to the use of spherical head models are the largest. Therefore the reduction 
of these errors is of first priority. All studies using models which are more complex than the 
concentric spheres model are not of a statistical nature because the number of parameters that 
can be varied is too large. Consequently, they cannot provide the mean error but just a 
possible error. The simulations will show us the tendency of the error due to certain aspects of 
the volume conductor. We conclude that the accuracy of the functional imaging based on 
MEG and EEG will be enhanced when the shape of compartments plus breaches in the skull 
are taken into account. However, it is difficult to validate results. 

The MEG and the EEG are the only two methods to study the functional organization of the 
brain with a temporal resolution of I ms. These methods are complementary rather than 
competitive as argued in chapter V, which shows that all six parameters of the dipole can be 
obtained with a higher accuracy if both MEG and EEG are used. The location of the dipole 
should be obtained from MEG, its direction from EEG, and the strength from both MEG and 
EEG together. The strength of the dipole can then be used to estimate the activated patch of 
cortex, using knowledge gained from electrophysiology. The method, as suggested by 
Williamson at al. (1991), of deriving the direction of the dipole from the tangential 
component found from MEG and the local curvature of the cortex instead of using the EEG 
seems impractical since it requires an unrealistically high localizing accuracy. This is 
particularly so as they use a sphere model the fit of which is not uniquely defined and since 
the position of the sphere influences the tangential component found in MEG. Therefore the 
direction of the dipole can not accurately be determined in this way. 

VIII.7 Verification 

An important part of future modelling research is experimental verification of the models and 
localization methods. The results have to be compared with anatomical and 
electrophysiological knowledge and tests with implanted sources in the human brain are also 
of importance. Localization studies to estimate EEG and MEG accuracy of localization by 
means of implanted electrodes are all based on spherically symmetric head models. It is of 
importance that more realistically shaped models are used. Another method to provide a 
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critical assessment of MEG and EEG is to compare the results with those obtained with other 
methods i.e., functional imaging with MRI (fMRI); PET and Single Photon Emission 
Computer Tomography (SPECT). PET and SPECT provide a measure of chemical specifity 
and although the basis of fMRI is currently speculative, it probably shows the changes in 
blood volume and other vascular-related phenomena. All these methods have a time 
resolution which is much longer than I ms; the time resolution of oxygen-15 based PET is 40 
s and of fMRI 2 s. In order to be able to compare the results obtained with these various 
modalities, it is necessary to have a method at one's disposal for multimodality matching of 
brain images as described in Chapter VI. It is difficult to decide at this moment whether the 
results of comparisons have to be displayed in 3D-images or in slices combined with the 
coordinates. 

VIII.8 Clinical use 

The clinical use of source localization based on MEG and/or EEG is still rather limited: the 
localization of the epileptic focus during presurgical diagnosis (Stefan et al., 1991); the 
delineation of the somatosensory cortex in patients submitted to neurosurgery, who will 
undergo a resection adjacent to the central fissures which can help avoid the accidental 
disabling of important brain areas (Gallen et al., in press). For these measurements it seems of 
the utmost importance that the measurements are carried out fast and that the total localization 
procedure leads to a reliable and precise result, presented in a clear and unambiguous way. 
Standard realistically shaped head models which can be scaled would provide an inverse 
procedure which would meet these requirements. If, for instance, the development of the brain 
is studied as a function of age the researcher is not interested in the absolute location of the 
sources but in the relative one (Ossenblok, 1992). Neuropsychologists are interested in 
processes such as cognition and language processing. They may, for instance, be interested to 
know the effects of attention on the cerebral generators that underlie the fields and potentials 
to both attended and unattended stimuli. In this type of research the interindividual differences 
in the exact positions of the sources are of less importance than knowledge about the relative 
position of active regions (Wijers et al., 1992). There is no need for individualized head 
models in inverse solutions in cases where researchers are not interested in the absolute 
position but in the relative one. 

In future MEG, EEG and MRI may strengthen each other further. First, findings obtained 
with fMRI can be compared to findings obtained with MEG and EEG. Second, localization 
results from MEG and EEG can be used to choose the volume in the brain where Magnetic 
Resonance Spectroscopy will give additional information. Also, the structural information in 
this region can be enhanced by scanning the selected region at sub-millimeter resolution. 
Third, the results obtained from MEG and EEG can be evaluated by electrophysiologic 
knowledge which will be made available through atlases of the brain. Of course, the position 
in the brain has to be indicated in such a way that it is possible to know where the 
corresponding location is in an individual head. If an algorithm for scaling is available, it will 
also be possible to compare MEG's and EEG's with findings by PET which are averaged over 
a number of individuals. In this way, we can hope that the brain will reveal more of it's secrets 
to us, and that it will enable us to battle the various brain-diseases successfully. 



96 



97 

 

References 
Abraham-Fuchs, K., Harer, W., Schneider, S. and Stefan, H., Pattern recognition in 
biomagnetic signals by spatio-temporal correlation and application to the localisation of 
propagating neuronal activity, Med. & Biol. Eng. & Comput., vol. 28, pp. 398406, 1990 

AhIfors, S. and Ilmoniemi, R.J., Magnetometer position indicator for multichannel MEG, in: 
Advances in Biomagnetism, Williamson, SJ, Hoke, M., Stroink, G. and Kotani, M. (ads.), 
Plenum Press, New York, pp. 693-696, 1989 

Ahonen, A.I., Hamalainen, M.S., Kajola, M.J., Knuutila, J.E.T., Laine, P.P., Lounasmaa, 
O.V., Simola, J.T., Tesche, C.D. and Vilkman, V.A., A 122-channel magnetometer covering 
the whole head, Proceedings 14th International Conf. of 2th IEEE Engineering in Medicine 
and Biology Society, Satelite Symposium on Neuroscience and Technology, Novemb. Lyon, 
16-20, 1992 

Anogianakis, G., Krotopoulou, K., Spirakis, P., Terpou, D. and Tsakaladis, A., Mapping the 
brain in a structural way helps in the localization of epileptic foci, Proceedings 14th 
International Conf. of the IEEE Engineering in Medicine and Biology Society, Satelite 
Symposium on Neuroscience and Technology, Novemb. Lyon, pp. 21-23, 1992 

Arthur R.M. and Geselowitz D.B., Effect of inhomogeneities on the apparant location and 
magnitude of a cardiac current dipole source, IEEE Trans. Biomed. Eng., BME-17, pp. 141-
146, 1970 

Arun, K.S., Huang, T.S. and Blostein, S.D., Least-squares fitting of two 3-D point sets, IEEE 
Trans. Pattern anal. machine intell., vol. PAMI-9, 5, pp. 698-700, 1987 

Ary J.P., Klein S.A. and Fender D.H., Location of sources of evoked scalp potentials; 
correction for skull and scalp thickness, IEEE Trans. Biomed. Eng., BME-28, pp. 447-452, 
1981 

Balish, M., Sato, S., Connaughton, P. and Kufta, C., Localization of implanted dipoles by 
magnetoencephalography, Neurology, vol. 41, pp. 1072-1076, 1991 

Barnard, A.C.L., Duck, J.M., Lynn, M.S. and Timlake, W.P., The application of 
electromagnetic theory to electrocardiology 11, Biophys. J., 7, pp. 463-491, 1967 

Bartenstein, P. and Schober, O., PET as a competitor for MEG?, in: Biomagnetism, clinical 
aspects, Hoke, M., Errid, S.N., Okada, Y.C. and Romani, G.L. (eds.), Excerpta Medica, 
Amsterdam, pp. 669-674, 1992 

Barth, D.S., Sutherling, W., Broffman, J. and Beatty, J., Magnetic localization of a dipolar 
current source implanted in a sphere and a human cranium, Electroenceph. clin. neurophys., 
vol. 63, pp. 260-273, 1986 



98 

Baumgartner, B., Sutherling, W.W., Di, S. and Barth, D.S., Spatiotemporal modeling of 
cerebral evoked magnetic fields to median nerve stimulation, Electroenc. clin. neurophys., 
vol. 79, pp. 27-35, 1991 

Berger, H., Ober das Elektrenkephalogramm des Menschen, Arch. f. Psychiatr. 87, 527-570, 
1929 

Bertrand, O., Thevenet, M. and Perrin, F., 3D finite element method in brain electrical activity 
studies, In: Biomagnetic localization and 3D modelling, Nenonen, J., Rajala, H.M. and Katila, 
T. (eds.), Otaniemi, pp 154-171, 1991 

Bertrand, O., Thevenet, M., Perrin, F. and Pernier, J., Effects of skull holes on the scalp 
potential distribution evaluated with a finite element model, Proceedings 14th International 
Conf. of the IEEE Engineering in Medicine and Biology Society, Satelite Symposium on 
Neuroscience and Technology, Novemb. Lyon, pp. 42-45, 1992 

Besl, P.J. and McKay, N.D., A method for registration of 3-D shapes, IEEE Trans. pattern 
anal. machine intell., vol. 14, 2, pp. 239-256, 1992 

Bomans, M., 1-16hne, K.H., Tiede, U. and Riemer, M., 3-D segmentation of MR images of 
the head for 3-D display, IEEE Trans. on Medical Imaging, 2, pp. 177-183, 1990 

Borgefors, G., Hierarchical chamfer matching: a parametric edge matching algorithm, IEEE 
pattern anal. machine intell., vol. 10, 6, pp. 849-865, 1988 

Brenner, D., Williamson, S.J. and Kaufman, L., Visually evoked magnetic fields of the human 
brain, Science, 190:480, 1975 

Bruno, A.C., Paulsen, C.C. and Ribeiro, P.C., Measurement of gradiometers' spatial transfer 
function, in: Biomagnetism '87, Atsunni, K., Kotani, M., Ueno, S.,Katila, T. and Williamson, 
S.J. (ads.), TokyoDenki University Press, Tokyo, pp. 450453, 1987 

Buchanan D.S., Impact of different noise sources on dipole localization in the spherical 
model: a simulation, in: Advances in Biomagnetism, Williamson, SJ, Hoke, M., Stroink, G. 
and Kotani, M. (eds.), Plenum Press, New York, pp. 539-542, 1989 

Carelli, P., Modena, 1. and Romani, G.L., Detection coils, in: Biomagnetism, an 
interdisciplinary approach, Williamson, S.J., Romani, G.L., Kaufman, L. and Modena, 1. 
(ads.), Plenum Press, New York, 1983 

Cheyne, D., Vrba, J., Crisp, D., Betts, K., Burbank, M., Cheung, T., Fife, A., Haid, G., Lee, 
S., McCubbin, J., McKay, J., McKenzie, D., Spear, P., Taylor, B., Tillotson, M., Weinberg, 
H., Basar, E. and Tsutada, T., Use of an unshielded, 64-channel whole-cortex MEG system in 
the study of normal and pathological brain function, Proc. 14th Internet. Conf. of the IEEE 
Eng. Med. Biol. Society, Satelite Symposium on Neuroscience and Technology, Novemb. 
Lyon, pp. 46-50, 1992 

Clarke, J., Superconducting quantum interference devices for low frequency measurements, 
in: Superconductor applications: Squids and machines, Schwartz B.B. and Foner, S. (ads.), 
Plenum Press, New York, 1977 



99 

Cohen, D., Magnetoencephalography: Evidence of magnetic fields produced by alpha-rhythm 
currents, Science, 161, pp. 784-786, 1968 

Cuffin, B.N., A comparison of moving dipole inverse solutions using EEGs and MEG's, IEEE 
Trans. Biomed. Eng., vol. BME-31, pp. 481-483, 1985a 

Cuffin, B.N., Effects of fissures in the brain on electroencephalograms and 
magnetoencephalograms, J. Appl. Phys., vol. 57, 1, pp. 146-153, 1985b 

Cuffin, B.N., Effects of measurement errors and noise on MEG moving dipole inverse 
solutions, IEEE Trans. biomed. eng., vol. BME-33, 9, pp. 864-861, 1986 

Cohen, D., Cuffin, B.N., Yunokuchi, K., Maniewski, R., Purcell, C., Cosgrove, G.R., Ives, J., 
Kennedy, J.G. and Schomer, D.L., MEG versus EEG localization test using implanted 
sources in the human brain, Annals of neurology, Vol. 28, 6, pp. 811817, 1990 

Cuffin, B.N., Effects of the local variations in skull and scalp thickness on EEGs en MEG's, 
IEEE Tran. biomed. eng., vol. 40, 1, pp. 42-48, 1993 

Cuffin, B.N. and Cohen, D., Comparison of the magnetoencephalogram and 
electroencephalogram, Electroenceph. clin. Nuerophysiol., vol. 47, pp. 132-146, 1979 

Cuffin B.N., Cohen D., Yunokuchi K., Maniewski R., Purcell C., Cosgrove G.R., Ives J., 
Kennedy J. and Schoner D., Tests of EEG localization accuracy using implanted sources in 
the human brain, Annals of Neurology, vol. 29, 2, pp. 132138, 1991 

Cumming, W.T. and Wells, J.G., Flexible PC-based workstation for auditory evoked potential 
and psychoacoustic experiments, Med. & Biol. Eng. & Comput., vol. 30, pp. 373-376, 1992 

De Munck, J.C., The potential distribution in a layered anisotropic spheroidal volume 
conductor, J. Appl. Phys., vol. 64, 2, pp. 766-778, 1988 

De Munck, J.C., A mathematical and physical interpretation of the electromagnetic field of 
the brain, Ph. D. Thesis, University of Amsterdam, The Netherlands, 1989 

De Munck, J.C., Vijn, P.C.M. and Spekrijse, H., A practical method for determining electrode 
positions on the head, electroenceph. clin. neurophys., 79, pp. 85-87, 1991 

Donnely, K.L., George, K.R. and Storey, J.R., An active magnetic noise canceller, in: 
Biornagnetism '87, Atsumi, K., Kotani, M., Ueno, S., Katila, T. and Williamson, S.J. (ads.), 
Tokyo Denki University press, Tokyo, pp. 478-481, 1988 

Dössel, O., David, B., Fuchs, M., KrOger, J., I-Odelke, K.M., Wischmann, H.A., A 31channel 
SQUID system for biomagnetic imaging, Applied superconduct., vol. 1, 1 O12, pp, 1813-
1825, 1993 

Drung, D., Zimmerman, R., Cantor, R., Ern6, S.N., Koch, H., Matthies, K.P., Peters, M., 
Scheer, H.J. and StollfuB, A 37-channel DC SQUID magnetometer system, Clin. Phys. 
Physiol. Meas., vol. 12, suppl. B, pp. 21-29, 1991 



100 

Erné, S.N. and Edrich, J., Designing multichannel sensor arrays for biomagnetism, proc. 1992 
Int. IEEE EMBS conf, Paris, pp. 1772-1773, 1992 

Erné S. N., Narici, L., Pizzella, V. and Romani, G. L., A solution for arrays of 
superconduction sensors, IEEE Trans. on Magn., Vol 1. Mag-23, 2, pp. 1319-1322, 1987. 

Eshel, Y., Levi, S., Rosenfeld, M. and Abboud, S., Correlation between skull thickness 
asymmetry and scalp potential estimated by a numerical model of the head, not published. 

Farrell, E.J. and Zappulla, R.A., Three-dimensional data visualization and biomedical 
applications, CRC crit. rev. bionned. eng., vol. 16, 4, pp. 323-363, 1989 

Flokstra, J., Adelerhof, D.J., Houwman, E.P., Veldhuis, D. and Rogalla, H., Josephson 
junctions and DC SQUIDs based on NblAl technology, Clin. Phys. Physiol. Meas., vol. 12, 
suppl. B, pp. 59-66, 1991 

Foglietti, V., Del Gratta, C., Pasquarelli, A., Pizzella, V., Torrioli, G., Romani, G.L., 
Gallagher, W.J., Ketchen, M.B., Kleinasser, A.W. and Sandstrom, R.L., Multichannel hybrid 
system for neuromagnetic measurements, Clin. Phys. Physiol. Meas., vol. 12, suppl. B, pp. 
31-37, 1991 

Freeman W.J., Action in the nervous system, Academic Press, New York, 1976 

Fuchs, M. and Dössel, O., On line head position determination for MEG measurements, in: 
Biomagnetism, Clinical aspects, Hoke, M., Erné, S.N., Okada, Y.C. and Romani, G.L. (eds.), 
Excerpta Medica, Amsterdam, pp. 869-873, 1992 

Gallen, C., Schwartz, B., Pantev, C., Hampson, S., Sobel, D., Hirschkoff, E., Rieke, K., Otis, 
S. and Bloom, F., Detection and localization of delta frequency activity in human strokes, in: 
Biomagnetism, Clinical aspects, Hoke, M., Erné, S.N., Okada, Y.C. and Romani, G.L. (ads.), 
Excerpta Medica, Amsterdam, pp. 301-305, 1992 

Gallen, C.C., Schwartz, B., Rieke, K., Pantev, C., Sobel, D., Hirschkoff, E., and Bloom, F.E., 
Intrasubject reliability and validity of somatosensory source localization using a large array 
biomagnetometer, Electroenceph. Clin. Neurophysiolog., in press. 

Ganong, W.F., Review of Medical Physiology, Appleton and Lange, Norwalk, 1987 

Geselowitz D.B., On the magnetic field generated outside an inhomogeneous volume 
conductor by internal sources, IEEE Trans. Magn., vol. 6, pp. 346-347, 1970 

Gevins, A., Brickett, P., Costales, B., Le, J. and Reutter, B., Beyond topographic mapping: 
Towards functional-anatomical imaging with 124-channel EEGs and 3-D MRls, Brain 
Topography, vol. 3, 1, pp. 53-64, 1990 

Gevins, A., Le, J., Brickett, P., Reuffer, B. and Desmond, J., Seeing through the skull: 
Advanced EEGs use MRIS to accurately measure cortical activity from the scalp, Brain 
Topography, vol. 4, 2, pp. 125-131, 1991 



101 

Gevins, A., Dynamic functional topography of cognitive tasks, Brain Topography, 1/2, pp. 37-
56, 1989 

Gonnelli, R.S., Pasquarelli, A., Caviogioli, B. and Zanini, S., Data acquisition system for 
multichannel biomagnetic instrumentation: first /eve/ results, in: Book of abstracts of the 8th 
international conference on biomagnetism, pp. 141-142, 1991 

Gutman, A. and Shimoliunas, A., Comparison of the solutions of the direct and inverse 
problems of electroencephalography in models of an isolated sphere and thin membranes of 
the brain, Biophys., vol. 25, pp. 715-717, 1980 

Harnalainen, M.S., A 24-channel planar gradiometer system design and analysis of 
neuromagnetic data, in: Advances in Biomagnetism, Williamson, S.J., Hoke, M., Stroink, G. 
and Kotani, M. (eds.), Plenum Press, New York, 1989 

Harnalainen, M.S. and Serves J., Feasibility of the homogeneous head model in the 
interpretation of neuromagnetic data, Phys. Mad. Biol., vol. 32, pp. 91-97, 1987 

Hämäläinen, M.S. and Serves, J., Realisitic conductivity geometry model of the human head 
for interpretation of neuromagnetic data, IEEE Trans. biomed. eng., vol. 36, pp.165-171, 
1989 

Hämäläinen, M., Hari, R., Ilmoniemi, R.J., Knuutila, J. and Lounasmaa, O.V., 
Magnatoencephalography - theory, instrumentation, and applications to noninvasive studies 
of the working brain, Rev. mod. phys., vol. 65, 2, pp. 413-495, 1993 

Hansen, J.S., Bowser, D. and Ko, H., Adaptive Noise Cancellation in neuromagnetic 
measurement systems, 11 nuovo Cim., vol. 2, No. 2, pp. 203-213, 1983 

Hari R., Joutsiniemi S.L. and Sarvas J., Spatial resolution of neuromagnetic records: 
Theoretical calculations in a spherical model, Electroenceph. Clin. Neurophysiol., 71, pp. 64-
72, 1988 

He, B., Busha, T., Okamoto, Y. Homma, S., Nakajima, Y. and Sato, T., Electric dipole 
tracing in the brain by means of the boundary element method and it's accuracy, IEEE Trans. 
biomed. eng., vol. 34, pp. 406-413, 1987 

Heiden, C., SQUID and SQUID system developments for biomagnetic applications, Clin. 
Phys. Physiol. Meas., vol. 12, suppl. B, pp. 67-73, 1991 

Helmholtz, H., Ober einige Gesetze der Vertheilung elektrischer Str(5me in korperliche 
Leitem met Anwendung auf die tierisch-elektrischen Versuche, Ann. Phys. Chem., Vol. 89, 
pp. 211-233, 353-377, 1853 

Henderson, C.J., Butler, S.R. and Glass. A., The localization of equivalent dipoles of EEG 
sources by the neurophysiol., vol. 39, pp. 

Higuchi, M., Chinone, K., nagi, M. and Ishibashi, Y., artificial signal source, in: Stroink, G. 
and Kotani, M. application of electfic field theory, Electroenceph. clin. 117-130, 1976 



102 

Ishikawa, N., Kado, H., Kasai, N., Nakanishi, M., KoyaThe positioning of magnetometer 
pickup coil in dewar by Advances in Biomagnetism, Williamson, S.J., Hoke, M., (eds.), 
Plenum Press, New York, pp. 701-704, 1989 

Hoke, M., Emd, S.N., Okada, Y.C. and Romani, G.L., Biomagnetism, clinical aspects, 
Proceedings of the 8th international conference on Biomagnetism, Excerpta Medica, 
Amsterdam, 1992 

Hosek, R.S., Sances Jr. A., Jodat, R.W. and Larson, S.J., The contlibutions of intracerebral 
currents to the EEG and evoked potentials, IEEE Trans. biomed. eng., BME-25, pp. 405-413, 
1978 

Houwman, E, Development of DC-SQUID sensors for multichannel magnetometry, Ph.D. 
Thesis, University of Twente, Enschede, The Netherlands, 1990 

Huang, J.C., Okada, Y.C. and Nicholsoon, C., Conductivity boundaries may produce stronger 
magnetic fields than the primary source: comparison of three analytical methods, in: 
Advances in Biomagnatism, Williamson, S.J., Hoke, M., Stroink, G. and Kotani, M. (ads.), 
Plenum Press, New York, pp. 335-338, 1989 

Huiskamp, G. and Van Oostrom, A., The depolarization sequence of the human heart surface 
computed from measured body surface potentials, IEEE Trans. biomed. eng., vol. 35, pp. 
1047-1058, 1988 

Huiskamp, G. and Van Ciostrom, A., Tailored versus realistic geometry in the inverse 
problem of electrocadiography, IEEE Trans. Biomed. Eng., vol. 36, pp. 827835, 1989 

Huizenga, H.M. and Molenaar, P.M, The effects of number of leads on equivalent dipole 
estimation and statistical testing, submitted to Multivariat. behavioural research 

Incardona, F., Narici, L., Modena, 1. and Ernb, S.N., Three dimensional localization system 
for small magnetic dipoles, Rev. Sci. Instrum., vol. 63, 9, pp. 4161-4166, 1992 

loannides, A.A., Bolton, J.P.R. and Clarke, C.J.S., Continuous probabilistic solutions to the 
biomagetic inverse problem, Inverse Problems, vol. 6, pp. 523-542, 1990 

Ishiyama, A. and Kanai, I., Source estimation by a method combines MEG and EEG, in: 
Neuro-magnetism, neuro-sensors & actuators, proceedings of the 14th annual Internet. conf. 
of the IEEE eng. med. biol. society, Dittmar, A. and Froment, J.C. (ads.), pp. 82-85, 1992 

Josephson, B.D., Possible new effects in superconductive tunneling, Phys. Rev. Left. 1:251, 
1962 

Kajola, M., Ahonen, A., 1-19malainen, M.S., Knuutila, J., Lounasmaa, O.V., simola, J. and 
Vilkman, V.. Development of multichannel neuromagnetic instrumentation in Finland, Clin. 
Phys. Physiol. Maas., vol. 12, suppl. B, pp. 39-44, 1991 

Karp, P., Cardiomagnetism, in: Biomagnetism, Ernd, S.N., Hahlbohm, H.D. and LObbig, H. 
(ads.), de Gruyter, Berlin, pp. 219-258, 1981 



103 

Kasai, N., Sasaki, K., Kiryu, S. and Suzuki, Y., Thermal magnetic noise of dewars for 
biomagnetic measurements, Cryogenics, vol. 33, 2, pp. 175-179, 1993 

Katila, T.E., Principles and applications of squid sensors, In: Advances in Biornagnetism, 
Williamson, S.J., Hoke, M., Stroink, G. and Kotani, M. (ads.), Plenum Press, Now York, pp. 
19-32, 1989 

Kavanagh, R.N., Darcey, T.M., Lehmann, D. and Fender, D.H., Evaluation of methods for 
three-dimensional localization of electrical sources in the human brain, IEEE Trans. biomed. 
Eng., vol. BME-25, pp. 421-429, 1978 

Kelha, V.O., Pukki, J.M., Peltonen, R.S., Penttinen, V.J., Ilmoniemi, R.J. and Haino, J.J., 
Design, construction and performance of a large-volume magnetic shield, IEEE Trans. magn., 
vol. 18, pp. 260-270, 1982 

Knuutila, J. and Hämäläinen, M.S., Characterization of brain noise using a high sensitivity 7-
channel magnetometer, in: Biomagnstism '87, Atsumi, K., Kotani, M., Ueno, S., Katila, T. 
and Williamson, S.J. (ads.), Tokyo Denki University Press, Tokyo, pp. 186-189, 1987 

Kubler, O., Yla-Jaaski, J. and Hiltebrand, E., 3-D segmentation and real time display of 
medical volume images, in: Proc. int. symp. comput. assist. radiol., Larnbke, H.U., Rhodes, 
M.L., Jaffee, C.C. and Felix, R. (eds.), Springer-Verlag, Heidelberg, pp. 637-641, 1987 

Kullmann, W.H., Jandt, K.D., Rehm, K., Schlitt, H.A., Dallas, W.J. and Smith, W.E., A linear 
estimation approach to biomagnetic imaging, in: Advances in biomagnetism, Williamson, 
S.J., Hoke, M., Stroink, G. and Kotani, M. (eds.), Plenum Press, New York, pp. 571-574, 
1989 

Kuriki S., Murase M. and Takeuchi F., Locating accuracy of a current source of 
neuromagnetic simulation study for a single current dipole in a spherical conductor, 
Electroenceph. Clin. Neurophysiol., 73, pp. 499-506, 1989 

Lammertsma, A.A., Positron Emission Tomography, Brain topography, vol. 5, 2, pp. 113-
118, 1992 

Levin, D.N., Pelizzari, C.A., Chen, G.T.Y., Chen, C.T., Cooper, M.D., Retrospective 
geometric correlation of MR, CT and PET images, Radiology, Vol. 169, 3, pp. 817823, 1988 

Levoy, M., A hybrid ray tracer for rendering polygon and volume data, IEEE Computer 
graphics & applications, march, pp. 33-40, 1990 

Lifshitz, L.M. and Pizer, S.M., A multiresolution hierarchical approach to image 
segmentation based on intensity extrema, in: Information processing in medical imaging, 
Great, C.N. de, and Viergever, M.A. (eds.), Plenum press, New York, pp. 107130, 1988 

Lobregt, S. and Kleine Schaars, H.W.G., Three-dimensional imaging and manipulation of CT 
data, pail 1: general principles, Medicamundi, vol. 32, 3, pp. 92-98, 1987 

Lopes de Silva, F.H. and Spekreijse, H., Localization of brain sources of visually evoked 
responses: using single and multiple dipoles. An overview of different approaches, in: Event-



104 

related brain research (EEG suppl. 42), Brunie, C.H.M., Mulder, G. and Verbaten, M.N. 
(eds.), Elsevier science publishers, Amsterdam, pp. 38-46, 1991 

Lopes de Silva, F.H. and Van Rotterdam, A., Biophysical aspects of EEG and MEG 
generation, in: Electroencephalography: Basic principles, clinical applications and related 
fields, Niedermeyer, E. and Lopes da Silva, F.H. (eds.), 2nd edition, Urban & Schwarzenberg, 
Baltimore, pp. 15-28, 1987 

Lynn M.S. and Timlake W.P., The use of multiple deflations in the numerical solution of 
singular systems of equations to potential theory, Siam. J. Numer. Anal., vol. 5, pp. 303-322, 
1968 

Mager, A., The Beffin magnetically shielded room (BMSR), section A: Design and 
construction,in: Biomagnetism, Erné, S.N., Hahlbohm, H.D. and Lobbig, H. (eds.), de 
Gruyter, Berlin, pp. 51-78, 1981 

Marlow, S.P., Mackenzie, D.A.R. and Tomlinson, J.B., PCIVAX or standalone PCbased 
general purpose biological data collection system, Med. & Biol. Eng. & Comput., vol. 31, pp. 
22-30, 1993 

Marquardt D.W., An algorithm for least-squares estimation of nonlinear parameters, J. Soc. 
Indust. Appl. Math., vol. I 1, pp. 431-441, 1963 

Marzetta, L.A., Use of an operational amplifier with Helmholtz coils for reducing AC induced 
magnetic Fields, Rev. Sci. Instrum., 32, pp. 1 192-1195, 1961 

Meijs, J.W.H. and Peters, M.J., The EEG and MEG, using a model of eccentric spheres to 
describe the head, IEEE Trans. Biomed. Eng., vol. BME-34,12, pp. 913920, 1987 

Meiis, J.W.H., Voorde, BJ ten, Peters, MJ, Stok, C.J. and Lopes de Silva, F.H., The influence 
of various head models of EEGs and MEGs, in: Functional brain imaging, Pfurtscheller, G. 
and Lopes de Silva, F.H. (ads.), Hans Huber Publishers, Toronto, pp. 31-45, 1988 

Menninghaus, E., Lutkenhoner, B., Gonzalez, S.L., Harripson, S. and Pantev, C., 
Neuromagnetic source localization in a skull phantom: realistic versus spherical model, 
Abstract proceedings of the third international Congress on brain electromagnetic topography, 
Velis, D.N., Hamburger, H.L., Emde Boas, W. van, and Wong, P.K.H., Amsterdam, 1992 

Miller, C.E. and Henriquez, C.S., Finite element analysis of bioelectric phenomena, Crit. rev. 
biomed. eng., vol. 18, 3, pp. 181-205,1990 

Morse, P.M. and Feshbach, H., Methods of theoretical physics I and //, McGrawHill, New 
York, 1963 

National Electrical Manufacturers Association, Arc-Nema 300, Digital imaging and 
Communications, NEMA, Washington, 1989 

Neiw, H.M., An automated system for three-dimensional registration of medical images, 
Ph.D. Thesis, Northwestern University, Evanston, Illinois, USA, 1991 



105 

Nenonen, J., Horacek, B.M. and Katila, T., Torso and heart models in magnatocardiography, 
in: Biamagnetism, Clinical aspects, Hoke, M., Ernd, S.N., Okada, Y.C. and Romani, G.L. 
(ads.), Excerpta Medica, Amsterdam, pp. 417-425, 1992 

Node, T, Fujioka, K., Matsumoto, K., Kuraoka, Y., A thin film flux transformer for SQUID-
MEG, in: Biomagnetism '87, Atsumi, K., Kotani, M., Ueno, S., Katila, T. and Williamson, 
S.J. (eds.), TokyoDenki University Press, Tokyo, pp. 462-465, 1987 

Nomura, M., Ribary, U., Lopez, L., Mogilner, A., Lado, F., Jagow, R. and Llin@ls, R., 
Oscillotopic organization of the human somatosensory cortex of lip using the neuromagnetic 
method, in: Biomagnetism, Clinical aspects, Hoke, M., Erné, S.N., Okada, Y.C. and Romani, 
G.L. (eds.), Excerpta Medica, Amsterdam, pp. 223-227, 1992 

Nunez, P.L., Pilgreen, K.L., Westdorp, A.F., Law, S.K. and Nelson, A.V., A visual study of 
surface potentials ans laplacians due to distributed neocortical sources: computer 
simulations and evoked potentials, Brain Topography, vol.4, 2, pp. 151-168, 1991 

Okada, Y.C. and Nicholson, C., Magnetic evoked field associated with transcortical current 
in turtle cerebellum, Biophys. J., vol. 53, pp. 723-731, 1988 

Okada, Y., Huang, J.C. and Xu. C., A hierarchical minimum norm estimation method for 
reconstructing current densities in the brain from remotely measured magnetic fields, in: 
Biomagnetism, Clinical aspects, Hoke, M., Ernd, S.N., Okada, Y.C. and Romani, G.L. (ads.), 
Excerpta Medica, Amsterdam, pp. 729-734, 1992 

Okada,Y., Neurogenesis of evoked magnetic fields, in: Biomagnetism, Ernd, S.N., Hahlbohm, 
H.D. and I-Obbig, H. (ads.), de Gruyter, Berlin, pp. 399-408, 1981 

Oostendorp T. F. and Van Oosterom A., Source parameter estimation using realistic 
geometry in bioelectricity and biomagnetism, in: Biomagnetic Localization and 3D modeling, 
J. Nenonen, H.M. Rajala and T. Katila (ads.), Comett 11 course in Sjokulla, Finland, pp.71-
86, 1991 

Oostendorp, T., Van Oosterom, A. and Huiskarnp, G.J., The MCG as an arbiter between 
cardiac source models, Proc. twelfth annual internat. conf. IEEE Eng. Mad. Biol. society, vol. 
12, 2, pp. 803-804, 1990 

Ossenblok, P., The sources of the pattern VEP in man, Ph.D. Thesis, University of 
Amsterdam, Amsterdam, 1992 

Ortendahl, D.A. and Carlson, J.W., Segmentation of magnetic resonance images using fuzzy 
clustering, in: Information processing in medical imaging, Graaf, C.N. de, and Viergever, 
M.A. (ads.), Plenum press, New York, pp. 91-106, 1988 

Overweg, J.A. and Walter-Peters, M.J., The design of a system of adjustable superconducting 
plates for balancing a gradiometer, Cryogenics, pp. 529-534, 1978 

Pantev, C., Hoke, M. and Lehnertz, K., Randomized data acquisition paradigm for the 
measurement of auditory evoked magnetic fields, Acta Otolaryngol (Stockh), Suppl. 432, pp. 
21-25, 1986 



106 

Pantev, C., Hoke, M., Lehnert7, K., LOtkenh6ner, B., Fahrendorf, G. and St6ber, U., 
Identification of sources of brain neuronal activity with high spatiotemporal resolution 
through combination of neuromagnetic source localization (NMSL) and magnetic resonance 
imaging (MRI), Electroenc. clin. neurophys., vol. 75, pp. 173-184, 1990 

Pantev, C., Gallen, C., Hampson, S., Buchanan, S. and Sobel, D., Reproducibility and validity 
of mauromagnetic source localization using a large array biomagnetometer, Am. J. EEG 
Techn., 31, pp. 83-101, 1991 

Pelizzari, C.A., Chan, G.T.Y., Spelbring, D.R., Weichselbaum, R.R. and Chen, C.T., 
Accurate three dimensional registration of CT, PET andlor MR images of the brain, J. 
Comp.ut Assist. Tomogr., Vol. 13, 1, pp. 20-26, 1989 

Peresson, M., Casciardi, S., Del Gratta, C., Di Luzio, S., Macri, M.A., Pizzella. V., Romani, 
G.L. and Rossini, P.M., Neuromagnetic mapping under mixed median nerve stimulation: 
Influence of stimulus intensity on source parameters, in: Biomagnetism, Clinical aspects, 
Hoke, M., Ernd, S.N., Okada, Y.C. and Romani, G.L. (ads.), Excerpta Medica, Amsterdam, 
pp. 241-245, 1992 

Peters, M.J., The detection of bioelectric sources within the heart using a squid sensor, Ph.D. 
Thesis, Twente University of Technology, Enschede, The Netherlands, 1981 

Peters, M. J. and Dunajski, Z., Fetal magnetocardiography in periods of low FECG signals, 
in: Fetal and neonatal physiological measurements, Lafeber, H.N. (ed.), Excerpta Medica, 
Amsterdam, pp. 167-170, 1991 

Peters, M.J. and Elias, P.J.H., On the magnetic field and the electrical potential generated by 
bioelectfic sources in an anisotropic volume conductor, Med. & biol. eng. & comput., vol. 26, 
pp/ 617-623, 1988 

Peters M.J. and Munck J.C. de, The influence of model parameters on the inverse solution 
based on MEGs and EEGs, Acta otolaryngol (Stockh), Suppl.491, pp. 6169, 1991 

Peters, M.J. and Wieringa, H.J., The influence of the volume conductor on electric source 
estimation, to appear in Brain Topography 

Phong, B., Illumination for computer generated pictures, CACM, vol. 18, 6, pp. 31 1 317, 
1976 

Plonsey, R., Bioelectric phenomena, McGraw-Hill, New York, 1969 

Plonsey, R., Generation of magnetic fields by the human body (theory), in: Biomagnetism, 
Erné, S.N., Hahlbohm, H.D. and Lübbig, H. (eds.), de Gruyter, Berlin, pp. 177-200, 1981 

Plonsey, R. and Heppner, D., Considerations of quasi-stationarity in electro-physiological 
systems, Bull. math. Biophys., vol. 29, pp. 657-664, 1967 

Pruis, G.W., Gilding, B.H. and Peters, M.J., A comparison of different numerical methods for 
solving the forward problem in EEG and MEG, to appear in Clin. Phys. Physiol. Meas. 



107 

Regan, D., Human brain electrophysiology, Elsevier, New York, 1989 124 

Robb, R.A. and Barillot, C., Interactive display and analysis of 3-D medical images, IEEE 
Trans. on Medical Imaging 3, pp. 217-226, 1989 

Rockel, AJ, Hiorns, R.W. and Powell, T.P.S., The basic uniformity in structure of the 
neocortex, Brain, 103, 221-244, 1980 

Romani, G.L., Neuromagnetism: Clinical applications and perspectives, in: Neuromagnetism, 
neuro-sensors & actuators, Proceedings of the 14th annual international conference of the 
IEEE eng. Med. Biol. Society, Sat. symposium on neuroscience and technology, Dittmar, A. 
and Froment, J.C., Lyon, pp. 126-131, 1992 

Romani G.L., Williamson SJ, Kaufman L. and Brenner D., Characterization of the human 
auditory cortex by the neuromagnetic method, Exp. Brain Res., 47, pp. 381 393, 1982 

Ross, E., Lütkenhöner, B., Hoke, M. and Pantev, C., An integrated stimulus generation and 
data acquisition system for the investigation of auditory evoked magnetic fields, in: Advances 
in Biomagnetism, Williamson, S.J., Hoke, M., Stroink, G. and Kotani, M. (eds.), Plenum 
Press, New York, pp. 741-744, 1989 

Schimmel, H., The (±) reference: Accuracy of estimated mean components in average 
response studies, Science, 157, pp. 92-93, 1967 

Schneider, M.R., Effect of inhomogeneities on surface signals coming from a cerebral current 
dipole source, IEEE Trans. biomed. Eng., vol. BIVIE-21, pp. 52-52, 1974 

Schwartz, B., Gallen, C., Hampson, S., Hirschkoff, E., Sobel, D. and Rieke, K., Reliability of 
somatosensory neuromagnetic source localization using a multisensor biamagnetometer, in: 
Biomagnetism, Clinical aspects, Hoke, M., Ernë, S.N., Okada, Y.C. and Romani, G.L. (ads.), 
Excerpta Medica, Amsterdam, pp. 253-257, 1992 

Sencal, R.W. and Aunon, J.I., Dipole localization of average and single visual evoked 
potentials, IEEE Trans. biomed. Eng., vol. BME-29, pp. 26-33, 1982 

Smith, D.B., Sidman, R.D., Flanigin, H., Henke, J. and Labiner, D., A reliable method for 
localizing deep intracranial sources of the EEG, Neurology, vol. 35, pp. 1702-1707, 1985 

Snyder, A.Z., Dipole source localization in the study of EP generators: a critique, 
Electroenceph. Olin. neurophys., vol. 80, pp. 321-325, 1991 

Stefan, H., Schneider, S., Abraham-Fuchs, K., Pawlik, Feistel, H., Bauer, J., Neubauer, U., 
Huk, W.J. and Holthoff, V., The neocortico to mesio-basal limbic propagation of focal 
epileptic activity during the spike-wave complex, Electroenc. Olin. neurophys., vol. 79, pp. 1-
10, 1991 

Stok CJ, The inverse problem in EEG and MEG with application to visual evoked responses, 
Ph.D. thesis, University of Twente, Enschede, The Netherlands, 198ra 



108 

Stok C.J., The influence of model parameters on EEGIMEG single dipole source estimation, 
IEEE Trans. Biamed. Eng., vol. BME-34, pp. 289-296, 1987 

Stroink, G., Greek, L.S., Elliott, P., Nenonen, J. and MacGregor, J.H., Is there a need for 
individualized torso models in magnetic inverse solutions?, in: Biomagnetism, Clinical 
aspects, Hoke, M., Ernd, S.N., Okada, Y.C. and Romani, G.L. (eds.), Excerpta Medica, 
Amsterdam, pp. 813-817, 1992 

Suk, J., Ribary, U., Cappell, J., Yamamoto, T. and I-linis, R., Anatomical localization 
revealed by MEG recordings of the human somatosensory system, Electroenc. clin. 
neurophys., vol. 78, pp. 185-196, 1991 

Sutherling, W.W., Crandall, P.H., Darcey, T.M., Becker, D.P., Levesque, M.F. and Barth, 
D.S., The magnetic and electric fields agree with intracranial localizations of somatosensory 
cortex, Neurology, vol. 38, pp. 1705-1714, 1988 

Swinney, K.R. and Wikswo, J.P., A calculation of the magnetic field of a nerve action 
potential, Biophys. J., vol. 32, pp. 719-732, 1980 

Swithenby, SJ, Squids and their application in the measurement of weak magnetic fields, J. 
Phys. E:Sci. Instrum., Vol. 13, pp. 801-813, 1980 

Tavrin, Y., Zhang, Y., MUck, M., Braginski, A.I. and Heiden, C., YBa2CU.07 thin film 
SQUID gradiometer for biomagnetic measurements, Appl. phys. lett., vol. 62, 15, pp. 1824-
1826, 1993 

Ter Brake, H.J.M., Dunajski, Z., Van der Mheen, W.A.G. and Flokstra J, Electronic 
balancing of multichannel squid magnetometers, J. Phys. E: Sci. Instrum. 22, pp. 560-564, 
1989 

Ter Brake, H.J.M., Fleuren, F.H., Ulfman, J.A. and Flokstra, J., Elimination of 
fluxtransformer crosstalk in multichannel SQUID magnetometers, Cryogenics, 26, pp. 670-
670, 1986 

Ter Brake, H.J.M., Flokstra, J., Jaszczuk, W., Houwman, E.P., Veldhuis, D., Stammis, R., 
Ancum, G.K. van, Martinez, A. and Rogalla, H., A 19-channel DC-SQUID based 
neuromagnetometer, in: Biomagnetism, Clinical aspects, Hoke, M., Erné, S.N., Okada, Y.C. 
and Romani, G.L. (eds.), Excerpta Medica, Amsterdam, pp. 847851, 1992 

Ter Brake, H.J.M, Flokstra, J., Jaszczuk, W., Stammis, R., Ancunn, G.K. van, Martinez, A. 
and Rogalla, H., The UT 19-channel DC SQUID based neuromagnetometer, Clin. Phys. 
Physiol. Meas., vol. 12, suppl. B, pp. 45-50, 1991 

Ter Brake H.J.M., Huonker, R. and Rogalla, H., New results in active noise compensation for 
magnetically shielded rooms, submitted to Meas. Sci. Technol. 

Ter Brake, H.J.M., Weringa, H.J. and Rogalla, H., Improvement of the performance of µ-
metal magnetically shielded room by means of active compensation, Maas. Sci. Technol., 2, 
596-601, 1991 



109 

Tesche, C.D. and Clarke, J., dc SQUID: Noise and optimalization, Journal of Low 
temperature Physics, Vol. 29, Nos 3/4, pp. 301-331, 1977 

Tiede, U., Hoehne, K.H., Bomans, M., Pornmert, H., Riemer, M. and Weneke, G., 
Investigation of medical 3-0 rendering algorithms, IEEE Trans. on Computer Graphics, 
march, pp. 41-53, 1990 

Torrioli, G., Casciardi, S., Del Gratta, C., Foglietti, V., Gallagher, W.J., Ketchen, M.B., 
Kleinasser, A.W., Pasquarelli, A., Pizzella, V., Romani, G.L. and Sandstrom, R.L., Twenty-
eight channel hybrid neuromagnetometer, in: Biomagnetism, Clinical aspects, Hoke, M., 
Ern6, S.N., Okada, Y.C. and Romani, G.L. (eds.), Excerpta Medica, Amsterdam, pp. 843-846, 
1992 

Tripp, J.H., Biomagnetic fields and cellular current flow, in: Biomagnetism, Ern6, S.N., 
Hahlbohm, H.D. and L(jbbig, H. (ads.), de Gruyter, Berlin, pp, 207-218, 1981 

Tripp, J.H., Physical concepts and mathematical models, in: Biomagnetism, an 
interdisciplinary approach, Kaufman, S.J., Romani, G.L., Kaufman, L. and Modena, 1. (ads.), 
Plenum Press, New York, pp. 101 -1 38, 1983 

Udupa, J.K., Interactive segmentation and boundary surface formation for 3-D digital 
images, Comput. Graphics Image Processing, vol. 18, pp. 213- , 1982 

Lleno S. and Iramina, K., Modelling and source localization of MEG activities, Brain 
topography, vol. 3, 1, pp. 151-165, 1990 

Valentino, D.J., Mazziotta, J.C. and Huang, H.K., Volume rendering of multimodal images: 
application to MR1 and PET imaging of the human brain, IEEE Trans. on Med. Imag., Vol 
10, 4, pp. 554-562, 1991 

Van den Eisen, P.A., Maintz, J.B.A., Viergever, M.A., Geometry driven multimodality 
matching of brain images, Brain Topography, vol. 5, 2, pp. 153-157, 1992 

Van den Eisen, P.A., Viergever, M.A., Huffelen, A.C. van, Meij, W. van der, and Wieneke, 
G.H., Accurate matching of electromagnetic dipole data with CT and MR images, Brain 
topography, vol. 3, 4, pp. 425-432, 1991 

Van Hulsteyn, D.B., MeGavran, L., Heller, L., George, J., Medvick, P. and Flynn, E., The 
LANL gradiometer onfentation device, in: Advances in Biomagnetism, Williarnson, S.J., 
Hoke, M., Stroink, G. and Kotani, M. (eds.), Plenum Press, New York, pp. 689-692, 1989 

Van Oosterom, A. and Huiskarnp, G.J., Torso modeling in electrocardiography, in: 
Biomagnetism, clinical aspects, Hoke, M., Erné, S.N., Okada, Y.C. and Romani, G.L. (ads.), 
Excerpta Medica, Amsterdam, pp. 405-415, 1992 

Van Veenendaal, W.G., Topologisch onderzoek van de visual evoked response, M.Sc. thesis, 
University of Twente, Enschede, The Netherlands, 1982 



110 

Voskarnp, J.H., Niessen, R. and Wal, A.J. van der, An interactive computer-approach for 
MEG-signal processing, Conference Digest of the 7th international conference on 
Biomagnetism, pp. 293-294, 1989 

Vrba, J., Fife. A.A. and Burbank, M.B., Spatial discrimination in SQUID gradiometers and 
third-order gradiometer performance, Can. J. Phys., vol. 60, pp. 10601073, 1982 

Wallis, J.W., Miller, T.R., Lerner, C.A. and Kleerup, E.C., Three-dimensional display in 
nuclear medicine, IEEE Trans. Med. Imag., vol. 8, 4, pp. 297-303, 1989 

Walter, H., Kristeva, R. Knor, U., Schlaug, G., Huang, Y., Steinmetz, H., Nebeling, B., 
Herzog, H. and Seitz, R.J., Individual somatotopy of plimary sensorimotor cortex revealed by 
intermodal matching of MEG, PET and MRI, Brain Topography, vol. 5, 2, pp. 183-187, 1992 

Wang, J., Kaufman, L. and Williamson, S.J., Imaging regional changes in the spontaneous 
activity of the brain: an extension of the minimum-norm least-squares estimate, 
Electroenceph. and Clin. Neurophysiol., vol. 86, 36-50, 1993 

Wang, J., Williamson, S.J. and Kaufman, L., Magnetic source images determined by a lead-
field analysis: the unique minimum-norm least squares estimation, IEEE Trans. Biomed. 
Engr., vol. 39, pp. 665-675, 1992 

Wikswo, J.P. Jr., Cellular action currents, in: Biomagnetism, an interdisciplinary approach, 
Williamson, S.J., Romani, G.L., Kaufman, L. and Modena, 1. (ads.), Plenum Press, New 
York, pp. 173-207, 1983 

Wijers, A.A., Dunajski, Z., Peters, M. and Mulder, G., Magnetic brain responses in visual 
spatial attention, in: Biomagnetisrn, Clinical aspects, Hoke, M., Ernis, S.N., Okada, Y.C. and 
Romani, G.L. (ads.), Excerpta Medica, Amsterdam, pp. 213-216, 1992 

Williamson S.J., Lu Z., Karron D. and Kaufman, L., Advantages and limitations of magnetic 
source imaging, Brain Topography, vol. 4, pp. 169-180, 1991 

Yamasaki, S., Morooka, T., Matsuda, N., Kawai, J., Mizutani, N., Tisukada, K., Ushara, G. 
and Kado, H., Design and fabrication of multichannel DC-SQUIDs for biomagnatic 
applications, Proceedings of the ASC92, Chicago, 1992 

Yan, Y., Nunez, P.L. and Hart, R.T., Finite-element model of the human head: scalp 
potentials due to dipole sources, Med. & Biol. Eng. & Comput., vol. 29, pp. 475-481, 1991 

Zhang, Z. and Jewett, D.L., Insidious errors in dipole localization parameters at a single 
time-point due to model misspecifications of number of shells, Electroenceph din. nuerophys., 
vol. 88, pp. 1-1 1, 1993 

Zonneveld, F.W., Meulen, J.C. van der, Akkerveeken, P.F. van, Koornneef, L., Vaandrage, 
J.M. and Horst, C.M. van der, Three-dimensional and manipulation of CT data, part /I: 
clinical applications in orthopaedic and craniotacial surgery, Medicamundi, vol. 32, 3, pp. 
99-110, 1987 



111 

Zhou, H. and van Oosterorn, A., Computation of the potential distribution in a fourlayer 
anisotropic concentric spherical volume conductor, IEEE Trans. Biorned. Eng., vol. 39, 2, 
1992 



112 



113 

Summary 
Magnetoencephalography (MEG) and Electroencephalography (EEG) are used to localise 
activity in the human brain, thereby providing the means to study its functional organization 
with a time resolution of 1 millisecond. Usually, the location of active regions is calculated 
relative to a sphere which is fitted to the outer surface of the head or to some known 
anatomical points. Structural information of the brain can be obtained with millimeter 
accuracy from Magnetic Resonance Images (MRI). The two types of information, i.e. 
structural and functional, can be combined using a coordinate system which is defined by 
anatomical landmarks on the head. Thus, active areas can be indicated within brain images, 
effectively giving an absolute location, within a certain error margin. This method is 
discussed in Chapter V. The resulting localization can be viewed in the original MRI slices, or 
in reconstructed three-dimensional views of the head or the brain. From these images cut-
away views may be constructed, where the original MRI data is reconstructed in planes 
intersecting the location of the active region. The processing of the MRI scans to obtain these 
three-dimensional views is discussed in chapter IV. 

In projecting the location of an active region of the brain on anatomical brain images with a 
resolution of one millimeter might suggest an accuracy in the location of the active region 
which is not realistic. An error estimate of the accuracy of the location is therefore necessary. 
To obtain such an estimate, it is important to consider the various aspects of the localization 
procedure which lead to an actual location. This is described in Chapter VII. 

 From the error estimate, and various simulations, it turns out that the noise in the MEG and 
EEG measurements has to be low enough for accurate localizations. Although averaging of 
evoked responses usually provides sufficiently high signal-to-noise ratios, various methods 
can be used to reduce noise levels even further during measurement. In Chapter II the 
performance of electronic balancing and of an active cancellation scheme is examined. As it 
turns out, the first method cannot be used within a magnetically shielded room. The second 
method turns out to be usable in the case that the measurements are performed within a 
magnetically shielded room. 

Another aspect in the localization error is the large influence of the model used to represent 
the head as a volume conductor. Most commonly a multi-layered model, consisting of 
concentric spheres, is used. It is shown that results differ significantly if a realistically shaped 
compartment model is used. Such a model can be obtained from the MRI images. The 
processing of the MRI scan and the extraction of points at the various interfaces between 
regions of different conductivity, and the subsequent triangulation of these surfaces is 
discussed in chapter IV. The processing steps can be performed completely automatic, 
without human interference. 

It is important to try to verify the localization results as much as possible. One of the methods 
is to compare the results obtained from MEG with those obtained from EEG. One other 
method is to compare the results with those obtained with Positron Emission Tomography 
(PET). Although it is not yet certain that localizations by means of MEG/EEG and PET 
should coincide, it is valuable to compare the results. A method to match PET and MRI is 
discussed in Chapter VI, together with an example combining four modalities, namely MEG, 
EEG, MRI and PET. 
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