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1. Introduction
The International League Against Epilepsy (ILAE) defined the febrile seizures as seizures
occurring in childhood after one month of age, associated with a febrile illness not caused by
an infection of the central nervous system, without previous neonatal seizures or a previous
unprovoked seizure and not meeting the criteria for other acute symptomatic seizure
(Østergaard, 2009). There is no evidence that electroencephalography (EEG) abnormalities
help in the prediction of the development of subsequent epilepsy and are of limited value
(American Academy of Pediatrics, 1996). Computed tomography (CT) and magnetic
resonance imaging (MRI) is not indicated in children with simple febrile seizures, but may
be useful in cases with prolonged or focal febrile seizures in order to reveal subtle
underlying neurological diseases (Shinnar and Glauser, 2002).
The neuromagnetic field recordable outside of the head is a selective reflection of
intracellular currents flowing in the apical dendrites of pyramidal cells parallel to the skull
surface. The magnetic field generated by a single neuron is almost negligible. When several
thousands of nearby cells are synchronously active, the summated extracranial magnetic
field typically achieves a magnitude of a few hundred femto-Tesla (1fT=10-15) where the
strongest neuromagnetic signals like those associated with epileptic spikes are a few
thousands femto-Tesla (Rose et al., 1987, Anninos et al., 1987; 1989a,b; 1991;1997; 1999a,b;
2000a-c; 2003; 2010;Anastasiadis et al., 1997, Kotini et al., 2007a-c). The magnetic activity of
the brain is produced by cellular micro-currents, which emerge from ionic movements, due
to the dynamical variations of the membrane potentials (Anninos and Raman, 1975;
Anninos 1973).
The SQUID (Superconductive Quantum Interference Device) has the ability to detect
magnetic fields of the order of 10-12T which are much smaller than the magnetic fields of the
earth which are 5X10 -5 T. The SQUID is based on the Josephson effect of superconductivity
(Josephson, 1962). Using multi-channel recordings the topography of the magnetic field can
be recorded above the scalp with a temporal resolution of less than one millisecond (Braun,
2007). The signal measured by each channel of the SQUID is a time varying waveform
voltage that reflects local changes in the magnetic flux as a function of time. This signal is
called magnetoencephalography (MEG) if we measured the brain emitted magnetic fields
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and it is very similar to the EEG if we measured the brain emitted electric fields. MEG is a
non-invasive method for the study of electro-magnetic brain activity.
The major advantage of MEG over EEG, is that MEG has higher localization accuracy. This
is due to the fact, that the different structures of the head influence the magnetic fields less
than the volume current flow, that causes the EEG. MEG provides a high spatial density of
recording points, which is difficult to obtain with EEG. The magnetic fields, are less
distorted than electrical fields, because of the blurring effect of the skull, which acts as a
low-pass filter for electrical potentials, providing, in this way, better conditions for the
recording of fast activity. Moreover, inaccuracies in estimating the conductivities of the skull
and other tissues of the head affect much more the interpretation of electrical than magnetic
sources (Sobel et al., 2000; Wilson et al. 2007; Ramantani et al.,2006; RamachandranNai et al.,
2007; Anninos et al., 2010; Kylliäinen et al.,2006; Elger et al., 1989) .
The MEG offers functional mapping information and measurement of brain activity in real
time, unlike CT, MRI and functional magnetic resonance imaging (fMRI) which provide
anatomical, structural and metabolic information. With the MEG the brain is seen in‘action’
rather than viewed as a still image. Finally, the MEG has far more superior ability to resolve
millisecond temporal activity associated with the processing of information which is the
main task of the brain. Thus, both normal spontaneous rhythms and pathological activities
are readily identified in MEG waveforms as we do with the EEG waveforms. Whereas, MEG
signals reflect current flow in the apical dentrites of pyramidal cells oriented tangential to
the skull surface, EEG signals reflect both tangential and radial activities (Williamson and
Kaufman, 1987; Cohen D and Cuffin, 1991; Lopes da Silva and Van Rotterdam,1987; Rose
and Ducla-Soares, 1990; Hamalainen, 1993; Makela, 1996). For all of the above reasons we
preferred the use of MEG for the evaluation of seizures.
In this study we investigated the possibility of any epileptic behavior caused by febrile
seizures in 4 young sisters, by means of MEG. We utilized MEG to measure epileptic
behavior because EEG abnormalities were not useful for the prediction of the development
of subsequent epilepsy.

2. Methods
Four young sisters within the age range of 2 - 5 years were referred to our Lab by the
Pediatric Department of our University General Hospital in order to be examined with
MEG. There were no EEG, CT and MRI examinations in the patients’ records. Informed
consent for the methodology and the aim of the study was obtained from their parents prior
to the procedure.
The MEG recordings were carried out in a magnetically shielded room with a whole head
122-channel-biomagnetometer (Neuromag-122, Helsinki, Finland) (Anninos et al., 2010;
2006; Kotini et al., 2010; 2008; 2005;2004; 2002; Tonoike et al., 1998; Antoniou et al., 2004)
(Figure 1). All studies performed precisely 10 days after fever subsided for the purpose of
comparison. The time duration of each MEG measurement was 3 min.
There was adequate head coverage for all children by the whole head helmet-shaped dewar.
The MEG sensors were adjacent to the scalps. The sensors were consisted of rectangular
pairs of planar-type gradiometers aligned in a helmet-shaped dewar vessel, into which the
patient’s head was inserted during the measurement. The pick-up-coils of the device are
shaped like figure-of-eights to make them ‘near-sighted’, i.e. sensitive to sources in the
brain, but insensitive to ambient noise fields. The device employs planar gradiometers that
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record at each of the 61 measurement sites the magnetic field component normal to the
helmet-shaped dewar bottom surface.

Fig. 1. The 122-channel-biomagnetometer
All MEG data were inspected carefully off-line for movement artifacts which were cut off
from the data trace. The data were bandpass filtered between 0.03 and 130 Hz and sampled
at 400 Hz. During off-line data analysis, we used a low-pass filter at 40 Hz and high-pass at
2-8 Hz to extract the spike component from the slower background activity.
When a clear dipole pattern was seen in the magnetic field distribution around the spike
peak, the single equivalent current dipole (ECD) model was fitted in the patient’s spherical
head model to the recorded signals. We defined acceptable ECDs as those with a goodnessof-fit to the model of >80% and with ECD strength between 100 and 400 nAm (nano Ampere
metre).
For the transformation of the ECD locations, the following coordinate system was used: xaxis perpendicular to the other two axes through the anterior commissure, y-axis passing
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through the anterior and posterior commissure, and z-axis perpendicular to the y-axis
through the anterior commissure at the middle plane of the brain.
Normal subjects of similar age who served as controls didn’t show ECDs in their MEGs
because normal controls did not have any spike activity on which to fit the data. The same
sort of analyses was performed on the normal control data.
2.1 Results
Table 1 exhibits the clinical characteristics of each child. After the MEG signals were
recorded, an ECD model was estimated at each time point, within the encompassing signal
segment, using a single dipole model.
Two out of the 4 children shown ECD dipoles located at the right - temporal areas (Figs.2,3,
child No 1,3), as active regions responsible for febrile seizures. These children were
scheduled for future clinical examination with EEG due to the high number of events of
febrile seizures (Table 1).
The children had a family history of febrile seizures. Their uncle (fathers’ brother) had one
event of febrile seizures and occurrence of epilepsy seizures during his life.
Figures 4, 5 exhibit the scalp MEG distribution for the children No.3,4 respectively. There
are no ECD dipoles.
No of
cases

Age

Sex

1

5 years

F

No of
events of
febrile
seizures
3

2

4 years

F

1

3

2.5 years

F

4

4

15 months

F

1

Type of seizures

Generalized tonic –
clonic
Simple febrile seizures
Generalized tonic –
clonic
Simple febrile seizures
Generalized tonic –
clonic
Simple febrile seizures
Generalized tonic –
clonic
Simple febrile seizures

Duration of
seizures

MEG

1-2 min

ECD

1-2 min

N

1-2 min

ECD

1-2 min

N

Table 1. The clinical characteristics of each child. F: Female; N: Normal, ECD: Equivalent
Current Dipole

3. Conclusion
The most prevalent pathology following febrile seizures is a recurrence, which occurs in
about one-third of the cases. The most reliable risk factors for the reappearance reported are
the onset of first febrile seizures at less than 18 months of age and the family history of
febrile seizures. Two other specific risk factors for reappearance are the peak temperature
and the duration of the fever period prior to the seizure. The higher the peak temperature,
the lower is the risk of recurrence and, the shorter the fever period before seizure, the higher
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Fig. 2. The scalp MEG distribution and the ECD dipole indicated by the arrow in the child
No.1 (Table 1). The coordinates are : x (left/right), y (anterior/posterior), and z
(superior/inferior)
is the risk for recurrence. Furthermore fearing new seizures, the parents are faced with a
concern of their child's chance of developing epilepsy or mental retardation (Østergaard,
2009; Berg et al., 1997).
There are only three reports in the literature investigating febrile seizures with MEG.
Mayanagi et al. (1996) studied the clinical features of mesial temporal lobe epilepsy in 24
cases. A history of febrile convulsion, particularly in the form of status epilepticus, seemed
to be a prognostic factor. For presurgical evaluation, EEG, MRI, MEG and single photon
emission computed tomography (SPECT) were important tests.
Mohamed et al. (2007) referred to a previously healthy 10-year-old boy who developed
generalized convulsive status epilepticus following a mild febrile illness. Ictal and interictal
MEG demonstrated dipole sources projecting from the right mesial temporal region.
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Fig. 3. The scalp MEG distribution and the ECD dipole indicated by the arrow in the child
No.3 (Table 1). The coordinates are : x (left/right), y (anterior/posterior), and z
(superior/inferior)
Diffusion-weighted imaging showed restricted diffusion involving the right hippocampus.
Right anterior temporal lobectomy resulted in cessation of status epilepticus.
Anninos et al. (2010) studied 15 children within the age range of 2 - 7 years who experienced
febrile seizures. Eight children showed ECDs located at the left-temporal, right-temporal,
occipital, and frontal lobe, as active regions responsible for febrile seizures. They assumed
that the interictal epileptiform discharges are a consequence of febrile seizures.
The most simple and widely used model that can explain a certain MEG surface map is the
ECD, which assumes that the magnetic fields recorded at the surface can be accounted by a
dipolar source. This model arises from the physiological observation that the main neuronal
sources of MEG activity consist of palisades of cortical pyramidal cells, with elongated
apical dendrites oriented perpendicularly to the cortical surface. The estimation of a dipole
model is reasonable only if the magnetic field on the surface has focal characteristics(Sobel et
al., 2000; RamachandranNair et al. 2007; Ramantani et al., 2006; Wilson et al., 2007;
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Fig. 4. The scalp MEG distribution in the child No2 (Table 1). The coordinates are : x
(left/right), y (anterior/posterior), and z (superior/inferior)
Scheler et al. 2007; Papanicolaou et al., 2006; Wu et al., 2006;Chuang et al., 2006). This model
allows characterization of the source of neuronal activity in the brain and is useful in focal
epilepsies, in which small areas of brain tissue trigger the seizure and are important in
obtaining a good spatiotemporal localization of the foci. However, MEG might be helpful in
more complex epileptic patterns (generalized epilepsy).
We defined acceptable ECDs as those with a goodness of fit to the model of >80%. Standard
ECD analysis defines the spatial extent of an epileptogenic zone when reliable ECD
localizations are gathered to form a single cluster (Oishi et al., 2006; Iida et al.,2005). One single
cluster of MEG spike sources can indicate the primary epileptogenic zone for complete
resection and seizure control. Multiple clusters indicate complex and extensive epileptogenic
zones and necessitate intracranial EEG monitoring. MEG is a technique for measuring the
magnetic fields associated mainly with intracellular currents, while the EEG measures mainly
extracellular field potentials. Intracellular currents are well modeled by the ECD model.
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Fig. 5. The scalp MEG distribution in the child No.4 (Table 1). The coordinates are : x
(left/right), y (anterior/posterior), and z (superior/inferior)
In our study, 2 out of 4 children were positive to ECDs, whereas the rest were negative. This
fact depends on the activity of the patients’ brain during the MEG measurements. If exhibits
epileptic behavior, then we will observe ECDs, otherwise we would not. Neuroimaging
studies are not necessary in children with simple febrile seizures. EEG's have been found to
have limited value( Jones and Jacobsen, 2007). Abnormalities on EEG do not predict the
occurrence of future seizures or the subsequent development of epilepsy. (Kuturec et al.,
1997; Joshi et al., 2005). It is well known that EEG is an unhelpful diagnostic procedure and
we use it only when we want to distinguish “febrile convulsions” from convulsions with
fever (Panayiotopoulos, 2002; Püst, 2004; Chung et al., 2006).
Time domain analysis of neuromagnetic data give information about the underlying
neuronal generators and especially is appropriate for transient behavior. The utility of the
ECD algorithm depends on the goodness of fit between the structure of the sources in the
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model and the neuronal sources. Frequency domain localization of ECD sources is useful if
the underlying neuronal generators are differentiated harmonic content and spatial
distribution. The existence of such sources has been demonstrated by the determination of
ECD components of activity with both a sharp spectral peak and localized source volume.
Both frequency and time domain analysis may be applied to the same epoch of time. The
coincident occurrence of spike activity localization in the time domain and slow activity
localization in the frequency domain may be an interesting tool for localization of epileptic
activity. The separation of a complex set of sources underlying spontaneous activity into
distinct components is an initial step in determining the functional significance of
spontaneous activity
Children with febrile seizures have a six-fold excess (3%) of subsequent afebrile seizures and
epilepsy than controls. The risk is 2% after a simple and 5-10% after a complex febrile
seizure. We tried to find a method that can supply us some prognostic indicators for
possible epileptic behavior in children who experienced febrile seizures and have a family
history of them. We assume that one of these prognostic indicators might be the existence of
epileptiform discharges modeled by ECDs. Of course, further investigation is needed in
order to assess the exact role of the ECDs and the occurrence of epilepsy in young children
with a family history of febrile seizures.

4. Abbreviations
(ILAE) International League Against Epilepsy
(EEG) Electroencephalography
(CT) Computed tomography
(MRI) Magnetic resonance imaging
(SQUID) Superconductive Quantum Interference Device
(MEG) Magnetoencephalography
(fMRI) Functional magnetic resonance imaging
(SPECT) Single photon emission computed tomography
(ECD) Equivalent current dipole
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