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Preface

Epilepsy is one of the most common neurological disorders, with a prevalence of 4-
10/1000. The book contains practical methods to approaching the classification and
diagnosis of epilepsy and provides information on management. It is a comprehensive
book which guides the reader through all the aspects of epilepsy, both practical and
academic, covering all issues of diagnosis and management of epilepsy in children in a
clear, concise, and practical fashion. The book is organized so that it can either be read
from cover to cover for a comprehensive tutorial or be kept desk side as a reference to
epilepsy. Each chapter introduces a number of related epilepsy diagnosis, treatment
and co-morbidities of each one, followed by examples. The book unites chapters which
explore extended clinical knowledge about epilepsy, from clinical features to
treatment and practice.

Dr. Mintaze Kerem Giinel

Faculty of Health Sciences,

Department of Physiotherapy and Rehabilittaion at Hacettepe University,
Turkey
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Epileptic Seizures






Epileptic Seizures Detection Based on Empirical
Mode Decomposition of EEG Signals

Lorena Orosco, Agustina Garcés Correa and Eric Laciar Leber
Faculty of Engineering - National University of San Juan
Argentina

1. Introduction

Epilepsy is a chronic neurological disorder that affects more than 50 million people world
wide, characterized by recurrent seizures (World Health Organization [WHO], 2006). An
epileptic seizure is a transient occurrence of signs and/or symptoms due to abnormal
excessive or synchronous neuronal activity in the brain (Fisher et al., 2005 & Berg et al., 2010).
This electrical hyperactivity can have its source in different parts of the brain and produces
physical symptoms such as short periods of inattention and loose of memory, a sensory
hallucination, or a whole-body convulsion. The frequency of these events can vary from one
in a year to several in a day. The majority of the patients suffer from unpredictable,
persistent and frequent seizures which limit the independence of an individual, increase the
risk of serious injury and mobility, and result in both social isolation and economic hardship
(Friedman & Gilliam, 2010). In addition, the patients with epilepsy have an increased
mortality risk of approximately 2 to 3 times that of the general population (Ficker, 2000).

The first line of treatment for epilepsy is with multiple anti-epileptic drugs and it is effective
in about 70% of the cases. From the 30% remaining affected individuals only less than 10%
could benefit from surgical therapy leaving a 20% of the total of people with epilepsy who
will continue suffering sudden, incontrollable seizures and for whom other forms of
treatment are being investigated (Theodore & Ficker, 2004; WHO, 2006).

For any of the reasons exposed before the seizure detection is an important component in
the diagnosis of epilepsy and for the seizures control. In the clinical practice this detection
basically involves visual scanning of Electroencephalogram (EEG) long recordings by the
physicians in order to detect and classify the seizure activity present in the EEG signal.
Usually these are multichannel records of 24 to 72 hours length which implies a very time
consuming task and it is also kwon that the conclusions are very subjective so disagreement
between physicians are not rare.

The seek here is to detect automatically in long term EEG records those segments of the
signal that present epileptic seizures for the shake of reducing the high amount of
information to be analyzed by the neurologists. Thus them could focus their attention in
these part of the information so a more precisely and quick diagnosis can be made. Seizure
detection is also a useful tool for treatments such us timely drug delivery, electrical
stimulation and seizure alert systems.

Automated seizure detection, quantification and recognition have been of interest of the
biomedical community researchers since the 1970s. In some initial works a number of
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parameters of EEG waves such us amplitude, sharpness and duration were measured and
evaluated (Sanei & Chambers, 2007). This first approach is sensitive to artefacts so in the
following years numerous and diverse techniques have been employed and refined to
improved epileptic seizures detection.

Artificial Neural Networks (ANN) have been used both to detect abnormal patterns in the
EEG (Schuyler et al., 2007 & Bao et al., 2009) and as seizure parameters classifier (Tzallas et
al., 2007). Wavelet Transform is also widely used for epilepsy detection (Adeli et al., 2007).
Others studies combine Approximate Entropy and Lempel-Ziv Complexity (Abasolo et al.,
2007 & Zandi et al., 2009), and Time Frequency Distributions (Tzallas et al., 2007).

In the studies referenced in the previous paragraphs, it had been proposed different seizure
detectors that had been tested in particular EEG databases each. In some cases the epileptic
EEG records were of a few seconds long. Other techniques were implemented in rats” EEGs
with induced seizures were also used. The most recently works used long term epileptic
EEGs for a small number of patients or grouped by the type of epilepsy they suffer. In this
sense due to seizure detection algorithms were not evaluated on the same database to date
so no standardization exists about the good performance of an epileptic seizure detector
(Varsavsky et al., 2011).

The aim of this chapter is to examine the recent Empirical Mode Decomposition (EMD)
technique for the extraction of features of epileptic EEG records to be used in two seizure
detectors. The algorithms will be tested in 21 multichannel EEG recordings of patients
suffering different focal epilepsies. Along the sections of this chapter it will be described the
used EEG records, the EMD algorithm as well as the features extracted to be used in the
developed seizures detectors, the obtained results and finally the conclusions and discussion
will be exposed.

2. The EEG database

The EEG database contains invasive EEG recordings of 21 patients suffering from medically
intractable focal epilepsy. The data were recorded during invasive pre-surgical epilepsy
monitoring at the Epilepsy Center of the University Hospital of Freiburg, Germany
(Freiburg, 2008). In order to obtain a high signal-to-noise ratio, fewer artifacts, and to record
directly from focal areas, intracranial grid-, strip-, and depth-electrodes were used. The EEG
data were acquired using a Neurofile NT digital video EEG system with 128 channels, 256
Hz sampling rate, and a 16 bits A/D converter. Notch or band pass filters have not been
applied in the acquisition stage.

The available EEG records include only 6 channels (3 focal electrodes and 3 extrafocal
electrodes). The records are divided into segments of 1 hour long. In this study, only the 3
focal channels were used. A total of 87 seizures from 21 patients (8M, 13F, age: 29.9 + 11.9
years) were analyzed. The details of the database are summarized in Table 1.

3. Empirical Mode Decomposition

In the last years, a technique called Empirical Mode Decomposition (EMD) has been
proposed for the analysis of non-linear and non-stationary series (Huang et al., 1998). The
EMD adaptively decomposes a signal into oscillating components or Intrinsic Mode
Functions (IMFs). The EMD is in fact a type of filter bank decomposition method whose sub
bands are built as needed to separate the different natural components of the signal. In the
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field of biomedical signal processing EMD has been used for the analysis of respiratory
mechanomyographic signals (Torres ef al., 2007), for denoising in ECG records (Beng et al.,
2006). Particularly, this technique was implemented to extract features from EEG signals for
mental task classification (Diez et al., 2009), it was used to obtain adaptive bands on EEG
signals (Diez et al., 2011) and also for epileptic seizure detection in EEG signals in 5 patients
with temporal lobe focal epilepsy (Tafreshi ef al., 2008). In this sense the authors of this
chapter have previously developed algorithms based on EMD for seizure detection and they
have been tested in 9 long EEG records of patients with temporal focal epilepsy (Orosco et
al., 2009) and in 21 patients with different epilepsies (Orosco et al., 2010).

#Patient | Sex | Age Origin N;Iirzlzizsc)f
1 F 15 Frontal 4
2 M| 38 Temporal 3
3 M 14 Frontal 5
4 F 26 Temporal 5
5 F 16 Frontal 5
6 F 31 Temporo/Occipital 3
7 F 42 Temporal 3
8 F 32 Frontal 2
9 M | 44 | Temporo/Occipital 5

10 M| 47 Temporal 5
11 F 10 Parietal 4
12 F 42 Temporal 4
13 F 22 | Temporo/Occipital 2
14 F 41 Fronto/Occipital 4
15 M| 31 Temporal 4
16 F 50 Temporal 5
17 M| 28 Temporal 5
18 F 25 Frontal 5
19 F 28 Frontal 4
20 M| 33 Temporo/Parietal 5
21 M| 13 Temporal 5

Table 1. Freiburg EEG Database.

3.1 The EMD algorithm

The EMD is a general nonlinear non-stationary signal decomposition method. The aim of

the EMD is to decompose the signal into a sum of Intrinsic Mode Functions (IMFs). An IMF

is defined as a function that satisfies two conditions (Huang et al., 1998):

1. In the entire signal, the number of extrema and the number of zero crossings must be
equal or differ at most by one.
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2. At any point, the mean value of the envelope defined by the local maxima and the
envelope defined by the local minima must be zero (or close to zero).

The major advantage of the EMD is that the IMFs are derived directly from the signal itself

and does not require any a priori known basis. Hence the analysis is adaptive, in contrast to

Fourier or Wavelet Transform, where the signal is decomposed in a linear combination of

predefined basis functions.

Given a signal x(t) such us it is showed in figure 1, the algorithm of the EMD can be

summarized in the following 6 steps (Huang et al., 1998):

1. Find local maxima and minima of do(t)=x(t).

2. Interpolate between the maxima and minima in order to obtain the upper and lower
envelopes ey(t) and e(t), respectively.

3. Compute the mean of the envelopes m(t)=(ey(t)+ ei(t))/2.

4. Extract the detail di(t)= do(t)-m(t)

5. Iterate steps 1-4 on the residual until the detail signal di(t) can be considered an IMF
(accomplish the two conditions): c1(t)= di(t)

6. Iterate steps 1-5 on the residual rn(t)=x(t)- cn(t) in order to obtain all the IMFs c;(t),..,
cn(t) of the signal.

The procedure terminates when the residual cn(t) is either a constant, a monotonic slope, or

a function with only one extrema.

The result of the EMD process produces N IMFs (ci(t), ..., en(t)) and a residue signal (rn(t)):

N
x(t)= X cp(t)+ry(t) @
n=1

Figure 2 shows the complete process of EMD for the example signal x(t). It can be observed
that the lower order IMFs capture fast oscillation modes of the signal, while the higher order
IMFs capture the slow oscillation modes.

The EMD is a technique essentially defined by an algorithm and there is not an analytical
formulation to obtain the IMFs. Furthermore, several algorithmic variations have been
proposed in order to obtain the IMFs decomposition. In this work it had been used the
algorithm proposed by Flandrin (2007) & Rilling et al. (2009), in which, in order to
accomplish the second IMF condition, it is utilized a criterion that compares the amplitude
of the mean of the upper and lower envelopes with the amplitude of the corresponding IMF.
This criterion is based on two thresholds (8; and 0,) and a tolerance parameter (a). It were
also used the default values proposed by Rilling et al. (2009): a=0.05, 6;=0.05 and 0,=0.5.

3.2 EMD applied to EEG analysis

For the purposes of this work the EMD of the EEG signals was achieved computing IMF1 to
IMF5 for every segments of each channel. After several initial tests it was concluded that
IMF4 and IMF5 do not contributed to seizure detection, so they were discarded. Thus IMF1,
IMEF?2 and IMEF3 of each segment of EEG signals were used in further analysis.

Figure 3 shows an example of a 300 s EEG segment without seizure for one channel and
their first 3 IMFs obtained with the described EMD method. Figure 4 illustrates a 300 s EEG
segment with an epileptic seizure of the same patient and their corresponding first 3 IMFs.
In figure 3 it can be observed how the energy of the IMF remains approximately between
the same levels along the showed time period while for the EEG segment of figure 4 the
mode functions highlight the increased energy during the seizure.
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Fig. 1. Step 1, 2, 3 and 4 of the EMD algorithm. In the top pannel the original signal, in the
middle pannel the upper (blue) and the lower (red) envelopes are showed as well as the
mean of them (magenta). In the bottom pannel the obtained residue. The figure is a
modified reproduction of figures available in http:/ / perso.ens-lyon.fr/ patrick.flandrin/
emd.html
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Empirical Mode Decomposition
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Fig. 2. Original signal x(t) and the result of its EMD computation. The figure is a modified
reproduction of figures available in http:/ / perso.ens-lyon.fr/ patrick.flandrin/emd.html
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Fig. 3. EEG segment without seizure for one channel and IMF1 to IMF3 of the signal.
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Fig. 4. EEG segment with a seizure for one channel and IMF1 to IMF3 of the signal. Red lines
indicate the seizure time endpoints established by the neurologists.
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4, Features and detectors

In this chapter two different epileptic seizure detectors based on the EMD of EEG signals
will be described. In the first detector, the algorithm computes the energy of each IMF and
performs the detection based on an energy threshold and a minimum seizure duration
decision. The second detector consists on the extraction of several time and frequency
features of IMFs, subsequently a feature selection based on a Mann-Whitney test and
Lambda of Wilks criterion is performed and in a last stage linear discriminant analysis
(LDA) of the selected parameters is used to classify epileptic seizure and normal EEG

segments. In figure 5 the block diagrams of both detectors are showed.

Seizure Detection

Fig. 5. Block diagrams of two epileptic seizure detectors.
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4.1 Preprocessing and EMD

All EEG records were initially filtered with a second order, bidirectional, Butterworth, 50 Hz
notch filter in order to remove the power line interference. Then, the EEG signals were
band-pass filtered with a second order, bidirectional, Butterworth filter with a bandwidth of
0.5 - 60 Hz.

Next, all EEG records were resampled to 128 Hz in order to reduce computation time of
EMD decomposition. This operation does not have any influence on the results since the
bandwidth of the signal of interest does not exceed the 60 Hz.

Finally, the EMD of EEG signals was achieved as described in section 3.2.

4.2 First detector

The detector presented in this section and schematized in the left side of figure 5 can be
separate in 4 main blocks. The first and second stages consist on the preprocessing of EEG
signal and the EMD computation as described in 4.1. The third stage implies the energy
computation and the last one, and the most complex, is the seizure detection strategy itself.

4.2.1 Energy computation
The first proposed algorithm takes the IMF1, IMF2 and IMF3 of the EEG signals of each
channel and computes the energy serie (ENi) of each IMFi as shown in (2).

n+L/2-1
ENi(m) =~ \/ > (IMFi(m))* i=1,2,3 @)

m=n—-L/2

In equation (2) i denotes the i-th IMF, n is its sample number and L is the length in samples
for the energy computing window. In this work a 15 s moving, overlapped window (L=1920
samples) is used. Thus, once this computation ends three energy series (EN1, EN2 and EN3)
for all EEG segments of each channel are obtained (see Figures 6 and 7).

4.2.2 Seizure detection method

In first place it will be describe what is called as an event. An event is define here like the
energy series portions that overcomes a certain threshold for more than 30 s. The threshold
is computed as (3)

Thr_ENi = mean (ENi) + 1.5*std (ENi) 3)

where mean(ENi) and std(ENi) are the mean and the standard deviation values of the i-th
energy serie considering the whole EEG channel.

Thus the first stage in this seizure detector is determined all the events present in each
energy series of each channel.

The second decision step is identifying those events present in at least two of the three ENs
of each channel. This criterion is used in order to discard possible artifacts that could be
present in only one ENi.

Finally, in a third stage an interchannel decision is done by choosing the events (selected in
the previous stage for each channel) that are present in at least two of the three studied
channels.

Hence all events that satisfy the three decision stages are detected as epileptic seizures.
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Figure 6 illustrates the energy series (ENi) of the IMFs showed in figure 3. It is observed that
the energy for each of the three IMFs does not overcome its corresponding threshold
(computed by equation (3)), which is indicated with the red dashed line. So no event is
detected in this EEG channel as well it is not detected in neither of the other channels (that
are not showed here) so no seizure is present for this segment, corresponding with the
database information.

In figure 7 the energy series (ENi) of the IMFs showed in figure 4 are illustrated. In this case
the energy rise above the threshold in the 3 IMFs and lasts more than 30 s satisfying thus the
event condition for each case so for this channel the second decision step is also
accomplished. If this occurs for at least one of the remaining channels then a seizure is
detected. In this example the events are detected in the three channels and also match with
the seizure time endpoints established by the neurologists.

4.3 Second detector

In the right side of figure 5 a block diagram of the second detector is illustrated. In this case
the preprocessing stage and the EMD computation (describe in Section 4.1) are the same as
the first detector.

Next several time and frequency features of the IMFs are computed and then selected using
a Mann-Whitney test and Lambda of Wilks criterion. Finally, a linear discriminant analysis
(LDA) is performed to discriminate epileptic seizures and normal EEG segments.

4.3.1 Feature extraction

In order to characterize the EEG signals several features were computed upon these 3 IMFs
series (IMF1 to 3) calculated for each channel. For each IMF, a set of parameters in time and
frequency domains were computed.

In this stage in order to improve the statistical stationary of EEG records each IMF was
divided in segments of 15 s. Hence the whole IMFs selected of the all EEG records analyzed
computes a total of 45517 segments, 44828 of them without epileptic seizures and 689
segments denoted as having only one epileptic seizure each.

In time domain, the following parameters were calculated on each IMEF: coefficient of
variation (VC), Median Absolute Deviation (MAD), Standard Deviation (STD), Mean Value
(MV), Variance (VAR) and Root Mean Square Value (RMS). They are summarized in table 2.
For frequency domain, the power spectral density (PSD) of IMF1, IMF2 and IMF3 was
estimated by the periodogram method with a Hanning window.

Then, classical parameters of descriptive statistics were computed on the PSD. Therefore, the
following frequency features were obtained on the spectrum of each IMF: Central, Mean and
Peak Frequencies (CF, MF and PF), Standard Deviation Frequency (STDF), First and Third
Quartile Frequencies (Q:F, QsF), Interquartile Range (IR), 95% cumulated energy Frequency
(MAXF), Asymmetry Coefficient (AC) and Kurtosis Coefficient (KC) (Marple, 1987). These
frequency parameters are listed in table 3.

Time Domain Features
VC |[MAD| STD | MV | VAR | RMS

Table 2. Time Domain Features
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Frequency Domain Features
CF | MF | PF [STDF| QF | QF | IR |MAXF| AC | KC

Table 3. Frequency Domain Features

Resuming, 10 frequency domain parameters and 6 time domain features were computed.
Thus, for IMF1 we have 16 parameters for each 15 second segment obtaining in this way a
series with the time evolution of each feature. The same procedure is repeated for IMF2 and
IMF3. Hence this implies a computation of 48 features series for each EEG channel and a
total of 144 series considering the three EEG channels.

4.3.2 Feature selection

In order to reduce the dimensionality problem, the median of the individual values of each
features series for the three channels were initially computed. For example, we take CF of
IMF1 of channel 1, CF of IMF1 of channel 2 and CF of IMF1 of channel 3 and calculate the
median of this parameter resulting in one series for this feature in IMF1. The procedure is
repeated for all the parameters and IMFs. Thus, the number of the total features series is
reduced to 48.

Even though the vector of features was reduced, its dimension is still too large. As a second
approach, a stepwise method based on the statistical parameter Lambda of Wilks (WL) is
performed. In an n-dimensional space constructed with n variables and with the matrixes
Buxn and Wiy, representing the square sum and cross products between groups and within-
groups, respectively; the WL can be defined as the ratio between their determinants (Tinsley
& Brown, 2000) as it can be see in (4):

_ v
|W +B|

)

In other words, the WL measures the ratio between within-group variability and total
variability, and it is a direct measure of the importance of the variables. Therefore, the most
important features for the analysis should be selected, i.e. the variables (features) that
contribute with more information. Besides, the correlated variables are discarded in this
process (Tinsley & Brown, 2000).

With the aim of contrasting significant differences between groups, the value of WL is
transformed into the general multivariate statistical F. If F value for a variable is higher than
3.84 (F to get in) this is included in the analysis and once accepted the variable is rejected if
its F value is smaller than 2.71 (F to get out).

Once the WL criterion was applied the features selected were 11, their mean and standard
deviation values are summarized in Table 4.

4.3.4 Classification

To detect the EEG segments with epileptic seizure a linear discriminant analysis (LDA) was
implemented using the classification functions k. These functions are a linear combination of
the discriminant variables (Xm) which allows maximize the differences between groups and
minimize the differences within-group and are calculated as (5) (Gil Flores et al., 2001):

hi(9) = b + b X1(9) + - + by X, (q) ©)



Epileptic Seizures Detection Based on Empirical Mode Decomposition of EEG Signals 15

where k represents the classification groups, i.e., for seizure and no seizure classes (k =2), m
is the quantity of features (in this work, m =11) and g is the case to classify. The computing
of b coefficients is showed in equations (6) and (7) (Gil Flores et al., 2001).

by =(n-g) Yoy Xy Spimtesd s ©)
j=1
9 —
bo =05 Y by, X; @)
j=1
IMF | Reawre | N0 T segrments
PF 16.14 £5.18 14.72 £ 4.66
STDF 7.88+1.26 7.39+1.28
IR 9.61 £2.66 9.05+2.53
1 AC 0.76 £ 0.44 0.77+0.38
KC 4.3 +1.66 442+1.19
VC 409.85 + 828.41 59.98 £ 28.99
MAD 56.93 £ 31.18 537.45 + 694.97
STD 208.89 £ 204.06 352.04 £337.71
2 STDF 3.60 £ 0.66 3.33 £0.68
QF 410+0.81 4.14+0.93
3 STD 1180.95 + 16434.06 500.14 + 543.51

Table 4. Selected features

For LDA the 50% of data was used as training group and the rest as validation group. Then,
a second test was done inverting the training and validation groups. The results are exposed
in Section 6.2 using the mean value of SEN and SPE obtained in the validation phase for the
two classification tests.

Let g1 be the seizure group and g, the no seizure group, once the classification functions
were computing for each group the classification is done satisfying the following criteria:

If ho(q) > hi(g) then case g belongs to g2 otherwise if ha(g) < hi(g) case g belongs to g1.

5. Results

In this section it will be expose the performance of both proposed seizures detectors. In
order to evaluate the achievement of the algorithms the following diagnostic categories
were considered on the detection stage: true negative (TN), false positive (FP), true positive
(TP), false negative (FN). The obtained values for these indexes are contrasted with the
segments indicated in the database as having seizure or no seizure by the neurologists. Then
the statistical diagnostic indexes of sensitivity (SEN) and specificity (SPE) were also
computing (Altman, 1993). These indexes are defined as follows and stated in equations (8)
and (9).



16 Management of Epilepsy — Research, Results and Treatment

Sensitivity (SEN): Is the proportion of epileptic seizures segments correctly detected by the
algorithm.

TP

100 8
+FNX ®)

SEN(%) =

Specificity (SPE): Is the proportion of segments without seizures correctly identified by the
algorithm.

o IN
SPECR) = TN+ £

x 100 )

5.1 Results of first detector

As a first approach for this algorithm its performance was evaluated in two ways. In first
place the detector was tested on the data sorted by epilepsy types and then the EEG signals
were evaluated all without a specific arrange.

Then in table 5 are resumed the statistical diagnostic indexes of SEN and SPE computed for
the different types of epilepsies individually and for the epilepsies all together.

Epilepsy Type SEN SPE
Temporal 56.4% | 75.9%
Frontal 12.0% | 81.8%
Temporo-Occipital 40.0% | 73.3%
Others 53.8% | 93.3%
All types togheter 41.4% | 79.3%

Table 5. Statistical diagnostic indexes of SEN and SPE for first detector.

5.2 Results of second detector

In order to improve the results obtained with first detector, the second detection scheme
detailed in section 4.3 were tested in the same EEG records. Table 6 shows the mean value of
SEN and SPE obtained in the validation phase for the two classification tests described in
section 4.3.4.

Epilepsy Type SEN SPE
Temporal 65.2% | 77%
Frontal 51.7% | 78.7%
Temporo-Occipital 56.9% | 72.4%
Others 57.5% | 87.7%
All types togheter 69.4% | 69.2%

Table 6. Statistical diagnostic indexes of SEN and SPE for second detector.
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6. Discussion and conclusions

Epileptic seizure detection in EEG records is a useful and important tool due to their various
applications such us epilepsy research treatments like timely drug delivery, electrical
stimulation and seizure alert systems besides diagnostic applications. In this sense it is a real
need the development of automatic algorithms that could be able to detect seizures
independently of its brain source. It is also important to establish some kind of
standardization of the detectors using to test them the same database so a robust
comparison of their performance could be carried out.

In this chapter two epileptic seizure detection methods based on the Empirical Mode
Decomposition (EMD) of EEG signals has been proposed. On one hand, the use of EMD for
seizures detection it is a recent approach. In addition, as a contribution to the setted out
problem, long term epileptic EEG intracranial records with different focal epilepsies are
used to evaluate the performance of both seizures detectors.

The used EMD algorithm in this work is the one proposed by Flandrin (2007) & Rilling et al.
(2009). This technique seems to be more suitable for epileptic EEG records than others of the
signal processing area due to the EEG signal presents nonlinear and non-stationary
properties during a seizure. Nevertheless, it was recently reported for this version of the
algorithm the problem of what is called mode mixing so to solve this a new approach
known as Ensemble EMD (EEMD) has been proposed (Wu & Huang, 2009). There are also
some extensions of standard EMD to multivariate signals defined by Rehman & Mandic
(2010) as Multivariate EMD. Even though the EMD showed a relatively good performance
in seizure detection it was observed that the computation time of EMD for each segment is
quite time-computing extensive which could represent a disadvantage for analyzing long
EEG records. It can be noted that the proposed EMD technique has still much aspects to
explore and innovate so its performance could be further improve.

In order to have a complete evaluation of the detectors’ performance they both were first
tested making a discrimination of the EEG signals by epilepsy type and then the data were
used all without a specific arrange. For the first detector the values of SPE obtained were
high, arising up to 90% for the epilepsies grouped like “Others” while the SEN results were
non-satisfactory, been 56.8% the highest value for temporal lobe epilepsy records. Whereas
the performance of this detector for the complete set of data showed a global SEN and SPE
values of 41.4% and 79.3%, respectively.

The results shown in Table 6 indicate that the second detector have remarkably improved
the SEN values compared with those obtained for the first detector for all classes of
epilepsies. With respect to the ESP values, the results of the second detector were better for
temporal lobe epilepsy signals and decrease slightly for the remaining classes of epilepsies.
So the global performance of the second detector (SEN = 69.4% and SPE = 69.2%) can be
considered satisfactory better than the first one because both values are in the same order.
Other authors had also recently used the Freiburg’s database for seizure detection so a
comparison of their works with ours could be made. Henriksen et al. (2010) in their research
uses features of Wavelet Transform (WT) of 16 patients (instead of the 21) of the database
and classified them by a support vector machine in order to implement an automatic seizure
detection algorithm. They obtained a global SEN of 86% and a false detection rate of 0.39/h,
but the SPE value is not reported. In a recent work Vardhan & Majumdar (2011) introduce a
differential operator to accentuate the seizure part of depth electrode recordings (ECoG)
relative to the non-seizure one. The technique was only applied to 5 patients of Freiburg’s
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database. For 4 patients, they reported 18 of 20 true detections and 2 false detections. The
results for the remaining patient were not reported. Finally, Chua et al. (2011) applied the
Gotman algorithm (Gotman, 1999) to 15 patients of the database and it was adjusted for
epilepsy type with the aim of improve the off-line automated seizure detection methods that
will decrease the workload of EEG monitoring units. The obtained values were 78% of SEN
and a true positive rate of 51%.

Summarizing, even though some of the detectors described in the previous paragraph
obtained higher values of SEN than the ones developed in this chapter it has to be said that
all the referenced cases use selected records of the database while the authors of this chapter
had tested their algorithms using all 21 EEG recordings available in Freiburg database.

It may also be highlighted that the values of SEN and SPE of first and second detectors
could be improved in order to obtain a more reliable application. In this sense, more tests
and some adjustments on the algorithms must be made done to be suitable for medical
diagnosis. It could be concluded that the developed methods based on EMD are promissory
tools for epileptic seizure detection in EEG records.

7. Future works

As future extension of this research in first place the EMD computation time must be
reduced may be taking time windows of few seconds to calculate it instead of 1 h EEG
segments. It is also needed to improve the values of SEN and SPE so more effort on the
features and classifiers must be done.
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1. Introduction

An epileptic seizure may be conceptualized as a paroxysmal pathological process in the
brain of a heterogeneous etiology with heteromorphic clinical and electrophysiological
manifestation.The cases of epileptic seizures are classified according to The International
Classification of Epileptic Seizures (ICES) published for the first time by The International
League Against Epilepsy (ILAE) in 1970 and revised in 1981 (Commission on Classification
and Terminology of the International League Against Epilepsy, 1981). This classification is a
clinical one related to semiology of the seizures not to their etiology. Therefore it is
necessary to exclude an acutely occurring cause responsible for occurrence of the seizure. In
such cases we talk about the so-called acute symptomatic seizures. The underlying cause
may be structural (e.g. head trauma), metabolic, toxic (e.g. alcohol), or an acute CNS
infection, etc.. The most frequent acute symptomatic seizures are the febrile seizures. In fact,
the acute symptomatic seizures occur more frequently than epilepsy (“unprovoked”
seizures). The risk of occurrence during one’s life is very high - approximately 5% in males
and 2.5% in females. If the acutely occurring cause has been withdrawn or cured without a
residuum in the form of a brain lesion, the seizures do not recur (Dasheiff, 1987; Fromm,
1987). The antiepileptic medication is necessary for suppressing the seizures in the acute
stage but usually there is no need for treatment continuation after the complete cure of the
underlying disease. If the acutely occurring cause was not responsible for epileptic seizure
we talk about a so-called unprovoked seizure. If the unprovoked epileptic seizure occurs in
relation to a preceding neurological insult, the disorders is regarded as secondary to this
insult; we call it the late symptomatic epileptic seizure or late symptomatic epilepsy in case
of seizure recurrence. A general principle of treatment for the symptomatic (secondary)
epileptic seizures has been a primary effort for resolution of the underlying disease that is
the etiological factor responsible for the seizures. Given that it is impossible, the
antiepileptic treatment in accordance with the treatment guidelines for individual seizure
types (together with adherence to right living, behavioural precautions and concomitant
solutions of the social and psychological issues) is indicated (Hovorka et al. 2004a; Hovorka
et al. 2004b; Oslejskova, 2007). Approximately 5% of the population experiences one
unprovoked epileptic seizure in the lifetime (Forsgren et al., 1996; Hauser et al. 1993). The
febrile seizure before the age of 5 occurs in approximately 5% of population (Hauser et al.
1996). Only about 25% of people experiencing the first unprovoked seizure see the doctor
and nearly always the seizure is a generalized tonic-clonic one. Most of the people have no



22 Management of Epilepsy — Research, Results and Treatment

risk factors for the onset of epilepsy, normal neurological examination as well as normal
initial EEG (Pedley et al., 1995). The occurrence of the first unprovoked epileptic seizure
requires always a thorough evaluation. The risk of misdiagnosis is high as non-epileptic
seizures make 20-33% of newly-diagnosed cases.

EEG is an important non-invasive examination method that informs about electrical activity of
the brain. It plays an important role in differential diagnostics of seizures. The greatest
diagnostic benefit of EEG belongs to diagnosis of epilepsy. Finding of interictal epileptiform
graphoelements supports the diagnosis of epilepsy with specificity of 96% (Vojtéch, 2008). In
patients who experienced the first unprovoked epileptic seizure 30-40% catchment of specific
epileptiform EEG abnormalities after the first EEG examination was most often reported in the
literature (King et. al., 1998; Shinnar et al.,, 1994). Higher catchment was reported in EEG
realized within 24 hours from experienced seizure than after 24 hours (51% versus 34%) (King
et. al.,, 1998). Abnormal EEG occurs more frequently in patients with partial seizures than in
patients with generalized seizures and in patients with late symptomatic etiology of epilepsy
than in patients with idiopathic epilepsy (Shinnar et al., 1994).

Imaging examinations represent one of the basic methods in diagnostics of patients with
epileptic seizures. Their development has significantly contributed to accurate diagnostics
and classification of epileptic syndromes. It is necessary to realize that these methods can
help reveal etiology of seizures and determine etiopathogenetic diagnosis. The fact that each
patient after first epileptic seizure must undertake these examination is common and
generally accepted. MRI is an advantageous imaging method for CNS. At present this
method is the first choice method. MRI can reveal structural lesions and brain anomalies
which CT examination, that is less sensitive, cannot (heterotopias, demyelinizations,
anomalies of gyrifications, vascular malformations, etc.) (Bofuta et al, 2007). MRI is
markedly more advantageous in patients with temporal epilepsy where it is able to express
even very tiny structural changes and mesial temporal sclerosis (Carrilho et al., 1994). In
addition, in MRI examination patients are not exposed, in contrast to CT, to radiation load.
CT advantages involve better availability, relatively low price, possibility to examine non-
cooperating patients because the examination takes only several seconds and it is less
sensitive to movable artifacts. Moreover, CT has less contraindications comparing to MRI.
MRI cannot be realized in patients with metal implants and clips, pacemaker, uncontrollable
claustrophobia. Result can be adulterated if the patient does not cooperate.

In the past we also evaluated the findings of various modification of EEG examination and
imaging methods in our patients who experienced solitary unprovoked epileptic seizure
(Kollar et. al., 2009). We found that catchment of epileptiform manifestations in native EEG
in patients who experienced solitary unprovoked epileptic seizure (14.29%) is lower than
reported in literature (King et al., 1998; Shinnar et al.,, 1994; Vojtéch, 2008). It might be
explained by accepted fact of transient incidence of abnormalities in EEG records. That is the
reason that transient incidence of epileptiform EEG abnormalities in patients with epilepsy
is considered the factor participating on different results of particular studies. High
percentage of non-specific (non-epileptiform) abnormal EEG records in our cohort of
patients who experienced solitary epileptic seizure was in agreement with literature data
(Kollar et al., 2009). The results of our study - see Table 1.

It is very important to realize the limits of EEG examination. Firstly - normal EEG finding
does not rule out clinical diagnosis of epilepsy and presence of epileptiform EEG
abnormality does not confirm that the patient has epilepsy. Recurrent occurrence of
abnormal interictal EEG findings in the group of non-epileptic seizures is also known (Kuba
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et al., 2001). That’s why EEG must be recognized as the method that plays a very important
role in diagnostics of epilepsy or paroxysmal disorders, however, as the adjuvant
examination method its role is limited. In clinically clear epileptic manifestations EEG can
confirm, or in specific cases support, clinically clear diagnosis of epilepsy. In clinically
absent typical epileptic manifestations high cautiousness is needed in evaluation of the
diagnosis (incorrect evaluation or over-evaluation of EEG finding).

Normal NFA NGA EFA EGA
EEG (n=84) 41 23 8 8 4
(48.81 %) (27.38 %) (952%)| (9.52%) (4.77 %)
EEG after SD 35 9 6 6 3
(n1=59) (59.33 %) (1525 %) (1017 %) | (1017 %) (5.08 %)
LTM-EEG 35 6 2 2 1
after SD (76.09 % ) (13.04 %) (435 %) (435%) (217 %)
( n2=46 )

Table 1. Interictal EEG findings, EEG findings after SD and LTM-EEG after SD in patients
who experienced solitary unprovoked epileptic seizure (Kollar et al., 2009). (Abbreviations
see in part 5).

Statistical comparing of diagnostic benefits of CT and MRI examinations of the brain in our
group of patients confirmed, as in the other works, that MRI examination of the brain in
patients who experienced solitary unprovoked epileptic seizure is definitely the first choice
method. The results of our evaluation - see Table 2,3.

UNPROVOKED SOLITARY EPILEPTIC SEIZURES
Number of patients Number/ whole (% )
CT brain 21
Normal 5 23.81 %
Pathology 16 76.19 %
MRI brain 6
Normal 2 0.33 %
Pathology 4 0.67 %
Realized 57
CT and MRI
CT normal 28 49.12 %
MRI normal
CT normal 12 21.05 %
MRI pathol.
CT pathol. 17/12 29.83 %
MRI pathol./
closer specification CT by
MRI examination
CT pathol. 0 0 %
MRI normal

Table 2. Findings of CT and MRI examinations of the brain in patients after solitary
unprovoked epileptic seizure (Kollar et al., 2009).
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Benefit
CT of brain 5
(n=57) (8.77 % )
MRI of brain 29
(n=57) (50.88 % )

Table 3. Patients after solitary unprovoked epileptic seizure in which both imaging methods
were realized (Kollar et. al., 2009).

Statistical evaluation of benefits of MRI examination comparing to CT examination by
binomic test of proportions: p<0.0001 - high significant difference between proportions
(Kollar et. al., 2009).

In the past we noticed, by the EEG finding evaluation in our group of outpatients with
epilepsy, that only in a small amount of cases the EEG findings corresponded completely
with the clinical image of epileptic seizure (Kollar et al., 2010). In relation to the imaging
methods and their diagnostic agreement with clinical syptomatology of epileptic seizure
and EEG findings, it is interesting that in the study of King et al. (1998), who evaluated the
imaging of MRI abnormalities after the first epileptic seizure in 300 members of a group,
consisting of both children and adults, they determined that, with patients having clinically
diagnosed partial seizure, an epileptogenic lesion on the MRI was identified in 17% of cases.
In 50 patients with clinical diagnosis of generalized seizure a structural lesion was identified
in only one case and in the case of 49 patients with generalized epileptiform activity on EEG
no structural lesion on MRI was identified. These facts covey to us the need to try and
establish in our own group of patients the clinical typology of epileptic seizure, EEG
findings and results of imaging methods. After this we determined the part of patients with
complete diagnostic concordance between clinical image of epileptic seizure and results of
auxiliary diagnostic methods (Kollar et al., 2010). The summary of all watched data in the
group of patients after solitary epileptic seizure - see Table 4. The evaluation of clinical
typology of epileptic seizures and results or realized examination - see Table 5.

The clinical type of
epileptic seizure EEG CT/MRI
The (ILAE,1981)
group EEG after | LTM-EEG
of n ! 2 3|MT|  EEG SD after SD
patients N|N[E[E| [NINJE[E NINEJE] [N | P | 0
A|B|C|A[B|C|DIE N|N|F [N|F [N|N|F |N|F |0 IN[N|F [N|F |0
AlAJA(A] |AJA|A|A AlA|AA
Solit.
2 4 4| |2 3 2(3 3(45/(33/ | 6/
ung;cl)v84535//08///1834846936552612830 3 | 2

Table 4. The summary of all watched data in the group of patients after solitary
unprovoked epileptic seizure (Kollar et al., 2010). (Abbreviations see in part 5).

The full diagnostic coincidence between the clinical picture of epileptic seizure, EEG
examination (native interictal EEG, or EEG after SD or LTM-EEG after SD) and results of
imaging methods (CT or MRI of the brain) we found only in 11 from 84 patients (13,1%)
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after solitary epileptic seizure. The receiving diagnosis of unclear seizure status was
determined in 57 out of 116 patients (49,14%) dismissed, as mentioned in 10 years’ time
period, with the diagnosis of solitary epileptic seizure. These percentages, together with a
high part of unclear receiving diagnosis (the disturbance of consciousness of unclear
etiology) in the patients, who were dismissed from our clinic with diagnosis of solitary
epileptic seizure, suggests that the diagnosis of this group of patients is often problematic.

Solitary unprovoked
Coincidence EPI
(n=84)
Clinical typology +
EEG (EEG after SD, 16 (19,05%)
LTM-EEG afterSD)
Clinical typology + 9
CT, MRI 52 (61,90%)
Clinical typology + o
EEG + CT, MRI 11 (13,10%)

Table 5. The evaluation of clinical symptomatology of epileptic seizures with EEG, CT and
MRI findings (Kollar et. al., 2010).

From unclear seizure status, which is accepted on the neurological departments, the more
considerable part is made by unepileptic seizure status (Angus-Leppan, 2008; Perrig &
Jallon, 2008). The correct diagnosis of seizure disorders require the strict observance of
standard diagnostic proceeding (Martiniskova et al., 2009). The necessity are detailed
anamnesis, adequate “erudition” of medical doctors working in this part of medicine, the
right interpretation of auxiliary diagnostic methods results and in many cases the quality of
cooperation between the doctors from other specializations (Bajacek et al., 2010; Hovorka et
al.,, 2007; Kollar et al., 2010). Our results repeat the confirmation that diagnostic of seizure
disorders with or without the disturbance of consciousness belong between the more
difficult performances in the clinical praxis.

2. Solitary unprovoked epileptic seizure — the risk factors of probable seizure
recurrence. To treat or not to treat the patient after the first unprovoked
epileptic seizure?

2.1 Introduction

At least 5% of the general population experience one unprovoked epileptic seizure during
their life (Forsgren et al., 1996; Hauser et al., 1982; Hauser et al., 1993). This is in contrast
with an approximately 3-4% cumulative incidence of epilepsy (at least two unprovoked
epileptic seizures) and with an approximately 4% incidence of the acute symptomatic
seizures (Hauser et al., 1996). The risk of seizure recurrence after the first epileptic seizure
has been shown to be most frequently 30-40% (range 23-71%) (Annegers et al., 1986; Engel &
Starkman, 1994; Hauser et al., 1990; Kollar et al., 2006; Mann, 2005). This figure oscillates
notably depending on certain risk factors. There are multiple risk factors mentioned in the
literature. Berg & Shinnar (1991), referring to already published studies and meta-analyses,
stated that multiple factors influence the recurrence risk of epileptic seizures - see Table 6.
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Etiology patients with tumours and inflammatory diseases of CNS
have the highest risk of seizure recurrence; patients with
focal (structural) lesions of CNS have higher risk of seizure
recurrence than patient without focal neurological damage

Type of seizure patients with partial seizures, particularly associated with
Todd'’s post-ictal paresis, have higher percentage of seizure
recurrence

EEG appearance of the specific epileptiform abnormalities

increases the risk
Duration of the follow-up | the risk decreases with time elapsed, the highest risk is in
the first six months after the first seizure

Objective neurological “positive finding” is an unfavourable factor (evidence of a

examination structural lesion)

Febrile convulsion history of febrile convulsions poses a higher risk of seizure
recurrence

Family history family history of epilepsy has been considered to be an
unfavourable factor

Antiepileptic treatment the lower risk of seizure recurrence with treatment

initiation after the first seizure
Psychosocial environment | significant for the prognosis of the disease

Table 6. Factors influencing the risk of epileptic seizure recurrence (Berg & Shinnar, 1991).

2.2 Material and methods

We evaluated 116 patients (68 men, 48 women; age range 18-81 years) after a solitary
epileptic seizure that had been hospitalized at our neurological department since January 1,
1997 to January 1, 2007. There were 84 patients having experienced an unprovoked seizure
and 32 with an acute symptomatic epileptic seizure. The baseline information was obtained
using a retrospective analysis of the medical records; eligible patients were contacted by
telephone or by sending the questionnaire via the post. We evaluated the likelihood of
seizure recurrence in 72 patients. Duration of the follow-up was 2 - 12 years. A certain
portion of patients were followed prospectively at our outpatient department, others were
monitored by their neurologists. We determined the number of patients in whom the
seizure reoccurred, and time period between the first and the second epileptic seizures. We
evaluated the following recurrence risk factors: incidence of the febrile convulsions;
incidence of epilepsy in patients” relatives; period of the day, when the seizure appeared;
objective neurological examination; the clinical type of seizure; EEG findings; aetiology of
the seizure and the influence of antiepileptic treatment initiation after the first seizure. The
logistic regression was used for the statistical assessment of the data obtained.

2.3 Results

The individual risk factors and their relation to the seizure recurrence after the first

unprovoked epileptic seizure are shown in the Table 7.

The summary of the logistic regression:

i.  Patients with the partial epileptic seizure had 5 times higher recurrence risk (OR = 5.12,
95 % CI: 0.79 - 32.89).
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Patients

Patients with

. . Statistically
with . seizure L
. Patients significant
seizure . recurrence/ )
without ) ! factor in
recurrence . patients with
) seizure . terms of the
after the first recurrence |S€iZure recurrence| .
epileptic + without selzure )
seizure recurrence recurrence:
crymogenic 12 |
Etiology late " " 1442 No
symptomatic (33.3%)
Period of the day-wakeful 17 0 17/49
day, when condition (34.7%)
. No
the seizure leep. | 9 14 9/23
appears sleep-arousa (34.7%)
Clinical type of |generalized 14 29 éé/ 54;)
the o No
seizure partial 12 17 12/29
(41.4%)
normal + non-
epileptic 20 36 é(;/ 750/6)
EEG findings  |abnormality e No
epileptic 6 10 6/16
abnormality (37.5%)
Objective normal 19 34 éz/ 85";))
neurological = No
examination pathological 7 12 7/19
(36.8%)
History Yes 0 2 0/02
: (0%)
of the febrile
convulsions No 26 34 26/60
(43.3%)
3/5
Family history Yes 3 2 (60%)
of epilepsy N ” 64 23/67 No
© (34.3%)
Antiepileptic
treatment Yes 6 31 6/37
o (16.2%)
initiation after
the first Yes
20/35
unprovoked No 20 15 o
A (66.5%)
epileptic seizure
Seizure 3 months 17 17/72(23.6%)
recurrence after |6 months 18 18/72 (25%)
the first 1 year 24 24/72(33.3%)
epileptic seizure |3 years 25 25
within ... 5 years 26 26

Table 7. The individual risk factors and their relation to the seizure recurrence after the first
unprovoked epileptic seizure in our group of 72 patients.
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ii. Patients with epileptiform EEG findings had 5 times higher recurrence risk (OR = 5.84,
95 % CI: 0.98 -34.62).

ifi. The antiepileptic treatment initiation after the first seizure seems to be the only statistically
significant protective factor as the patients in our group had 7 times lower recurrence risk
compared to the patients without medication (OR= 0.13; 95% CI: 0.03 - 0,6).

After the first unprovoked epileptic seizure we recorded the seizure recurrence in 26/72

patients (36.1%); in 24/26 patients (92.3%) the seizure recurred within 12 months after the

tirst unprovoked seizure.

16.22%
O patients with recurrence after

first unprovoked epileptic
seizure

M patients without recurrence

83.78%
a)
57,14%

O patients with recurrence after
first unprovoked epileptic
seizure

42,86%
M patients without recurrence
b)

Fig. 1. Comparing the risk for recurrence in the group of patients , in which:

a) an antiepileptic treatment has been prescribed after first unprovoked epileptic seizure
(n=37)

b) an antiepileptic treatment has not been prescribed after first unprovoked epileptic
seizure (n=35)

2.4 Discussion

The antiepileptic treatment initiation after the first unprovoked seizure was the only
significant factor decreasing the risk of seizure recurrence (7 times lower in our study) (OR =
0.13, 95% CI: 0.03-0.6) in our group of 72 patients. The influence of antiepileptic treatment
initiation on the reduction of seizure recurrence has also been reported in earlier studies
(Elwes et al., 1985; Kollar et al., 2006). On the contrary, the significance of this factor was not
shown in other studies (Bora et al., 1995; Hopkins et al., 1988; Musicco et al., 1997). In our
patients there were risk factors of the seizure recurrence showing a clinical, but not
statistical, significance - the type of epileptic seizure (5 times higher recurrence risk in
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patients after the first partial epileptic seizure: OR = 5.12; 95%, CI: 0.79 - 32.89) and EEG
findings (5 times higher recurrence risk in patients with epileptiform EEG findings: OR =
5.84; 95% CI: 0.98 - 34.62). In consistence with the conclusions of Berg & Shinnar (1991) we
observed a decrease of the recurrence risk of seizure with time that elapsed since the first
seizure. The recurrence risk after the first unprovoked seizure was the highest within 12
months (24/26 patients, 92.3%). The differences in results of the studies evaluating the risk
factors of seizure recurrence after the first unprovoked epileptic seizure may be attributed to
unequal methods and baseline criteria, as well as to diverse durations of the follow-up. The
meta-analyses performed help us orient ourselves in this area (Berg & Shinnar, 1991). In case
of the first unprovoked epileptic seizure appearance there is a vital need for a thorough
evaluation (Kollar et.al., 2009; Martiniskova et al., 2009).

3. Conclusion

The antiepileptic treatment initiation in patients after the solitary unprovoked epileptic
seizure was the only statistically significant factor decreasing the risk of seizure recurrence
in our group of patients. Based on the recent knowledge and despite of this finding we
propose an individual, rather than automatic, antiepileptic treatment initiation, considering
all risks, likelihood of seizure recurrence, social and psychological factors, employment and
the potential side effects of the treatment.
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5. Abbreviations
Abbreviations in Table 1.

n = whole number of patients who underwent interictal EEG examination

n; = number of patients who underwent EEG after SD

np = number of patients who underwent LTM-EEG after SD

(The numbers of patients are not identical, in same cases of diagnosed epileptic disorder or
epileptic focus the whole EEG diagnostic algorithm was not needed.)

NFA = non-epileptiform focal EEG abnormality

NGA = non-epileptiform generalized EEG abnormality

EFA = epileptiform focal EEG abnormality

EGA = epileptiform generalized EEG abnormality

Abbreviations in Table 4.

EEG = native EEG examination

EEG after SD = EEG examination after sleep deprivation with one- hour recording
LTM-EEG after SD = 24-hour eight-channel EEG examination after sleep deprivation
n = number of patients

NFA = non-epileptiform focal EEG abnormality

NGA = non-epileptiform generalized EEG abnormality

EFA = epileptiform focal EEG abnormality

EGA = epileptiform generalized EEG abnormality
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N - norm

P - pathology

0 - wasn’t realized.

The clinical type of epileptic seizure /ILAE, 1981, being short/:
1 - The partial (focal) seizures:

1A - the simplex partial seizures

1B - the complex partial seizures

1C - the partial seizures with the secondary generalization

2 - The generalized seizures without focal beginning (convulsive or nonconvulsive):
2A - the absence

2B - the myoclonic seizures

2C - the tonic-clonic seizures

2D - the tonic seizures

2E - the atonic seizures

3 - The unclassified epileptic seizures

MT = more types of epileptic seizures
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1. Introduction

Several methods can be used to treat patients with epilepsy: antiepileptic drugs(AED),
surgery and neuromodulation. AED is the most common method and also the first choice in
the treatment of epilepsy. However, some patients are drug-resistant, or encounter severe
adverse effects. In this case, surgery is an alternative to drug therapy for part of these
patients. But surgery has several drawbacks: one is its invasive, the other is its high cost, and
the third is its requirement for highly equipped medical devices to delineate the
epileptiogenic zones. These factors limit its wide use in the clinical field.

Epileptic conditions are characterized by an altered balance between excitatory and
inhibitory influences at the cortical level(Tassinari et al.,2003). Antiepileptic drugs work by
counteracting such imbalance with different mechanisms(Kwan et al.,2001). It is well known
that the excitability of cortical networks can be modulated in humans by trains of regularly
repeated magnetic stimuli(Wassermann&Lisanby,2001). Therefore, Repetitive transcranial
magnetic stimulation (rTMS), a noninvasive and easily applied technology, could even have
therapeutic effect in epileptic patients. Although some conflicting results have been
reported, growing evidence shows that low-frequency (<1Hz) rTMS (slow rTMS) can
significantly reduce seizure frequency and interictal epileptiform discharges. In this chapter,
we aim at providing the reader with the most recent information on the application of TMS
in epileptic conditions.

This chapter is composed of 6 sections. First, the different ways and parameters that TMS
can be used to investigate cortical pathophysiology are introduced. According to the
patterns of stimulation, TMS can be divided into at least 3 categories: single-pulse TMS
(sTMS), paired-pulse TMS (pTMS) and repetitive TMS (rTMS). Each TMS may reflect
different brain cortical functions or have different physiologic effects. The parameters used
as TMS study include motor evoked potential (MEP), motor threshold (MT), cortical silent
period (CSP), intracortical inhibition (ICI) and intracortical facilitation (ICF). These
parameters can reflect the functional state in motor cortex and motor pathway in different
ways.

The second section will discuss the possible antiepileptic mechanisms of rTMS in four
aspects: electrophysiology, neurotransmitters, ion channel structure and function, as well as
neuronal insults.

The third section will refer to two issues: the effects of different AEDs on TMS parameters;
the relationship between the changes of TMS parameters and corresponding AED serum
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concentrations. The available data suggest that TMS may be a promising tool both in
clarifying still-debated mechanisms of action of some AEDs and in optimizing the treatment
of patients affected by epileptic seizures.

We will review the therapeutic effect of rTMS on patients with epilepsy in the fourth section.
Although conflicting results have been reported, growing evidence supports slow frequency
r'TMS is effective in reducing seizure frequency and /or decreasing the EEG epileptiform
abnormalities. Some problems will be also referred to in this section.

The safety issue of rTMS is another topic for this chapter. Currently available data showed that
TMS is a safe technique, both in normal subjects and neurologically impaired patients. No
long-lasting effects on cognitive, motor or sensory functions have been reported. As far as
seizures are concerned, only 6 seizures have been elicited by rTMS in 6 non-epileptic
individuals by the end of 1996. Although high-frequency rTMS may induce accidental seizures
in normal subjects and epileptics, slow frequency rTMS has not been shown to induce seizures
in patients with epilepsy. The safety issue of TMS will address in a separate paragraph.

The final section will discuss the prospects of rTMS. As a noninvasive, easily applied and
safe technology, rTMS may be an effective adjunctive treatment for patients with refractory
epilepsy, and may provide a valuable insight into pathophysiological mechanisms
underlying epileptic processes and AED-induced changes of the excitability of cortical
networks. In addition, rTMS changes induced by different AEDs could be used as a
neurophysiological index to optimize the treatment in a given patient. More work is needed
to do before wide use of rTMS in the epileptic field.

2. TMS techniques and measures of motor excitability

TMS has mainly three categories: single-pulse TMS (sTMS), paired-pulse TMS (pTMS) and
repetitive TMS (rTMS). Single-pulse TMS refers to stimulation with a conventional
stimulator, which delivers pulses no faster than 1 Hz. It can be used to obtain motor
threshold (MT) and cortical silent period (CSP). Paired-pulse TMS techniques involve a
conditioning pulse followed by a test stimulus, which are delivered to the same scalp
position through a single coil. It has been used to study intracortical inhibition and
facilitation. Repetitive TMS indicates trains of regularly repeated magnetic pulses delivered
to a single scalp site(Wassermann,1998). It can also stimulate neurons in unresponsive
period, thus preferentially activating tangentially-oriented connecting neurons, which
produce excitatory postsynaptic potentials and disrupt the balance between cortical
excitability and inhibition.

The parameters used to study experimentally and clinically mainly include motor evoked
potential (MEP), motor threshold (MT), cortical silent period (CSP), intracortical inhibition
(ICI), and intracortical facilitation (ICF). MEP reflects the excitability of the whole
corticospinal system. MEP size increases with contraction of the target muscle, and increases
with stimulus intensity in a sigmoid manner. The part of the MEP intensity curve close to
MT is determined by the excitability of low-threshold corticospinal neurons, and the high-
intensity part of the MEP intensity curve reflects the excitability of high-threshold neurons
(Devanne et al.,2002). MEP size may be modulated by inputs to motor cortex from the
periphery or other parts of the brain. MEP is a reliable tool to monitor focal cortical
excitability.

MT is the minimum stimulus intensity needed to elicit a small motor response in the target
muscle, in at least half of 10 consecutive trials. MT can be determined at rest (RMT) or
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during slight isometric muscle activation (AMT). RMT is determined by the excitability of
corticocortical axons and the excitability of synaptic contacts between these axons and
corticospinal neurons and between corticospinal neurons and their target motorneurons in
the spinal cord. Whereas, AMT is mainly determined by the excitability of corticocortical
axons and therefore mainly reflects membrane-related excitability and correlates with ion
channels(Hallett ,2007).

CSP refers to a period of silence in the electromyographic pattern of a voluntarily contracted
target muscle. Its size reflects the length of intracortical inhibition. The early part of the CSP
reflects the inhibitory effect at spinal level, and the late part reflects inhibition at the level of
the motor cortex. It is conceived that the late part of the CSP is determined by long-lasting
cortical inhibition mediated through the y-aminobutyric acid type B receptor(Hallett,2007;
Ziemann et al.,2006).

Intracortical inhibition (ICI) and intracortical facilitation (ICF) are two parameters provided
by pTMS, which reflect neuronal inhibition and excitability, respectively. It is thought that
paired-pulse measures reflect mainly synaptic excitability of various inhibitory and
excitatory neuronal circuits at the level of the motor cortex. This synaptic excitability is
controlled mainly by neurotransmission through the GABA and N-methyl-D-aspartate
(NMDA) receptors. Short-interval intracortical inhibition (SICI) and long-interval
intracortical inhibition (LICI) underlie separate mechanisms and may reflect inhibition
mediated through the GABA, and GABAg receptors, respectively(Ziemann et al.,2006;
Sanger et al 2001).

3. Possible antiepileptic mechanisms of rTMS

The pathogenic mechanism of epilepsy is very complicated. It may involve several aspects,
including the imbalance of cortically excitatory and inhibitory activities, disturbance of
neurotransmitter, abnormality of the structure and/or function of ion channels, decrease of
endogenous neuropeptides, and metabolic disorder in the brain. Whether rTMS affects
epileptic seizure through one or more abovementioned factors is almost unknown. Some
pilot researches in this aspect are summarized as follows.

3.1 Electrophysiologic mechanism

Some clinical studies found that RMT and intracortical inhibition in untreated epileptic
patients decreased remarkably, and the more the RMT decreased, the more frequently the
seizure attacked(Kotova &Vorob’eva,2007). Inghilleri et al reported that CSP in the
epileptogenic hemisphere was much shorter than in the contralateral hemisphere(Inghilleri
et al.,1998). Cincotta and coworkers found CSP got much longer after receiving 30 minutes,
0.3 Hz rTMS(Cincotta et al.,2003). These studies suggested, for one thing, that imbalance
between excitatory and inhibitory neurons existed unquestionably, for another, that rTMS
may strengthen the inhibitory effect and therefore regain a new balance, thus leading the
seizure decrease or remission. In our recent study, we found that the rats injected
intraperitoneally with epileptogenic dose of pilocarpine immediately followed by 40-
minute rTMS treatment (0.5 Hz, 95% RMT ) had much milder seizure and lower rate of SE
development in 90-minute follow-up period, compared with rats without rTMS treatment
(not published). This result makes us reasonably infer that the quick antiepileptic effect of
rTMS more likely resulted from its direct modulation on the activity of excitatory and
inhibitory neurons in the cortex than from its indirect effect by inducing the enhancement of
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endogenous inhibition. Therefore, Modulating the excitability and inhibition in the cortical
neurons may be one of the antiepileptic mechanisms of rTMS.

3.2 Neurotransmitter mechanisms

Neurotransmitters in the brain functionally include excitatory neurotransmitters and
inhibitory neurotransmitters, which represent by glutamate andy-aminobutyric acid,
respectively. In normal state, the excitatory neurotransmitters and the inhibitory
neurotransmitters maintain a balance. Once the activity of excitatory neurotransmitters
becomes hyperactive, or the activity of inhibitory neurotransmitters remarkably decreases, a
seizure may occur. N-methyl-D-aspartate (NMDA) receptor-1 is one of the most important
glutamate receptors and also the main mediator of calcium ion channel and epileptogenic
factor. GADG65 is the key enzyme in the process of GABA synthesis and it has the quality of
high specificity and stability. Therefore, NMDAR1 and GAD65 usually act as two marks to
evaluate the levels of glutamate and GABA in the brain, respectively.

Zhang et al in the rat pilocarpine seizure model found that the rats pretreated with two-
week rTMS (administered at 0.5 Hz, 95%MT) had increased expression of GAD65 and
decreased expression of NMDAR1 in the hippocampal CAl, which investigated at 90
minutes after injecting pilocarpine(Zhang et al.,2008). Michael et al in the study of healthy
volunteers adopted proton magnetic resonance spectroscopy (MRS) to investigate the effects
of high frequency rTMS on brain metabolism. They found that the content of glutamate had
a pronounced change not only around the stimulating zone but also the remote areas
(ipsilateral and contralateral to the stimulus site) (Michael et al.,2003). Zangen et al in the
experimental study also found that the glutamate in the stimulated left prefrontal cortex
increased significantly after high frequency rTMS(Zangen&Hyodo,2002). These results
suggested that low-frequency and high-frequency rTMS may have different effects on
excitatory and inhibitory neurotransmitters or their receptors. The antiepileptic effect of
low-frequency rTMS might be related to the upregulation of GAD65 expression and
downregulation of NMDART1 in the hippocampus.

Clinical study on patients with epilepsy revealed a dynamic change for ICI and
ICF(Turazzini et al.,2004). The CSP had no longer linear relation with the stimulus intensity
when the patients with focal epilepsy were administered at a certain stimulus
intensity(Cicineli et al.,2000). Some researchers reported that the changes of GABA receptors
are proportional to the changes of ICI, whereas the changes of glutamate receptors are
proportional to the changes of ICF(Sanger et al.,2001; Hamer et al.,2005; Issac,2001). In
addition, some studies demonstrated that the late part of CSP was determined by LICI,
which was mediated through GABAg receptors.

3.3 lon channel structure and function mechanisms

It is clear that seizures are linked to membrane potentials, ionic fluxes, and action potential
generation. In neurons, action potential generation results primarily from changes in the
membrane permeability to four ions: sodium, chloride, calcium, and potassium. These ions
enter and exit neurons by way of voltage-dependent channels. Once the ion channel
functions abnormally, the ionic concentrations intracellularly and extracellularly will
probably change and result in ictal discharges or seizures.

Genetic study has shown that the mutation of the gene coping KCNQ2 and KCNQ23 leads to
benign neonatal familial convulsions. But whether or not rTMS is able to affect the gene of
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ion channels is unknown. Theodore found that rTMS was able to change the flow velocity
and distribution of sodium and calcium, and therefore affect membrane permeability
(Theodore ,2003). Our most recent study, pretreating rats for two weeks with 0.5 Hz rTMS
before making pilocarping-induced model, showed that rTMS can transiently downregulate
the expression of sodium channel subunit SCN1A, but upregulate the expression of
potassium channel subunit Kcal 1.1 in the hippocampus, and the latter effect maintained at
least six weeks (not published). These results suggest that by changing the expression of ion
channel genes may be another antiepileptic mechanism of rTMS.

3.4 Protective mechanism

It is well known that the over expression of Bcl-2 can inhibit neuron apoptosis resulted from
multiple factors, such as overload of calcium, oxygen free radicals, glutamate and deficiency
of neural growth factors(Zhong et al.,1993). This may be one of the self rescue mechanisms.
Ke et al found that one-week daily rTMS before making rat pilocarpine seizure model can
lead to Bcl-2 upregulation in the hippocampus CA1(Ke et al.,2010). Song et al in a similar
study also found that rTMS can inhibit neuronal apoptosis, lessen necrosis resulted from
apoptosis in the temporal tissue(Songé&Tian,2004). MRS study showed that the hippocampal
content of choline-containing compounds (CHO) in the rTMS treated chronic temporal lobe
epilepsy (TLE) rats was much lower than that in the rTMS untreated chronic TLE rats. This
implied that rTMS delayed or alleviated gliosis in the rTMS treated TLE rats(Song
&Tian,2005). Post et al. in their study found that rTMS resulted in a significant increase of
secreted amyloid precursor protein (SAPP) in the hippocampal neurons, which is a kind of
spanning membrane glucoprotein, similar to cell surface receptor in structure(Postet
al.,1999). SAPP has multiple effects, including protecting neurons, promoting cell survival,
and stimulating neuronal axon growing. The above-mentioned study suggested that rTMS
may have the ability to protect against the insult from TLE. This effect may be its another
mechanism in counteracting epilepsy, especially chronic epilepsy.

3.5 Other mechanisms

3.5.1 Metabolism

Some studies showed that both high-frequency rTMS and low-frequency rTMS can change
the brain metabolism, not only in the stimulating areas, but also in the remote
zones(Michael et al.,2003;,Song &Tian,2005; McCann et al.,1998). In a clinical trial, Speer
adopted high-frequency rTMS (20 Hz) and low-frequency rTMS (1 Hz) to treat patients with
depression, and used positive emission tomography(PET) to measure the brain metabolism.
They found that high-frequency rTMS had a better outcome in patients with
hypermetabolisms, but low-frequency rTMS had a better outcome in patients with
hypometabolisms(Speer et al.,2009). This result suggested that high-frequency rTMS and
low-frequency rTMS may affect the brain metabolisms in opposite way: low-frequency
rTMS reduces metabolism, high-frequency rTMS enhances metabolism. It is therefore
reasonably deduced that the antiepileptic effect of low-frquency rTMS may be related to its
ability to reduce the brain metabolism.

3.5.2 Regional cerebral blood flow (rCBF)
Both high-frequency rTMS and low-frequency rTMS can affect the change of regional
cerebral blood flow in the stimulated areas. Graff-Guerrero et al described two patients with
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epilepsia partialis continua(Graff-Guerrero et al.,2004). They investigated these two patients
by single photon emission computed tomography (SPECT) before and after rTMS treatment.
They found that both have hyperperfusion in the epileptogenic zones before rTMS. But this
phenomenon abolished after rTMS treatment. Therefore, modulation of rCBF around the
epileptogenic zone may contribute to the control of seizures.

3.5.3 Endogenous antiepileptic mechanism

Anschel et al did an interesting experiment. In this study, they administered a patient with
depression with rTMS for 8 consecutive days, then they injected the cerebrospinal flow into
the lateral ventricle of rats. They surprisingly found that the flurothyl-kindling effect was
significant mitigated(Anschel et al,2003). This result suggested that the CSF of the rTMS
treated patient must contain some endogenous antiepileptic substance. Therefore, it
reasonably infers that rTMS may have the ability to stimulate the release of some
endogenous antiepileptic substances.

4. Effects of AEDs on TMS parameters and their clinical values

4.1 TMS parameters versus AEDs and their possible mechanisms

Extant data show that the effects of different antiepileptic drugs on TMS parameters are
variable. It has been found that the MT is increased after acute administration of the voltage-
dependent sodium channel blockers carbamazepine (CBZ), lamotrigine (LTG), and
phenytoin (PHT)( Boroojerdi et al.,2001), and the maximum MT was observed at the plasma
peak time in normal subjects(Ziemann et al., 1996). These findings were also reported in
epileptic patients. However, many patients were under chronic AED treatment at the time of
TMS testing. This suggests that the increased MT may result from the threshold increasing
effect of AEDs in epileptic patients. This view was directly supported by the demonstration
that untreated groups of patients with idiopathic generalized epilepsy(IGE)( Reutens et
al.,1993) or benign epilepsy with centrotemporal spikes(Nezu et al., 1997) had reduced or
normal RMT values compared with healthy controls. However, RMT in the patient groups
increased significantly above normal level when remeasured after the commencement of
treatment with valproic acid(Reutens et al., 1993; Nezu et al.,1997). In a study on temporal
lobe epilepsy patients, RMT significantly increased with the number of AEDs taken by the
patients(Hufnagel et al., 1990). In one subgroup of this study, RMT dropped significantly
after tapering AED treatment(Hufnagel et al., 1990). On the contrary, some studies found
RMT is increased in untreated IGE patients(Gianelli et al., 1994). This elevation of MT may
reflect cortical dysfunction after the seizure or is likely a protective mechanism against
spread or recurrence of seizures. For these reasons, some researchers applied TMS to
evaluate the antiepileptic effects of PHT and CBZ monotherapy. They found a higher MT
and a lower MEP in the PHT group than those in CBZ group, which implies PHT may have
stronger inhibitory effect on cortical excitability compared with CBZ(Goyal et al.,2004).

In contrast to ion channel blocker intake, a single dose of drugs enhancing y-aminobutyric
acid (GABA )-medicated inhibitory neurotransmission, such as baclofen, diazepam, ethanol,
lorazepam, tiagabine, and vigabatrin, does not modify the MT in healthy subjects (Tassinari,
2003), but may change the cortical silent period duration (CSP), intracortical facilitation
(ICF), and intracortical inhibition (ICI) (Tassinari,2003). Reis et al found that topiramate,
which can enhance the GABA-mediated inhibitory effect and counteract the toxic effect of
excitatory amino acid, is able to elevate ICI but does not affect MT and CSP(Reis et al.,2002).
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Another study showed that gabapentin had no effect on MT, but reduced the ICF, increased
ICI and CSP(Rizzo et al.,2001). This suggests that gabapentin may enhance the GABAergic
neurotransmission. In a study on levetiracetam, MT significantly increased, but CSP, ICI,
and ICF unchanged(Reis et al.,2004). This implies that levetiracetam may have block effect
on sodium channel.

In summary, the relationship between TMS parameters and AEDs is complicated. Ziemann
reviewed the literatures and concluded that ion channel blocker AEDs can elevate MT, but
have no effect on CSP, ICI and ICF, whereas, enhancing GABAergic AEDs, such as
lorazepam, diazepam, vigabatrin, and tiagabine, mainly affect CSP, SICI, ICF, SICF, but
have no effect on MT (see table 1)(Ziemann, 2004) MEP can be used as one of the most
sensitive indexes in investigating the effects of AEDs.

drug Moqe of TMS variables
action MT MEP CSP SICI ICF SICF

CBZ Na* 1+ 0 1+ 0/0 0/1- 0
PHT Nar 2+ 0/0 0/0
LTG Na* 3+ 1- 0 0/0 0/0 0
VPA Na*/GABA 0 0 0 0
LZP GABA 0/0/0 2- 1+ 0/2+ 0/1- 1-
DZP  GABA 0/0 1-/0 0/1- 0/1+ 1- 1-

TP GABA 0 1- 0
VGB GABA 0 0/0 0/0 0 1- 1-
TGB GABA 0 0 1+ 1- 1+

carbamazepine: CBZ, phenytoin: PHT, lamotrigine: LTG, valproate: VPA, lorazepam: LZP, diazepam:
DZP, thiopental: TP, vigabatrin: VGB, tiagabine: TGB; no clear change: 0, increase: 1+, clear increase: 2+,
significant increase: 3+, decrease: 1-, clear decrease: 2-.

Table 1. Effects of antiepileptic drugs on TMS variables

Sohn et al(Sohn et al.,2004) summarized corresponding MEP changes after using sodium
channel blocker LTG and GABA receptor agonist thiopental and lorazepam, and transferred
these changes into curves. They found that both of the sodium channel blocker and GABA
receptor agonist made the curves shift down.

The early part of the CSP is easily affected by spinal inhibitory mechanisms, whereas the
late part most probably reflects inhibition specifically at the level of the motor cortex
(Hallett,2007; Ziemann et al.,2006). It is thought that this late part of the CSP is determined
by long-lasting cortical inhibition (LICI) medicated through the GABA type B receptor.
Interestingly, AEDs (CBZ, LZP) with different modes of action may produce similar CSP
prolongation, whereas those with the same modes of action (LZP, DZP) may result in
different CSP changes, which are shown in table 1(Sohn et al.,2004; Sundaresan et al., 2007).
These inconsistent findings suggest further study is needed to clarify the relationship
between TMS variables and AEDs.

It is thought that LICI may reflect the long-last inhibition mediated by GABAp receptors.
Therefore, the pronounced enhancement of LICI may be the result of the potentiated
neurotransmission mediated through the postsynaptic GABAgp receptors(Werhahn et
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al.,1999). Short-interval intracortical inhibition (SICI) may reflect the inhibition mediated
through GABA, receptors. Most of the GABAA receptor agonists, such as LZP, DZP may
increase SICI. The duration of SICI correlates with that of the inhibitory postsynaptic
potential which is mediated through GABA, receptors. Combined with inter-stimulus
intervals, SICI can be used in ICF evaluation. This suggests that the excitatory interneurons,
which mediate ICF, are controlled by inhibitory interneurons, and this influences are dose-
dependent(Reis et al.,2004; Ye&Zhang,2000). AEDs of sodium channel blockers exert no
clear effect on SICI, as opposed to ICF.

4.2 The relation between TMS variables and the plasma concentrations of AEDs

The relation between RMT and the plasma concentration of AEDs shows a sigmoid(Della
Paschoa et al.,2000). A study on 16 healthy subjects taking LTG showed a linear relation
between the MT and the LTG plasma concentration (in the range of 430ng to 2500ng/ml)(
Tergau et al.,2003). Cantello et al demonstrated that the MT and the plasma concentration, in
a study of 15 patients with symptomatic epilepsy taking VPA, had a positive linear relation,
whereas a sigmoid relation in 18 healthy subjects (Cantello et al., 2006). Werhahn et al
reported that the dose of TGB had a positive linear relation with CSP and ICF. Although
TGB can affect SICI, the relation between the dose and SICI is unclear(Werhahn et al.,1999).
In a study of CBZ, Turazzini administered 10 patients with symptomatic epilepsy with daily
200mg dose of CBZ, and with an increment of 200mg every other day, then maintained at
800mg daily. They found a linear relation between RMT increases and the serum
concentration of CBZ before a stable level after they monitored the changes of serum CBZ
and TMS parameters at a certain interval in 2 months(Turazzini et al.,2004).. They also found
in this study that MEP, CSP, SICI and ICF had no pronounced changes(Turazzini et
al.,2004). Lee et al demonstrated a similar effect of CBZ and LTG on MT in the 5-week
duration of observation in 20 volunteers, but this was mainly seen at the late stage, and can
be explained as follow-up effect(Lee et al.,2005).

4.3 Prospect of TMS in the study of AEDS

TMS variables may be helpful to investigate the unknown mechanisms of some AEDs.
Although single- and paired-pulse TMS parameters show sigh variability across subjects,
their interside and longitudinal intraindividual variability is lower. Therefore, repeated
recordings in the same subjects appear to be a sensitive tool to disclose minor AED-induced
changes(Tassinari et al,2003). Furthermore, the threshold intensity varied with the changes
of AED dose, or had a positive linear relation with serum levels of AEDs. This suggests that
monitoring the change of TMS threshold intensity, just as monitoring the plasma drug
concentration and electroencephalography (EEG), could be acted as a tool to guide optimum
use of AEDs. In addition, according to the correlation of drug serum concentration and TMS
parameters, TMS might be used as an adjunctive means to monitor brain cortical excitability
when studying the pharmacodynamics of AEDs. This implies that TMS may be used to
evaluate the newly developed antiepileptic drugs.

5. The therapeutic effect of rTMS on patients with epilepsy

5.1 Experimental animal study
A series of animal studies have shown that low-frequency rTMS has antiepileptic effect, and
this effect is frequency dependent. Akamatsu et al demonstrated that rTMS of 1000 pulses at
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0.5 Hz led to a prolonged latency for seizure development and a lower ratio of status
epilepticus after an intraperitoneal injection of pentylenetetrazol in Wistar rats(Akamatsu et
al.,2001). Godlevsy and coworkers(Godlevsky et al.,2006) experimented on male WAG/Rjj
rats with r'TMS of 3 impulses at 0.5 Hz and combined recording of electrocorticograms. They
found that such stimulation engendered a reduction of spike-wave discharge bursts
duration, which was most pronounced in 30 minutes from the moment of cessation of
stimulation, but bursts of spike-wave discharges restored up to pre-stimulative level in 90-
150 minutes. This result suggested that rTMS possessed an ability to produce short-time
suppression of bursts of spike-wave discharges in WAG/Rijj rats, a gene model of absence
seizure. Rotenberg et al(Rotenberg et al.,2008) tested the anticonvulsive potential of rTMS
with different stimulation frequency in the rat kainic acid seizure model. They divided 21
rats into three groups in which individual seizures were treated with rTMS trains at one of
three frequencies: 0.25, 0.5 or 0.75 Hz. The rTMS treatments were guided by simultaneous
EEG monitoring, that is, rTMS treatment (active rTMS, sham rTMS, or untreat) was
administered only when consecutive seizures occurred. They found that KA-induced
seizures were abbreviated by 0.75 Hz and 0.5 Hz active EEG-guided rTMS, but neither
active 0.25 Hz rTMS nor the control conditions affected seizure duration. This result
indicated that rTMS has therapeutic potential, but is frequency dependent. Ke Sha et al(Ke
et al.,2010), as well as Huang Min et al(Huang et al.,2009), also investigated the efficacy of a
range of rTMS frequencies, but in another model: pilocarping seizure model. They divided
rats into different groups according to the rTMS frequency delivered at the treatment, and
pretreated each rat with corresponding frequency’s rTMS for consecutive two weeks. After
finished the pretreatment, each rat was given an intraperitoneal injection of pilocarpine.
They demonstrated that pretreatment with TMS at 0.3, 0.5, 0.8, and 1.0 Hz all led to a longer
latency of seizure onset, but 0.5 Hz and 0.8 Hz rTMS treatment engendered the longest
latency for seizure development and conspicuous anticonvulsive effects.

5.2 Clinical study

Tergau and coworkers(Tergan et al.,1999) first reported the treatment of rTMS on patients
with epilepsy in 1999. In their trial, nine patients with medically refractory frontal epilepsy
were enrolled. All patients had more than seven focal or secondarily generalized seizures
per week in the 6 months before rTMS treatment. After rTMS, which was delivered over the
vertex with two trains of 500 pulses at a frequency of 0.33 Hz on 5 consecutive days, weekly
seizure frequency dropped significantly from an average of 10.3to 5.8. Seizures did not
occur during rTMS. After 6 to 8 weeks, seizure frequency returned to baseline level. Since
then, a lot of clinical reports were followed (see Table 2-4). Fregni et al(Fregni et al., 2006)
randomly divided 21 patients with refractory epilepsy into active rTMS group and sham
r'TMS group. r'TMs was administered with 5 trains of 1200 pulses and an intensity of 70%
rMT at frequency of 1 Hz on 5 consecutive days. They noticed that, compared with sham
r'TMS group, the seizure frequency and the number of spikes in ictal EEG were significantly
reduced, and their cognition was also improved after rTMS. This effect lasted at least 2
months. Santiago-Rodriguez et al(Santiago-Rodriguez et al.,2008) evaluated the number of
seizures and interictal epileptiform discharges (IEDs) in 12 patients with focal neocortical
epilepsy before, during and after rTMS. rTMS was administered with 900 pulses at 0.5 Hz
for 2 consecutive weeks at 120% rMT. They found that the mean seizure frequency
decreased from 2.25 per week (basal period) to 0.66 per week (intervention period), a 71%
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reduction (p=0.0036). In the 8-week follow-up period the mean seizure frequency was 1.14
per week, which corresponds to a 50% reduction compared with basal period. Moreover,
EEG analysis displayed IED frequency was also reduced; it decreased from 11.9 (baseline) to
9.3 (during 2 weeks of rTMS) with a further reduction to 8.2 in the follow-up period. These
differences on EEG however were not significant (p=0.190). Joo et al(Joo et al.,2007)
investigated the antiepileptic effect of low-frequency rTMS in 35 patients with intractable
epilepsy. Patients were divided into a focal stimulation group with a localized epileptic
focus, or a non-focal stimulation group with a non-localized or multifocal epileptic focus.
Each group was then randomly subdivided into 3000 pulses and 1500 pulses subgroups.
r'TMS was administered at 0.5 Hz for 5 consecutive days at 100% of rMT. Weekly seizure
frequency were determined for 8 weeks before and after rTMS, and the number of interictal
spikes before (1st day) and after rTMS (5th days) were also compared. They demonstrated
that interictal spikes significantly decreased (-54.9%, p=0.012) and even totally disappeared
in 6 patients after rTMS. Although mean weekly seizure frequency was non-significantly
decreased after r'TMS, longer stimulation subgroups (3000pulses,-23.0%) tended to have
fewer seizures than shorter stimulation subgroups (1500pulses,-3.0%), without statistical
significance. They also found TMS stimulation site and structural brain lesions did not
influence seizure outcome. Wang et al(Wang et al.,2008)randomly divided 30 patients with
temporal lobe epilepsy, which was determined with dipole source, into drug group and
r'TMS group, each group with 15 patients. Drug group were given antiepileptic drug only
(AED)(camazepine, 600-800mg daily, three times a day); rTMS group were given rTMS
treatment as well as AED (camazepine, 600-800mg daily, three times a day). rTMS was
administered using Dantec Maglite-r25 with 500 pulses at 1 Hz for consecutive seven days
at intensity of 90% MT. After 7 days of rTMS treatment, both groups continued to take AED.
They found that seizure frequency had no significant difference between rTMS group and
drug group. However, interictal spikes decreased significantly in rTMS group compared
with drug group on the 30 th day after rTMS.

Regrettably, the results of rTMS in the treatment of epilepsy almost exclusively came from
interictal epileptic patients. There are very few studies based on ongoing seizures.
Nevertheless, Rotenberg and coworkers” study is encouraging(Rotenberg et al.,2009). In
their study, seven patients with epilepsia partialis continua (EPC) of mixed etiologies were
treated with rTMS over the seizure. rTMS was delivered in high-frequeny (20-100 Hz) bursts
or as prolonged low-frequency (1 Hz) trains. The result is that rTMS led to a brief (20-30
min) pause in seizures in three of seven patients and a lasting (no less than one days) pause
in two of seven. Seizures were not exacerbated by rTMS in any patient. Only mild side
effects including trainsient head and limb pain, and limb stiffening during high-frequency
rTMS train occurred.

Above-mentioned studies both clinically and experimentally indicate that rTMS is effective
and safe in the treatment of epilepsy. It can not only decrease seizure frequency, but also
reduce spikes firing, even terminate ongoing seizures. Some researchers have recommended
rTMS to be a method to treat refractory epilepsy. Novertheless, it will be a long way before
r'TMS really puts to clinical practice. The reason is that current data about effectiveness of
rTMS mainly resulted from small size trials, even case report, lack of convincingly large size
and randomly controlled trials, and that the parameters (including stimulus frequency,
intensity, number of stimuli, train duration, intertrain interval, coil type, and stimulation
sites) used in rTMS studies or treatment are different among researchers (see table 5). This
may be why some incongruent, even conflicting results occurred.



The Clinical Application of Transcranial Magnetic Stimulation in the Study of Epilepsy 45

First author Epileps Seizure Seizure Epileptiform
and publish Subjects s E dorr)rr}:e frequency pre-  frequency Discharges
time y TMS Post-TMS Post-TMS
Menkes, 2000 1 ETLE 37/month Reduction Reduction
Cantello, Primary . .
2002 generalized NR No reduction Reduction
Rossi, 2004 1 EPC EPC Reduction Reduction
Graff- Reduction in
Guerrero 2 EPC EPC one of two Reduction
2004 patients
Misawa,2005 1 EPC EPC Reduction for NR
two month
Me;ggglh, 1 Focal NR Reduction No Reduction
Brighina, Focal=3 Reduction only
2006 ? Multifocal=6 NR during protocol NR

ETLE=extra temporal lobe epilepsy; MTLE= mesial temporal lobe epilepsy; TLE=temporal lobe
epilepsy; NR=not reported; EPC= Epilepsia partialis continua.

Table 2. Impact of rTMS on epilepsy(Case report study)

First author

Epileps Seizure frequency Seizure frequenc Epileptiform
and publish Subjects s Ir)1 dolirri,e re—Tl\C/l[S y os t—Tlc\l/[S y Discharges
time Y P P Post-TMS
Tergau, 1999 9 TLE=2 10.346.6/w 5.846.4/w NR
gat ETLE=7 - o
Daniele, -, Frontal=2 3169//31 ibmite  pationts moth NR
2003 Multifocal=2 onth(multifo  patients w
cal) single focus)
Braszl(l)"oljeto' 5 TLE=2ETLE=3  14+0.09/d Reduction NR
. TLE=3 . .
DB g Mulfifocal=a  362/w couctionforl Reduction fort
ETLE=1
Kinoshita, 7 Focal 16.5+5.2/w Reduction NR
2005
Santiago-
Rodriguez, 12 Focal 2.25/w Reduction No reduction
2008
Rotenberg .
2009 7 EPC EPC Reduction NR
Wei Sun 17 Refrac't oty 14.09+16.55/w Reduction No reduction
2011 partial
d=day;w=week

Table 3. Impact of rTMS on epilepsy(Open-label study)
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First Seizure Epileptiform
author and . Epilepsy Seizure frequency prep
ublish Subjects svndorme frequency pre- oSt-TMS Discharges
pu Yy ™S p post-TMS
time
Th;g(():l; re 12 Focal 34+1.2/w No reduction NR
MTLE/ETLE/ .
Tergau . Reduction
2003 17 Mult1fo§al /Ge NR (only0.33 HZ) NR
neralized
Reduction
Fregni Reduction
2006 12 Focal 13.6+£10.1/28d (at least two month) (at least two
month)
Joo Focal /Multifo- ?1\?; 1;;{ ;\;
2007 35 cal/ Non— 7496/ w Trend for reduction ~ Reduction
localized
(E group)
Caznot 5;10, 43 Focal 9.1+2.2/w No reduction Reduction
Wang 2008 15 TLE 1.940.4/w No reduction Reduction

Table 4. Impact of rTMS on epilepsy (Double-blinded and sham-controlled study)

6. The safety issue of rTMS

Although extant researches have shown that rTMS is a promising tool in treating epilepsy,
its safety and tolerability have been the focus of concerns. rTMS does have the potential for
short-term adverse side effects such as headache, tinnitus, insomnia, discomfort at the site of
stimulation, but its long-term adverse side effects are unknown. Studies in normal human
subjects have shown that 'TMS had no long-term adverse effects on blood pressure, heart
rate, balance, gait, sensory function, motor function, memory and cognition(Pascual-Leone
et al.,1993; Hufnagel et al.,1993), and found no changes in electroencephalogram (EEG),
electrocardiogram (ECG), serum hormone(Jahanshahi et al., 1997). Studies of the anatomical
effects of r*TMS have shown that conventional and diffusion-weighted magnetic resonance
imaging are normal following long duration, high-intensity rTMS that exceeded safety
guidelines, and MRI is normal following rTMS used for 2 weeks in treating depression
(Anand S&Hotson J,2002). Moreover, no pathological changes are seen in resected temporal
lobe tissue following approximately 2000 pulses(Gates et al.,1992). In addition, metabolic
study showed that proton magnetic responance spectroscope (MRS) revealed no significant
alterations of N-acetyl-aspartate, creatine and phosphocreatine, choline-containing
compounds, myo-inositol, glucose and lactate, and post mortem histology revealed no
changes in microglial and astrocytic activation following rTMS regimen of 1000 stimuli used
for 5 consecutive days at 1 Hz(Liebetanz et al.,2003).

Another safety issue of rTMS is its effect on cognition(Anand S&Hotson J,2002). Most safety
studies have not reported adverse long-term effects in cognitive function in subjects
receiving rTMS. One study found degradation in short term verbal memory immediately
following rTMS, but the effect did not persist following the study and was attributed to the
short inter-train intervals that were also cause seizures in normal subjects. Performance on
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standard neuropsychological tests is not adversely affected by rTMS sessions; instead,
verbal memory tends to improve and motor reaction time tends to decrease.

First author and Frequency
publish time (Hz)

Tergau, 1999 0.33 100%rMT 500/train 5trains/d* 5d Round Vertex

Intensity ~ Stimuli Schedule Coil form  Position

Menkes, 2000 0.5 O5%MT  20/train  -Lains/ Round EGF
d*bw*3m
Cantello, 2002 5 120%MT NR Onset of spikes NR NR
Theodore, 2002 1 120%MT  900/train 2train/d*7d Fli‘f;i't"f' EGF
Tergau, 2003 0.33,1 below MT 1000/train 1train/d*5d Round Vertex
Daniele, 2003 0.5 90%MT  100/train  bw*dw, Figure-of-  EGF/
eight vertex
Rossi, 2004 1 90%rMT 900 Single session Flgelil;;()f_ EGF
Brasil-Neto, 2004 0.3 95%MT 20/train 5tra1ns{rc11 BW*3 Round Vertex
Graff-Guerrero 50%, . Figure-of-
2004 20 128%MT 40/train 15days cight EGF
Fregni 2005 0.5 65%MSO 600 Single session F1g1f1re—of— EGE/
eight vertex
Kinoshita 2005 0.9  90%tMT  810/train Ztransj{z‘if’d /" Round FCzPCz
Fregni 2006 1 70%MSO  1200/train 1train/d*5d gure-of-  EGF/
eight vertex
Mecarelli 2006 0.33 100%rMT 500/train 2train/d *5 d Round Vertex
Brighina 2006 5 100%rMT  100/train 20d Figure-of-  Near
eight inion
3000/ train Vertex/
Joo, 2007 0.5 100%MT / Itrain/d*5d Round temporal
1500/ train p
100%MT/ . . "
Cantello, 2007 0.3 65%MSO 500/train 2trains/d*5 d Round Vertex
Santiago- 0 . s Figure-of-
Rodriguez, 2008 0.5 120%rMT 900/train 1train/d*2 w cight EGF
Wang, 2008 1 90%MT  900/d 7d Figure-of- pop
eight
Rotenberg, 2009 100,20,1 100%MT  NR Difference Fl*‘i‘il;;'t"f' EGF

bw=biweek; m=month; MSO=maximum stimulator output intensity; EGF=epileptogenic focus.

Table 5. Brain stimulation parameters

The third safety issue of rTMS is its effect on endocrine system(Anand&Hotson,2002). One
study found no change in hormonal levels in humans following rTMS, but a decrease in
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serum prolactin levels, which is opposite the effect seen after a seizure, and an increase in
thyroid-stimulating hormone level, which accompanied an improved mood, were found
following rTMS.

The greatest concern with rTMS is the induction of seizures. Even in normal healthy
subjects, prolonged, high intensity, rTMS with rate of 10-25 Hz can produce partial seizure
with or without secondary generalization. After analyzing thousands of rTMS treated
patients, Rosa et al(Rosa et al.,2004) think TMS is safety. They found only 6 patients had an
occasional seizure, and the risk factors of seizures elicited by TMS included brain tumor,
stroke, inflammation, severe trauma, increased cranial pressure, idiopathic epilepsy,
uncontrolled epilepsy, taking some drugs which reduce the threshold of seizures such as
tricyclic antidepressants, excessive drinking, and use of stimulant drugs.

The guidelines released by National Healthy Institute of America in 1998 believed that rTMS
was relative contradindication to patients with epilepsy, but safe on the condition of strictly
controlling stimulating parameters and regular operation(Wassermann,1998). Schrader et al
(Schrader et al.,2004) concluded from the analysis of some studies that the peak rate of
seizure occurrence related to TMS was 2.8 percent in sTMS, 3.6 percent in pTMS, and the
modes of onset were similar to their typical attack; no long-term adverse effects were found
and the increased seizure frequency could not exclude the possibilities of intractable
epilepsy, decreased use of medication, improper operation and strongly stimulating
intensity. Studies of safety evaluation of the combinations of parameters (0.5 Hz, 50 pulses; 8
Hz, 1000 pulses; 20 Hz, 1500 pulses; 25 Hz, 1200 pulses) showed that rTMS delivered in any
combination of parameters was safe(Liebetanz et al.,2003; Frye et al.,2008; Post et al.,1999).
Bae EH et al(Bae et al.,2007) performed an English-language literature search, and reviewed
all studies published from January 1990 to February 2007 in which patients with epilepsy
were treated with rTMS. They found that the adverse events attributed to rTMS were
generally mild and occurred in 17.1% of subjects; headache was most common, occurring in
9.6%; seizures occurred in 4 patients (1.4%); all but one case were the patients’ typical
seizures with respect to duration and semiology, and were associated with low-frequency
rTMS; a single case had atypical seizure appearing to arise from the region of stimulation
during high-frequency rTMS; no rTMS-related episodes of status epilepticus were reported.
They concluded that rTMS appeared to be nearly as safe in patients with epilepsy as in
nonepileptic individuals.

Based on the consideration of safety, current studies support to use slow-frequency rTMS
for the purpose of treatment in epilepsy. As for selecting of parameters, which include
stimulus frequency, intensity, intertrain interval, and stimulus site, it should depend on
individuals and comply with some norms. Besides, the accurate localization of the stimulus
site is also the important part of safety study(Hoffman et al.,2005).

Wassermann (1998) provided a comprehensive report of new guidelines based on the
deliberations of an “International Workshop on the Safety of Repetitive Transcranial
Magnetic Stimulation, Jun 5-7, 1996.” He reiterated three requirements central to research on
human subjects, namely, the need for informed consent, the requirements that the potential
benefit of the research outweighs the risk as independently assessed by an investigational
review board, and the need “for equal distributions of the burdens and the benefits of the
research” The research should not be conducted on categories of vulnerable patients or
subjects who are likely to bear the burden of the research without the potential for benefit.
Wassermann suggested three types of studies appropriate for rTMS. First are studies where
there are reasons to expect direct benefit to patients, such as the treatment of major
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depression. Second are studies of the pathophysiology of a brain disorder that may add
information leading to new therapeutic strategies. These studies would include the
participation of normal subjects as controls. Third are studies in normal subjects or patients
that are expected to produce original and important observations about brain function that
can not be obtained by safer methods.

7. Prospects of rTMS in the study of epilepsy

As a noninvasive, easily applied and safe technology, rTMS may be an effective adjunctive
treatment for patients with refractory epilepsy, and may provide a valuable insight into
pathophysiological mechanisms underlying epileptic processes and AED-induced changes
of the excitability of cortical networks. In addition, rTMS changes induced by different
AEDs could be used as a neurophysiological index to optimize the treatment in a given
patient. However, the best regimen of rTMS delivering has not been determined. Multiple
central collaborative studies are necessary to establish optimum stimulation parameters,
such as stimulus frequency, intensity, number of stimuli, train duration, intertrain interval,
coil type, and stimulation sites. With study going on, it is probable that rTMS will be an
effective therapeutic tool and be widely used in clinical practice. What’s more, it is hopeful
that the research into mechanisms of epileptogenicity may also break through by using
rTMS.
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1. Introduction

Epileptologists have now at their disposal a variety of tools for investigating human brain
functions. Among the technologies of non-invasive functional imaging that have flowered in
the last years, two techniques became particularly popular: the electroencephalogram (EEG)
which records electrical voltages from the electrodes placed on the scalp and functional
magnetic resonance imaging (fMRI) which records magnetization changes due to variations
in blood oxygenation.

Each of these methods have its own advantages and disadvantages and no single method is
best suited for all experimental and clinical conditions. EEG is a long-established tool for the
non-invasive brain investigation characterized by the high temporal resolution (measured in
milliseconds) but very low spatial resolution (measured in square centimetres). In contrast,
fMRI provides good spatial resolution (measured in square millimetres) but relatively poor
temporal resolution (measured in seconds). Combining EEG and fMRI provides integration
of information that results in an enhanced view of the phenomena of interest.

This fusion of information is particularly useful in the context of the study of the epileptic
disorders. The EEG was used in the study of epilepsy since it was discovered and it remains
nowadays the gold-standard for the diagnosis of epilepsy, the classification of the seizures
types and the localization of the generators of the epileptic activity. The EEG measurements
recorded on the scalp is visually inspected by the neurophysiologists in order to detect any
epileptic pattern such as spikes, spike-wave bursts, seizures, etc. and to diagnose the epilepsy.
From a spatial point of view only a topographic localization of the generators of ictal and
interictal activity is possible. Because of poor spatial resolution of the EEG technique, in many
cases it means just a lateralization of the generators and not their precise localization.

fMRI, first demonstrated in 1990, is a technique that, through the blood oxygen level
dependent (BOLD) effect, allows the localization of brain areas in which there is a variation
of the level of neuronal activity during an experimental condition compared to a control
condition. fMRI is mostly used in the study of sensory, motor and cognitive functions, in
which the experimental condition differs from the control condition in a way that is
controlled by the experimenter. In the context of epilepsy or spontaneous physiological
changes in brain state, one can consider the control condition at the time when the EEG is at
baseline and the experimental condition to occur in presence of endogenous
electrophysiological phenomena such as an epileptic discharge or a sleep spindle. To define
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such an experimental condition, it is necessary to combine fMRI with EEG measurements by
recording EEG while the subject is in the MR scanner.

In this way, it is possible to determine the region of the brain in which there is a change in
the BOLD signal correlated to modified neuronal activity such as an epileptic discharge
recorded on the scalp..

In this chapter, we will present the methods that have been developed for integrated
processing of EEG and BOLD signals simultaneously acquired focusing our attention on the
application of these methods in the context of epilepsy.

More in details, the chapter is organized into three sections dealing with the following
issues: analysis of EEG-fMRI data by General Linear Model (GLM) theory and estimation of
the haemodynamic response function correlated to the epileptic discharges; analysis of EEG-
fMRI data by separation into Independent Component Analysis; connectivity analysis of the
brain networks underlying epileptic activity.

2. Analysis of the haemodynamic response to the epileptic discharges

One of the most popular approaches to combine EEG and fMRI measurements is to include
EEG-derived information as regressors of interest in the GLM definition commonly used for
fMRI analysis. This type of analysis is usually known as EEG-informed fMRI analysis.

The most widely used approach to perform EEG-informed fMRI analysis consists in
analyzing EEG in the time domain and in using information derived from EEG time course
into the GLM analysis.

This type of analysis allows for the spatial localization of brain areas involved in
spontaneously arising neural activities in which the “stimuli” are not exogenous (i.e.
externally generated and controlled) but are “task-free”, random and endogenous (i.e.
internally generated).

This is the case of pathological disorders such as epilepsy in which EEG-informed regressors
can be used to identify and localize the epileptogenic and the irritative areas. In this
particular application, the temporal sequence of onset times of epileptic disharges is used to
construct regressors forming a design matrix that is than fitted to the fMRI image data.

One of the most critical factors limitating the potential of the above mentioned technique
and preventing it from becoming a clinical tool in the context of epilepsy is the few
knowledge about the haemodynamic response to the epileptic spikes. The commonly used
EEG-informed GLM analysis needs, in fact, the definition of an “a priori” model of
neurovascular system impulse response (HRF, Hemodynamic Response Function).

During the GLM analysis of fMRI data, a statistical comparison is made between the real
time course of the BOLD signal in each voxel of the acquired volume and an expected time
course of the BOLD signal in the same voxel. The latter is obtained convolving a train of
impulses synchronized with the epileptic events and an a priori modeled HRF. Such
statistical comparison results in a fMRI map representing the resemblance between real data
and modeled data. The whole procedure is summarised and depicted in Fig.1.

A wide variety of basis functions has been used to describe the hemodynamic response. The
simplest one uses a standard HRF, which is the measured response to a brief stimulus, such
as an auditory tone (Glover et al.,, 1999). Clearly, this model assumes that each event is
followed by a stereotyped response, not accounting for differences among patients, among
brain regions or among sessions within a single patient, although it is known that these
effects can be considerable (Aguirre et al., 1998). There are also no evidences to assume that
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the behaviour of the neuro-vascular system in response to an “endogenous” and
spontaneous event such as an epileptic discharge, or any other pathological activity, is the
same as the one observed in normal subjects, performing sensory or cognitive tasks, in
which exogenous and experimentally controlled stimuli are used.

basis functions

spike train

[ Parameter estimates ] — [ General Linear Mudcl]

Fig. 1. Statistical analysis of EEG-fMRI data: the epileptic interictal spikes are detected on the
EEG signal an impulse train is then created and convolved with a a set of basis functions
representing HRF. Convolved impulse trains are used as regressors of interest, and are
inserted into the design matrix which is then fitted to the image data. After the estimation of
the regression coefficients, inference on relevant contrasts of their estimates was performed
by using a t-test or F-test depending if one is testing for one parameter only or several
parameters at the same time. The obtained spatial t-maps or F-maps are thresholded for
significance level and the resulting maps are the functional images, where the value at each
voxel reflects the resemblance between the model and the data and therefore the probability
that this region is involved in the generation of the spikes.

In order to overcome these limitations, several approaches were proposed in literature. In
this section we will describe the existing techniques that were developed to study the HRF
related to epileptic discharges and how these can be applied in the context of the study of
epileptic disorders.

2.1 Parametric vs non-parametric estimation of the haemodynamic response function
The techniques to estimate the temporal dynamics and the spatial variability of the HRF can
be classified into two main classes: parametric and non-parametric methods.
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The parametric methods fix the shape of the HRF by fitting to fMRI data a particular non-
linear function of parameters which models typically the delay and the blurring effect of the
HREF.

t-d,

HRP(t):(diJal x e_[ b ]_ ¢ x [d_’;jaz e_[ )

1

where ¢t is the time, by, b, di, d; and ¢ are the parameters whose range of variations are
derived from physiological information.

A hybrid method with parametric and non parametric characteristics at the same time was
more recently introduced (Gossl et al., 2001). More in detail, this approach is parametric on
the temporal scale and, on the other hand, is not parametric on the spatial scale since it uses
only general prior to model the spatial extension of the signal.

The parametric methods are not able to fully capture the shape variations of HRF within the
brain, since they unavoidably introduce a bias in the HRF estimate.

In order to overcome such limitations another class of HRF estimation techniques were
recently introduced. This novel class of methods are known as non-parametric methods.
Non-parametric techniques for HRF estimation make no prior hypothesis about the shape of
the impulse response of the neurovascular system.

The first type of non-parametric method that was applied is the simple averaging over time
of the BOLD response. However, this classical voxelwise analysis is precluded by the low
signal-to-noise ratio of fMRI data. For these reasons further non parametric methods were
proposed: averaging over regions (Kershaw et al., 2000), selective averaging (Dale et al.,
1997), introduction of non-diagonal models for the temporal covariance of the noise (Burock
et al., 2000), or introduction of smoothing FIR filters (Goutte et al., 2000).

In such a context, recently, a Bayesian, non-parametric estimation of the HRF has been
proposed (Marrelec et al., 2003), (Ciuciu et al., 2003) in which information based on the
underlying physiological knowledge was used within a Bayesian framework only to
temporally regularize the problem. In this way estimates of the HRF are derived without
introducing bias into the estimation, since only very soft regularizing constraints, which are
clearly derived from physiological requirements, are imposed. By using a Bayesian
approach, the HRF estimate results from a tradeoff between information brought by the data
and by our prior knowledge (Marrelec et al., 2003), (Ciuciu et al., 2003).

One of the points of strength of this approach is the possibility to extend it from a voxelwise
formulation of the problem of HRF estimation to a regional level (Makni et al., 2008). The
development of an estimation method of cerebral haemodynamic response at a regional
level allows a joint procedure of HRF estimation and detection of active brain areas. The
possibility to use a joint-detection estimation approach, avoiding the classical procedure
based on GLM, allows to overcome the necessity of an “a-priori” model of HRF.

For this reasons and since this Bayesian non-parametric estimation of HRF has been shown
to be able to provide a quantification of the haemodynamic response to epileptic discharges
(Tana et al., 2007), hereinafter we will concentrate our attention on this particular approach
describing it in details in the following paragraph.

2.2 Bayesian non-parametric estimation of the haemodynamic response function
The non-parametric Bayesian HRF estimation approach proposed by (Ciuciu et al., 2003)
was first developed in a voxelwise formulation.
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The value of the BOLD signal y, at time (t,=nTR) 1 < n < N (TR = time of repetition of MR
sequence) measured in the voxel V; is described by the following convolution model:

K Q
%%=g%%mﬂ%%m+%f%#w+%% for ty=ty,..tn 1)
which in matrix form becomes:

y; =Xh; +PL;+b; ®)

where X=[xy, Xt-at, ..., Xm-ai]' is @ binary matrix corresponding to the time of occurrence of
the events which, in the particular case of epilepsy, can be both interictal and ictal. h=[ho, has,
.., hxat]t represents the HRF that has to be estimated, PI; is the confounding part
(deterministic trends) and b; is a zero-mean Gaussian white noise process b of unknown
variance ry .

The likelihood function of this model is given by:

Jy-n-p1”

N
= 2
L(z|h) (27ry,) > exp 2 6)

where:

y=[yh it X=X} XYY, P=diaglPy,..., P 1=[E ). 1h )

Bayesian formalism is then used to model temporal prior information about the structure of
the HRF. Since the underlying process of BOLD response to epileptic events is object of
investigation, only basic and soft constraints, that do not contradict current knowledge, can
be used (Ciuciu et al., 2003), (Buxton et al., 1997).

More precisely, it is possible to assume that the amplitude of the HRF starts and ends at zero
and that its variations are smooth, i.e. that the underlying process evolves rather slowly on
the experimental time scale. The first condition is introduced by setting the first and last
sample points of the HRF to zero. Quantification of the second condition is achieved by
setting a Gaussian prior p(h,R,8)~ N(0,0R) with a covariance matrix R =(D,D,)where
D, is the finite second-order difference matrix. § stands for the hyperparameter that
adjusted the prior weight.

The trade-off between constraints and the information given by data and that is modeled by
the hyperparameter 0, can be set automatically from the data themselves using a Maximum
Likelihood Expectation Conditional Maximization algorithm (ECM) (Ciuciu et al., 2003).
Also the coefficients of the functions modelling the low frequencies were automatically
tuned by using ECM.

The prior and the likelihood function (3) can be fused by using the Bayes rule into the
Gaussian a posteriori distribution whose maximum is the Maximum a Posteriori (MAP)
estimate of the HRF hMAP:
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p(hly:0,D)~NH" ,z)
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where R, =diag[BR].

Since the BOLD signal is known, to have some spatial structure, this method of HRF
estimation can be also extended, in an appropriate region-based HRF model accounting for
the spatial dimension of the data (Ciuciu et al., 2004), (Makni et al., 2004).

2.3 HRF estimation applied to the study of interictal epileptic activity

In the context of the study of fMRI response in epilepsy several attempts have been made to
study HRF to epileptic activity and to take into account both the interregional HRF
variability and HRF variability between healthy and epileptic patients .

The majority of the studies existing in literature are devoted to the investigation of the
BOLD response to interictal epileptic discharges (IED).

One of the first works of this type used a linear estimation approach based on a simple
averaging over the time of the BOLD response (Bénar et al.,, 2002). This method consists
mainly in performing the following three steps: detecting activated areas by GLM analysis,
obtaining the time courses of the BOLD signal for each region of interest as the spatial
average over the voxels of the ROI and, at the end, averaging the extracted BOLD signal
over the time using IEDs identified on EEG signal as events. (Bénar et al., 2002) found
important variations in amplitude and shape between average HRFs across patients (see Fig.
5 from (Bénar et al. 2002)) that probably could reflect in part different pathophysiological
mechanisms. More particularly, findings of (Bénar et al., 2002) showed that average HRF
presented a wider positive lobe than the Glover model in three patients and a longer
undershoot in two patients and allowed to conclude that the HRF for epileptic spikes can be
somewhat different from the standard model and is also different from patient to patient.
Although only few patients were analyzed in the work of (Bénar et al., 2002), it opened the
door to the necessity to improve the standard GLM analysis with more complex analysis in
order to take into account the variability of HRF and the fact that it does not seem to be a
standard response to all type of epileptic discharges and, therefore, to all types of
pathophysiological mechanisms underlying epileptic activity.

Following the way opened by (Bénar et al., 2002), HRF variability was studied in a wider
group of subjects (Bagshaw et al., 2004) and the use of patient-specific haemodynamic
response following a parametric approach was proposed (Kang et al., 2003).

In particularl, in (Bagshaw et al., 2004), a group of 31 patients with focal epilepsy were
analysed and variations of the peak time of HRF were taken into account within a GLM
framework. Using multiple HRFs (with the following four different peak times: 3, 5, 7, 9, s)
composed of a single gamma function, resulted in an increased percentage of data sets with
significant fMRI activations, from 45% when using the standard HRF alone, to 62.5%.
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The standard HRF was found to be good at detecting positive BOLD responses, but less
appropriate for negative BOLD responses, the majority of which were found to be more
accurately modelled by an HRF that peaked later than the standard.

(Kang et al., 2003), (Lu et al., 2006), (Lu et al., 2007) proposed to detect fMRI areas of activation
using canonical HRF, to subsequently estimate HRF and to use patient-specific (Kang et al.,
2003) and voxel-specific HRF (Lu et al., 2006), (Lu et al., 2007) within a GLM framework.

Using patient-specific and voxel-specific HRF, the found active regions are characterized by
similar or larger volume extent and higher adjusted coefficient of multiple determination
(Razavi et al. 2003) than the regions resulting from GLM analysis with fixed HRF.were
found (Kang et al., 2003), (Lu et al., 2006),; and additional activated areas compatible with
EEG and anatomical MRI localization of epileptogenic and lesional regions were also found
(Kang et al., 2003), (Lu et al., 2006), (Lu et al., 2007).

All the above mentioned work (Bénar et al., 2002), (Kang et al., 2003), (Lu et al., 2006), (Lu et
al., 2007) support the hypothesis that the misspecification of the form of the HRF may have
an important impact on the probability of detecting significant BOLD responses in epileptic
patients.

It is worth mentioning also a recent work of (Lemieux et al., 2008) where parametric
estimation of haemodynamic response performed on a group of 30 patients revealed that the
shape of the haemodynamic response is very different from the canonical HRF only
remotely from the suspected focus of epileptic activity whereas it appeared similar to
canonical one in the vicinity of the presumable epileptogenic areas.

Recently the non-parametric Bayesian approach described in details in the previous
theoretical paragraph was proposed to study HREF to interictal spikes (Tana et al., 2007).

In the study of (Tana et al., 2007) non-parametric Bayesian estimation of HRF was applied to a
two patients with temporal lobe epilepsy and HRF variability among patients and among
regions was studied.

(Tana et al., 2007) observed important variations in the time course of the haemodynamic
response both between patients and across the different fMRI areas of a same subject. In Fig.
2 an example is shown of HRF estimation obtained with non-parametric Bayesian method in
a subject with a clinical diagnosis of focal epilepsy shown in Fig. 3. It can be noted as the
HREFs in region of interest are different from canonical haemodynamic response function
defined in (Glover, 1999). In the areas congruent with the scalp EEG alterations the
haemodynamic response has an initial pattern similar to the one obtained in classical event-
related experiments but it is followed by an increase of fMRI signal activity away from the
event. This should be related to deep epileptic activity that is not recorded on the scalp
(Bénar et al., 2002). A negative fMRI response was also detected in an area far from the
localization of the interictal EEG spikes.

Non-parametric Bayesian estimation appears to confirm that the shape of the HRF of the
epileptic spikes may differ from the standard model and it is variable across regions. The fact
that the haemodynamic response could be also widespread and found in distant cortical
regions from the ones related to the scalp EEG findings could be an artefact or can suggest an
underlying biological process that extends beyond the area clinically assumed as focus and,
therefore, can suggest the possibility of effects of focal EEG spikes on remote but synaptically
connected regions (Lemieux et al, 2008), (Tana et al., 2007). It could be possible to further
investigate this issue by means of invasive EEG recordings or by means of methodologies of
analysis that do not need the detection of epileptic events on scalp EEG (see section 3).
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Fig. 2. MAP HRF estimates relatives to the EEG-fMRI areas showed in Figure 3. The graphic

shows the standard HRF (red solid line), the HRF of the R polar temporal region (black
dashed line - -), the HRF of the R basal frontal region (blue dashdot line . -) and of the L
basal frontal region (green dotted line --) (reproduced from (Tana et al., 2007)).
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Fig. 3. EEG -fMRI findings in a patient with a diagnosis of temporal lobe epilepsy Left side
of the figure illustrates EEG recording with an example of interictal spike. Right side of the

figure illustrates F-maps related to spikes superimposed on axial slices of T2-weigthed
image. (the images are shown according the neurological convention (right on right))
(adapted from (Tana et al., 2007)).

Summarizing all the results described above, it seems possible to conclude that the issue of
estimation of the haemodynamic response to epileptic activity and, particularly the potential
effect on the detection efficiency remains still an interesting subject of investigation.
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This opens the way for new type of analysis of fMRI data that are free not only from
whatever type of “a priori” model of HRF but also from the necessity to detect epileptic
events on scalp EEG recordings. The following section of this chapter will be devoted to the
description of these techniques and to how they are able to significantly contribute to the
investigation of haemodynamic correlates of epilepsy.

3. Independent component analysis of EEG-fMRI data in epilepsy

In contrast to model-based GLM analyses, data-driven techniques applied in fMRI are not
constrained by a fixed hypothesis. The most successful one is the Independent Component
Analysis (ICA) (McKeown et al., 1998), which separates the data into a large set of
independent components showing brain activation patterns with a common time course.
Not imposing a-priori models about the shape of the HRF, ICA analysis might find out more
information about the BOLD signal.

Let y be the MxN (M=number of scans, N=number of time courses) matrix of the fMRI time
series, x the LxN matrix whose rows x; (i=1,..., L) contain the spatial processes (or sources)
that generate y (L < N). ICA decomposition of fMRI time series is the estimation of the
spatial processes by the following linear statistical model:

y=Bx+v ®)

where v is the noise contribution and B is the unknown mixing matrix . Assuming the
hypothesis of the number of sources are minor or equal to the number of observed variables (L
<N), and considering the A matrix to be full rank (Comon, 1994), the problem is reduced to:

y=As ©)

where s is the matrix of sources and A is the mixing matrix whose columns A; (j=1,...,L)
contain the time courses of the L processes.

All the spatial components, with the possible exception of one, are assumed to be
independent and non-Gaussian (Hyvérinen & Oja, 2000): the non-Gaussianity is, hence, the
criterion for the blind estimation of the original sources. Several measures are proposed for
applying non-Gaussianity in ICA estimation, even if there is no published evidence about
different performances in fMRI analysis. The estimation of the significant components (i.e.,
related to brain activation patterns) is not based on a comparison with a BOLD model or
different shapes of HRFs, but on the maximizing of a non-Gaussianity contrast function
(Comon, 1994), therefore on the statistical feature of fMRI data.

The critical point is the separation of the significant components related to an investigated
process (i.e., spike-related BOLD responses) from no-significant ones (MR artefacts, default
state mode).

The first proposal to overcome this limitation was presented for the analysis of interictal
fMRI in focal epileptic patients (Rodionov et al., 2007). After IC decomposition, components
selection was implemented by an automatic IC classification (De Martino et al., 2007, see Fig.
4) resulting in the following set of labels: (1) the ‘BOLD’ class, which included components
that are thought to consistently reflect task-related, transiently task-related and brain state-
related (e.g. default state) neuronal activity; (2) residual motion artefacts; (3) EPI-
susceptibility artefacts; (4) physiological noise; (5) noise at high spatial frequency; and (6)
noise at temporal high frequency (Rodionov et al., 2007).
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The classification was based on a training dataset from healthy volunteers: it was designed
for revealing stereotypical components of normal brain activity, misclassified components
related to motion, blood vessels, noise, and components related to interictal epileptiform
discharges (IEDs). The method was tested on 63 patients with focal epilepsy, who
underwent EEG-fMRI recording (Salek-Haddadi et al., 2006). A mean of 16 over 20 ICs were
classified as significant BOLD-related sources. Concordance between the ICA and GLM-
derived results was assessed based on spatial and temporal criteria on 8 case studies. The
remaining ICs were associated to BOLD patterns of spontaneous brain activity, introducing
the possibility of an epileptic activity that was not evident on the scalp EEG.
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Fig. 4. Separation and classification of fMRI-ICs: (A) ICA of fMRI data and representation of
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an Is-SVM-based algorithm, trained on a small subset of data labelled by an expert. (C)
Proportion of data which has been used for training (red, 1/14) and testing (blue, 13/14).
(De Martino et al., 2007) Reproduced with permission of Elsevier
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Using this approach, the potential spike-related components were estimated using the
corresponding activation in the GLM analysis and the selection was again depending on the
canonical HRF used in the GLM (Moeller et al., 2009). Moreover, the classifier was trained
on GLM-activation on a very small number of healthy subjects (De Martino et al., 2007) and
the training was implemented on only 7% of the testing dataset, decreasing the statistical
significance of the model.
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Fig. 5. Data analysis scheme and results of the model-free ICA approach. A) 20 ICA
decompositions are applied to the fMRI data for determining the number of reproducible
components. A lower-dimensional subspace is obtained by PCA and an additional ICA is
then performed for identifying which components well-represented the simulated epileptic
activity. The deconvolution is then applied to detect time courses that showed significant
changes following the spike timings, without constraining the HRF to a canonical shape. B)
(left) Percentage of simulations with constant HRF amplitudes where significant
components were found. (right) Mean number of falsely activated voxels in concordant
components. C) (left) Percentage of simulations with varying HRF amplitudes where
significant components were found, either correctly matching the simulated activation
region. (right) Mean number of falsely activated voxels in concordant components. (LeVan
& Gotman, 2009) Reproduced with permission of Wiley
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(LeVan and Gotman, 2009) introduced a more independent ICA method using
deconvolution for identifying component time courses significantly related to simulated
focal spikes without constraining the shape of the HRF. Artificial time courses were
obtained by generating spikes at random tims and convolving them with a canonical HRF
computed from the difference of two gamma functions (Glover, 1999), and varying the
location of the activation, the number of simulated spikes per run, and the HRF amplitude.
The robustness of traditional analysis methods based on the GLM when the HRF is mis-
specified was evaluated adding an additional dataset based on a non-canonical HRF. Fig. 5
shows a schematic representation of the data processing and the obtained results related to
the percentage of simulations with constant and variable HRF amplitudes, and the related
mean number of falsely activated voxels in concordant components.

Components matching the simulated activation regions were found in 84.4% of simulations,
while components at discordant locations were found in 12.2% of simulations; large
artefacts occurring simultaneously with spikes are the majority of the false activations. This
method mainly depends on the simulation parameters because, when the number of spikes
was low, concordant components could only be identified when HRF amplitudes were
large.

An application of this method was in detecting dynamic ictal BOLD responses in focal
seizures (LeVan et al., 2010), for investigating HRFs with clear peaks - but varying latency -
and differentiating the ictal focus from propagated activity. Components related to seizures
of 15 patients (suffering of focal ictal discharges or generalised spike and slow waves and
sharp and slow wave discharges) were identified by fitting an HRF to the component time
courses at the time of the ictal EEG events. HRFs with a clear peak were used to derive maps
of significant BOLD responses and their associated peak delay (LeVan et al., 2010). The
prominence of the HRF peak was defined considering as baseline the data more than 5 s
before or after the peak, and computing the ratio of the peak amplitude to the standard
deviation of the baseline. The so-obtained ICA maps were significantly correlated with the
GLM maps for each patient (Spearman's test, p<0.05), for a further confirm. The ictal BOLD
responses identified by ICA consisted of the presumed epileptogenic zone, but in more
widespread area (about 20.3% in addition of the average value). The introduction of an ICs
classification method based on the peak delay showed that BOLD response clusters
corresponded to early HRF peaks were concordant with the suspected epileptogenic focus,
while late HRF peaks to ictal propagation (Fig. 6).

A last attempt of ICA analysis in epilepsy was presented by Moeller et al. (Moeller et al.,
2011), where patients with idiopathic generalized epilepsy (IGE) and generalized spike
wave discharges (GSW) were studied for the particularity of having hemodynamic
behaviour not easily identified with a standard HRF (Moeller et al., 2008). Moreover, GSW
are often related with more robust results in regular areas, thus allowing a good comparison
between GLM and ICA methods.

After fMRI preprocessing and ICA decomposition (Moeller et al., 2011), ICA time courses
were modelled as blocks with the same timings and durations as the GSWs, and convolved
with a Fourier basis set (Josephs et al., 1997), assuming that BOLD response to the GSWs
could be contained within an interval from 10 s before to 20 s after the marked events, and
accommodating the HRF variability. From each temporal IC, a deconvolved HRF was
produced by fitting the Fourier basis set. Components significantly related to the GSW were
then identified by an F-test (P < 0.05, corrected for the number of components), with the
motion parameters used as confounds as in the following GLM analysis. HRFs fitted to the
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GSW components were then investigated to determine the sign of the HRF peaks, as in
(LeVan & Gotman, 2009).
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Fig. 6. Spatial topographies, time courses and deconvolved HRFs of seizure-related
components extracted by ICA. (LeVan et al., 2010) Reproduced with permission of Elsevier.

In 12 epileptic patients, comparison of GLM maps and ICA maps showed significant
correlation and revealed BOLD responses in the thalamus, caudate nucleus, and default
mode areas. Few areas of BOLD signal changes that were only detected by ICA in 8 patients
(Fig. 7) and showed variable shapes, different from the canonical HRF in most cases, while
one component that was only detected by ICA showed an HRF resembling the canonical
HREF.

The particular result is that, in patients with a low rate of discharges per minute, GLM maps
detected BOLD signal changes within the thalamus and the caudate nucleus, not present in
the ICA ones. Even if these results demonstrated that the BOLD response largely resembles
the standard HRF and confirmed the adequacy of GLM analysis, it is worth noting that the
number of investigated subjects and their variability in epileptic diseases might compromise
the final outcome.

4. Brain connectivity and propagation of epileptic activity

One of the challenges of the neurologists in the study of epileptic disorders is the
understanding of the propagation of epileptic abnormal activity inside the brain.

The propagation of epileptic seizure and interictal activity is a key concept in epilepsy which
indicates the observation of similar patterns or of signals with different patterns but all
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suspected of reflecting a common underlying phenomenon, on an increasing number of
EEG recording channels. (Lemieux et al., 2011).
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Fig. 7. Comparison between GLM maps and ICA maps revealed a few areas of BOLD signal
changes that were only detected by ICA in 8 patients. HRFs for components in the thalamus,
caudate nucleus, and default mode areas. Additionally, components that were only detected
by ICA are shown with their corresponding HRF. (Moeller et al., 2011) Reproduced with
permission of Wiley

The techniques used to extract information about interacting brain areas involved in the
phenomenon of propagation, can be classified according to two broad typologies of
approaches: functional connectivity and effective connectivity. Functional connectivity is
defined as the “temporal correlation between spatially remote neurophysiological events”
(Friston et al., 1993) and effective connectivity is defined as "the causal influence that a
system exerts over one other" (Friston et al., 1993) and it reveals the strength and the
direction of the flow of information between fMRI areas.

Functional connectivity can only partly account for the wide variety of the interaction
patterns that can be expressed by the effective connectivity, (Friston et al. 1993). The full
understanding of the network interaction structure need of information about the
directionality of flows provided only by effective connectivity.
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The issue of effective connectivity can be approached by two main typologies of analysis
techniques: model-based methods (e.g. Dynamical Causal Modeling or DCM) and data-
driven methods (e.g. Granger Causality Analysis or GCA). Both approaches try to
estimate directed casual influences between cerebral structures by extracting useful
information from the temporal dynamics in the EEG and fMRI signals. Both DCM and
GCA approaches have advantages and disadvantages and, in the case of the fMRI signal,
it is a current open issue, strongly debated in literature, to establish which is the most
suitable method for the investigation of connectivity (David 2009), (Roebroeck et al.,
2009).

In this section we will review and describe both methods and their current applications on
the investigation of the propagation of epileptic activity.

4.1 Model-based effective connectivity: Dynamical Causal Modeling

The central idea of DCM is to treat the brain as a deterministic non-linear dynamic system
that is subject to inputs and produces outputs. DCM relies a dynamic neuronal model of
interacting brain regions, whereby neuronal activity in a given brain region causes changes
in neuronal activity in other regions according to a graphical model. A further forward
model (the so-called balloon model (Friston et al.,, 2003)) of the relationships between
haemodynamic response and neural activity supplements the above mentioned neural
model. The use of balloon model allows to include in the analysis the effect of the
haemodynamic convolution and to quantify the strength of the interactions within brain
networks directly at neural level. The parameters of the model are then inferred using a
Bayesian inference scheme, (Stephan et al., 2009).

The point of strength of DCM is that it is able to model the effect of experimental, external,
modulatory inputs on network dynamics and but one of its critical features is the effective
ability of the proposed neuro-vascular coupling model to capture the real relationships
between blood flow changes and oxygen metabolism changes during activation (Marrelec et
al. 2006), (Aubert et al., 2002).

Since DCM takes dynamics and modulations into account in the model, its mathematical
framework, which is also able to capture nonlinearities and temporal correlations into
account, is very complex and, as a consequence, DCM is computationally limited by the
number of regions that can be included in the analysis (maximum of eight according to
Penny et al. (2004a); three in Mechelli et al. (2003), Penny et al. (2004b), and Ethofer et al.
(2006); three and five in Lee et al. (2006)).

In order to overcome this problem, (Penny et al. (2004b) proposed an extension of the DCM
framework to perform model comparison within a set of graphs given a priori. How this
approach can be generalized to allow for blind model selection from the whole set of
structural models (i.e., with no structural model required a priori) remains a central, yet
complex, issue (Marrelec et al. 2006).

4.2 Data-driven effective connectivity: Granger Causality Analysis

The most important disadvantage of model-based effective connectivity is that it requires an
“a priori” specification of a structural model in the form of a directed graph and that it
allows to test hypothesis about connectivity only within a small set of models assumed to be
applicable. To overcome this problem GCA was introduced on the basis of the Granger
causality concept according to which the activity of a region of interest (ROI)-1 “causes” the
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activity of a ROI-2 if the knowledge of past values of the ROI-1 time series improves the
prediction of the current value of the ROI-2 time-series

GCA does not require any pre-specification or a priori knowledge about the connectivity
structure and was successfully applied to fMRI data measuring BOLD response both in
bivariate (Roebroeck et al., 2005); (Abler et al. 2006) and multivariate GC models
(Deshpande et al., 2008); (Sato et al., 2009); (Deshpande et al. 2009) . (Sato et al., 2010),
(Havlicek et al., 2010).

Although the choice between GCA and model-based method like DCM is currently debated
in literature (David, 2009), (Roebroeck et al., 2009), at the state of art no theoretical reasons
exist to exclude the effectiveness of GCA analysis to infer connectivity on BOLD signal
(Roebroeck et al., 2009). GCA approach was indeed successfully applied to fMRI data for
studying brain connectivity during cognitive (Roebroeck et al., 2005), (Demirci et al., 2009),
(Sato et al., 2010), (Ide et al., 2011), (Shippers et al., 2011), (Seger et al.,, 2011), sensory
(Deshpande et al., 2008), (Stilla et al., 2007), (Stilla et al., 2008), (Havlicek et al., 2010), and
motor tasks (Abler et al., 2006), (Sato et al, 2006), (Chen et al., 2009) and for investigating
resting-state networks, (Liao et al., 2011), (Jiao et al., 2011) and in pathological conditions
like epilepsy (Tana et al., submitted).

One of the methodology more widely used to calculate Granger causality are is based on
multivariate autoregressive models which are fitted to the signals (EEG or BOLD) of interest.
The multivariate autoregressive (MVAR) recorded from a set of k signals can be expressed as:

Y(t) = ZP:A(i)Y(t —1)+E(#) (7)
i=1

where Y(t)=[Y1(t), Ya(t),... Yi(t)] is a vector wherein Y} is the time series corresponding the k-
channel, A(i) is the matrix of the model parameters, E(t) is the vector containing white noise
processes and p is the model order which can be determined using information theory
criteria, (Akaike, 1974).

By transforming (7) to the frequency domain, we can obtain the following formulation:

Y(f) = A7 ()E(f)= H(HE(f) ®)

where H(f) is the transfer matrix of the model whose element H;; represents the connection
from the j-th to the i-th channel.
Normalizing the transfer matrix of the model in (8) with respect to the inflows into channel
i, we can obtain the Directed Transfer Function (DTF):
o |E)
DTE}(f)= 51—
2 [Hin(f)

m=1

©)

|2

where Hj(f) is the minor produced by removing i-th row and the j-th column from transfer
matrix H(f).

Values of DTF equal to 1 between a pair of channels show maximum direct causal
relationships and values of DTF near to 1 indicate that most of the signal in channel i
consists of signal from channel j. DTF values of 0 or close to 0 means an absence of causal
interrelations between the two channels considered.



EEG-fMRI Multimodal Integration for Epilepsy Research 75

DTF gives information only about the causal relationships underlying the networks of the
investigated system and it is not able to discriminate direct transmission for a given pair of
regions from indirect propagation of information mediated by other regions. To solve this
problem , the estimator dDTF can be introduced, (Korzeniewska et al., 2003). It is given by
the following equation:

ADTE(F) = () 2;(f) 19

where 7;(f) is the DTF normalized over the full frequency band also known as full frequency
direct Directed Transfer Function (ffDTF), (Korzeniewska et al., 2003), and y;;(f) is the partial
coherence defined as in (Korzeniewska et al., 2003). The partial coherence is a measure of
how much the interaction between two brain regions is mediated by other areas.
Multiplying DTF by partial coherence, we can combine the information about the
directionality of the interactions within the networks with the information provided by
partial coherence function and can clearly identify causal direct connections and distinguish
them from causal indirect connections.

Another method to identify causal direct connections is the calculation of the Partial Direct
Coherence (PDC) introduced by (Baccala et al, 2001). PDC is a frequency domain
representation of the key concept of Granger causality and is defined as:

T (11)
aj(f)aj(f)

where Zij( f) is the i, jth element and a;(f) the jth column of the matrix A(f)=1-A(f).
PDC;i(f) represents the frequency domain GC from the j-th time series to the i-th time series
at frequency f.

Significance of both DTF and PDC values can be assessed employing surrogate data
(Deshpande et al., 2008), (Korzeniewzka et al., 2003). To this aim, surrogate data can be
generated by transforming the data to the frequency domain, randomizing their phases and
transforming back to the time domain, (Theiler et al., 1992). The resulting time series have
the same power spectrum but random phases with respect to the original signals.

A null distribution can then be obtained by generating a set of sufficient number (for
examples 1000 (Deshpande et al., 2008) of surrogate data and calculating the DTF or PDC
from these datasets. The DTF or PDC value obtained for each connection from the original
time series have then to be compared with the null distribution for a test of significance (e.g.
a two-tailed test (Deshpande et al. 2008).

4.3 Application to epilepsy

Both interictal and ictal activities can be propagated themselves inside the brain and the
progressive recruitment of brain areas far from the origin of the epileptiform activity
appears as a spread of pathological EEG pattern.

The causes of the progressive spread of the epileptic activity depends on both the
connections existing locally and at a wider range scale and also on the capability of the brain
region to be recruited by the abnormal neural activity characteristic of an epileptic discharge
(Lemieux et al., 2011).
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Sometimes, the pattern of propagation can be studied on the basis of general knowledge of
anatomical information and correlated with the temporal evolution of clinical symptoms of
the ictal episodes. The majority of the times these general clinical considerations are
insufficient to understand the real pattern of propagation which can also vary from event to
event (Lemieux et al., 2011) and the question of how an initially spatially localized epileptic
focus can spread to involve a larger portion of the cortex remains an open issue.

The identification of the pathways for the spread of partial seizures is, therefore, one of the
most relevant and interesting field on which the above described brain connectivity
technique can be applied.

The majority of studies existing in literature regarding the connectivity in epilepsy are
mainly related to the EEG signal as mean to measure and evaluate neural activity.
Regarding functional connectivity, as reported in (Wendling et al., 2010), the first attempts
in the field of epilepsy, were done in the middle of the twentieth century (Barlow and
Brazier, 1954), just after the introduction of the Fast Fourier Transform algorithm.

In the 70s the propagation of interictal events was studied by calculating cross-correlation in
time domain or equivalently the coherence in the frequency domain using first invasive EEG
(Brazier et al., 1972) and later scalp EEG recordings (Lopes da Silva et al., 1977).

Coherence function was then used also to study ictal events, and in particular to study the
evolution of the partial seizures and their propagation between the two hemispheres
(Gotman et al., 1982). The concept of coherence was extended in 90s in time-varying context
in order to study the evolution of the degree of synchronization of interictal and ictal
activity (Haykin et al., 1996) and (Franaszcuk et al., 1999).

The methods for studying functional connectivity based on cross-correlation function or on
its equivalent form in the frequency domain, that is the coherence function, are based on the
assumption that the interaction between EEG signals are linear and, in order to capture also
non-linear interactions further techniques were developed. Among these, we can
mentioned: mutual information (Mars et al., 1983), non linear regression analysis (Wendling
et al, 2001), phase synchronization methods (Rosemblum et al., 2004), generalized
synchronization methods (Stam et al., 2003). A recent work of (Wendling et al., 2009) have
compared the performance of ten of these methods (which can be grouped into three main
families: non linear regression, phase synchronization and generalized synchronization)
using simulated data in which the degree of coupling can be controlled. The results obtained
by applying the various types of methods to simulated data showed that there is not a
“universal” method that performs better than the other ones whatever the considered
situation (Wendling et al., 2009), (Wendling et al., 2010).

Regarding effective connectivity, GC has been used to study temporal lobe epileptic seizures
in the form of DTF applied to electrocortigram (ECoG) recorded with subdural grids and
stereotactic EEG (SEEG) recorded with deep electrodes (Franaszczuk et al. 1998).
(Franaszczuk et al. 1998) extends, in particular, the application of the DTF method to
compare patterns of flow of seizures with different sites of origin. Analysis of a seizure
originating from mesial temporal structures is compared with a seizure originating from
lateral temporal neocortex. The DTF method has the potential to determine patterns of flow
of activity, including periods when visual analysis of the intracranial ictal EEG may not
allow for definitive source localization.

More recently GC was also applied in the form of PDC to scalp EEG signal in order to study
temporal lobe epilepsy (Baccala et al., 2004).
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In particular PDC was applied to mesial temporal epileptic seizures and it has been shown
that it is able to localize the epileptogenic focus via the simultaneous analysis of multiple
EEG channels thanks to the determination of the direction of information flow among
signals and thanks to its representation by means of directed graphs, where focal electrodes
are associated with high observed rates of pertinence to strongly connected subgraphs.

It is possible to affirm that both DTF and PDC are able to study effective connectivity in
epilepsy , to infer epileptic seizure propagation and to identify the focus of epileptic activity
(Cadotte et al., 2009).

Differently from EEG, nowadays there are still few application of fMRI effective
connectivity studies in the field of epilepsy.

Effective connectivity studies using DCM have been performed in (David et al., 2008) and
(Vaudano et al., 2009).

DCM and Baysian model comparison was used in (Vaudano et al., 2009) to investigate the
role of thalamus, prefrontal cortex and precuneus in seizure generation. EEG-fMRI data
recorded in a group of seven patients with idiopathic generalized epilepsy (IGE) with
frequent generalized SW discharges (GSWD) and significant GSWD-correlated
haemodynamic signal changes in the thalamus, the prefrontal cortex and the precuneus.

In order to perform Bayesian model selection three dynamic causal models were
constructed: GSWD was modelled as autonomous input to the thalamus (model A),
ventromedial prefrontal cortex (model B), and precuneus (model C). Bayesian model
comparison revealed that, although model C (GSWD as autonomous input to precuneus) is
the best in five patients while model A (GSWD as autonomous input to thalamus) prevailed
in two cases, at the group level model C dominated.

The findings lead the authors to hypothesize a role for the precuneus as a form of modulator
of generalized SW activity, and by extension, of the occurrence of absence seizures, linking
spontaneous fluctuations in brain state as reflected by the so-called Default-Mode Network
of brain activity to the occurrence of epileptic discharges (Vaudano et al., 2009), (Lemieux et
al., 2011).

In a rat model of absence epilepsy (David et al., 2008) performed simultaneous EEG and
fMRI measurements, and subsequent intracerebral EEG (iEEG) recordings in regions
strongly activated in fMRI (first somatosensory cortex, thalamus and striatum). (David et al.,
2008) showed that using DCM, instead of GCA, it is possible to spatially localize the origin
of spontaneous spike-and-wave (SW) discharges in the first somatosensory cortex.

More recently, a study of epileptic seizure propagation using GCA was performed in (Tana
et al, submitted). In this study, GCA analysis was applied to networks of brain areas
showing fMRI activation during epileptic seizures. EEG-fMRI recording was performed on a
group of four case studies related to patients with different epileptic pathologies and GCA
analysis was applied to networks obtained using different parcellation strategies for the
definition of the nodes. In Figure 8, the connectivity pattern of a patient with a diagnosis of
occipital lobe epilepsy is shown. The patient shows an area of almost continuous spiking
under left occipital lobe revealed by ECoG measurements (not shown in figure) and fMRI
activation mainly localized in the left occipital and right parietal lobe. GCA results showed
that the source of the connectivity network is the left occipital fusiform gyrus (LOFG)
confirming intracranial EEG findings.

The role of LOFG as possible starting point of seizure propagation and, therefore, the ability
of GCA to recognize LOFG as epileptogenic focus is also confirmed by the fact that the area
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identified as GC network source is located within the brain volume removed in successful
surgery for epilepsy (Fig. 8b).

RAG, RMTG, RILOC

LLG, LOFG

RMTG, RpSMG

Fig. 8. (a) GC Connectivity graph and fMRI response of a patient with a diagnosis of
occipital lobe epilepsy. fMRI findings show both left occipital and right temporal-occipital
BOLD activation (radiological convention (left on right)) (The acronyms stand for the
following expression: RMTG (right middle temporal gyrus), RpSMG (right supramarginal
gyrus, posterior division), LLG (left lingual gyrus), LOFG (left occipital fusiform gyrus),
RiLOC (right lateral occipital cortex, inferior division), RAG (right angular gyrus), RICC
(right intracalcarine cortex), RSCC (right supracalcarine cortex)); (b) Surgery outcome. White
arrow shows the resected area localized in the left occipital lobe. (adapted from (Tana et al.,
submitted)).
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According to GC results, the seizure starting in the left occipital lobe propagates to the
contralateral occipital, parietal and temporal regions. The sink of the network (i.e. the area in
which the propagation of the seizure terminates) is localized in the contralateral temporo-
parietal area.

5. Conclusion

This chapter summarizes various techniques for integrated analysis of EEG and fMRI
signals for the investigation of epilepsy. In particular, we describe how the information
coming from the EEG can be used for triggering the analysis of the BOLD signal, in order to
establish a direct connection between EEG events and haemodynamic activation, and for a
precise localization of the brain areas involved in the specific events. This type of analysis is
limited by the current little knowledge about the HRF that is necessary to define a model of
expected BOLD signal to construct GLM regressors. In order to improve the understanding
of the impulse response function of neurovascular system, several techniques have been
developed for the estimation of the HRF temporal and spatial characteristics.

To overcome the limitations of classical GLM approach that are also due to the fact that EEG
describes only cortical activity and is not always able to detect deep brain events, other
methodologies have been proposed in literature, such ICA, calculated on the BOLD signal
only.

After the localization of the activated cortical areas during epileptic seizure, it is of extreme
interest to study the temporal interactions inside the network formed by activated brain
regions and in order to identify the pattern of seizure propagation. Applying connectivity
techniques like GCA and DCM to both EEG and, more recently, BOLD signal it is possible to
obtain useful information about the localization of the epileptogenic focus, the propagation
of the seizure and sometimes to localize also how the seizure terminates.

Even if some problems are still open and several features are under investigation, all the
methodologies described in this chapter are promising tools that will allow a deeper
investigation of the mechanisms involved in epileptic activity and can found large
application in the clinical field as well as in research.
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1. Introduction

Epilepsy is a chronic condition characterized by recurrent unprovoked seizures with
potentially disabling effects. These seizures, even when generated from a single focus, are
believed to involve an extensive network of regions across the brain (Norden & Blumenfeld
2002). The propagation across these networks is responsible for the complex events
associated with seizures including altered consciousness and motor phenomena.
Additionally, repeated seizures can also produce chronic deficits that persist in between
seizures, mainly cognitive deficits, primarily of memory and language related functions
(Helmstaedter, et al. 2003). It is likely that these cognitive effects can be related to
measurable brain network alterations as well. The non-invasive quantification of alterations
in brain networks related to epilepsy is critical in determining the mechanisms of
epileptogenesis and its treatments. In addition, it may also identify imaging biomarkers of
epilepsy which can be used to diagnose and monitor these patients.

Electroencephalography (EEG) is the most widely used method to quantify epileptic activity
across the brain. The high temporal resolution of EEG measurements is advantageous in
detecting the electrophysiological activity that defines the seizure focus and associated
network. However, these techniques have relatively low spatial resolution when performed
non-invasively, and can be corrupted by attenuation of the signal by bone or other tissue.
Invasive EEG monitoring can measure electrical activity directly from the cortex, but the
spatial resolution is still relatively low. The recording can only be obtained from preselected
regions of the cortex. This method also involves more significant risk than non-invasive
methods, but can be useful in detecting limited networks of epileptic activity (Blumenfeld, et
al. 2004b, Englot, et al. 2008, Guye, et al. 2006).

Imaging methodologies make it possible to investigate networks across the whole brain
without the need for identifying predefined regions. Some non-invasive, low spatial
resolution techniques to detect epileptic networks include interictal positron emission
tomography (PET) with [18F] fluoro-2-deoxy-glucose (FDG) (Cascino & Jack 1996, Spencer
& Bautista 2000) and ictal single-photon emission computed tomography (SPECT) imaging
(Cascino & Jack 1996, Spencer & Bautista 2000). In general, these methods attempt to detect
regions of metabolic (PET) or perfusion (SPECT) changes during the interictal state or ictal
events. Studies have detected widespread brain networks associated with seizures using
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these methods (Blumenfeld, et al. 2004a, Blumenfeld, et al. 2009, Wong, et al. 2010). One
advantage of using ictal SPECT imaging is that different phases of the seizure can be probed
in different seizures at different times (e.g. pregeneralization vs. post ictal) (Blumenfeld, et
al. 2009). The disadvantages are that it requires injection of radiotracer at the time of the
seizure prior to scanning and the spatial resolution is low. In addition, measurements
cannot be made longitudinally with high temporal resolution in order to examine seizure
propagation in the same event.

The objective of this chapter is to discuss how functional Magnetic Resonance Imaging
(fMRI) can be used to examine brain network alterations in epilepsy. First, an introduction
to the concepts of fMRI and functional connectivity will be presented. The main focus of the
chapter will be a review of the current published work involving the investigations of
changes in healthy resting-state brain networks caused by epilepsy and the identification of
possible epileptogenic networks. In addition, the relationship of the network parameters to
disease characteristics, diagnosis and treatment will be discussed in relation to the network
alterations. Studies of quantification of causal influences across these networks using
Granger causality and dynamic causal modeling will also be included. More novel methods
of fMRI network analysis being applied to epilepsy will be described. Finally, the chapter
will conclude with a brief overview of future research directions.

2. Functional MRI and functional connectivity mapping

Functional MRI is a widely used non-invasive neuroimaging technique that can detect and
localize areas of the brain engaged in performing a specific task. This technique typically
uses echo-planar image acquisition parameters that are sensitive to the changes in blood
oxygenation occurring with neuronal activation (Blood Oxygenation Level Dependent or
BOLD acquisitions) (Logothetis, et al. 2001, Ogawa, et al. 1990). Signal intensity in the BOLD
images is increased when oxyhemoglobin concentrations increase due to neuronal
activation. In conventional block-design fMRI studies, a series of images is collected during
at least two different activation states (e.g. rest and stimulation) and their signal intensities
are compared statistically on a voxel by voxel basis. The difference between these two image
series indicates the location and intensity of neuronal activation in response to the given
stimulation. In event-related fMRI, the images are collected following a repeated transient
stimulus. Signal intensity following the stimuli is compared to the rest of the series.
Therefore, in typical fMRI experiments, the timings of the various stimuli are known. The
primary challenge in using fMRI in epilepsy is that interictal and ictal seizure activity is
spontaneous and its timing cannot be controlled. There are two general approaches to
attempt to overcome this problem. The first approach is to combine fMRI acquisitions with
scalp EEG measurements (Gotman, et al. 2004). The EEG will provide the timing of the
epileptic activity for conventional fMRI analysis. The second is to use a data-driven
approach that identifies the interictal BOLD response in the fMRI data without EEG or other
monitoring (Rodionov, et al. 2007).

Simple fMRI activation maps can determine the level of involvement of distinct regions of a
network to perform a task at the time of acquisition. However, fMRI potentially can also
reveal additional information about the functional coupling within this network using
functional connectivity mapping. Functional connectivity uses linear correlations of low
frequency (<0.1 Hz) fMRI BOLD signal oscillations usually at rest or during steady-state
performance of a task (Rogers, et al. 2007). The resting state (awake with eyes closed) is a
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potentially interesting focus of attention because even at rest the brain accounts for
approximately 20% of the total body oxygen consumption, primarily to maintain excitatory
and inhibitory neurotransmission (Shulman, et al. 2004).

The two most commonly used methods of determining functional connectivity are seed
based methods and independent component analysis (ICA). Both are based on temporal
series of BOLD signals. The seed based approaches require the identification of a seed voxel
or region, and the linear correlation across time of other voxels or regions to that seed is
considered the measure of connectivity. This method is more suited for hypothesis testing
due to its a priori identification of a seed. However, the most appropriate technique for
defining a seed may be different for different applications. The ICA method attempts to
transform the original data time series into individual components assuming that all of the
signal sources and noise are statistically independent and are mixed linearly to create the
observed signal. This technique has also been used successfully with fMRI data (Calhoun, et
al. 2003, Moritz, et al. 2005). The advantage in applying these techniques to epilepsy is that
all of the components of the signal (presumably from independent sources) are identified
which can result in a large number of components. The primary disadvantages are (1) that
these components will include many of those of no-interest due to shape or amplitude
expectations, and separating the ones of interest becomes a significant task, and (2) the
expected signal of interest may be relatively small.

3. Networks defined in healthy controls

There exists a set of functional brain networks that are consistently identified in the resting
brain using fMRI time series data in healthy subjects. Typically these are identified as a
group using an ICA analysis with varying numbers of components (Damoiseaux, et al. 2006,
De Luca, et al. 2006). However, they can also be identified individually using seed region
analysis of connectivity by placing a seed within an expected network (Biswal, et al. 1995,
Xiong, et al. 1999), and also by using hierarchical clustering methods (Cordes, et al. 2002).
While there are varying numbers of resting-state networks that have been described (based
on varying degrees of specificity), they generally can be divided into approximately five
overlapping spatial maps (De Luca, et al. 2006):
1. Visual cortex network- lateral and medial occipital cortex
2. Default-mode network - anterior cingulate, posterior cingulate, lateral inferior parietal
cortex, hippocampus and prefrontal cortex
3. Sensorimotor and auditory network - pre and post-central gyrus, superior temporal gyrus,
insula, thalamus and hippocampus
4. Dorsal pathway - lateral frontal regions and dorsal parietal cortex
5. Ventral pathway - lateral temporal, and inferior prefrontal cortex
These networks are reliable and reproducible within a scanning session and between
sessions up to months apart (Zuo, et al. 2010). Several of these networks also seem to have
unique electrophysiological signatures determined by EEG (Mantini, et al. 2007) and MEG
(magnetoencephalography) (de Pasquale, et al. 2010) power. The networks similar to the
visual, auditory and motor processing in adults have been detected in infants (Fransson, et
al. 2007). This suggests the order of maturation of various networks in the brain, and may
explain development of specific cognitive functions as a child ages. In order to understand
how epilepsy and its treatment can affect normal cognitive function and behavior, it is
useful to investigate the changes within the known resting-state networks of these patients.
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Fig. 1. Five resting state networks defined in healthy controls (Reprinted from Neurolmage,
29(4), De Luca, M et al., "fMRI resting state networks define distinct modes of long-distance
interactions in the human brain" 1359-1367 (2006) with permission from Elsevier)

3.1 Language and memory networks

Chronic drug-resistant temporal lobe epilepsy (TLE) is associated with progressive memory
impairment (Fisher, et al. 2000, Helmstaedter, et al. 2003) which is related to the structural
damage of the epileptic hippocampus and other mesial temporal lobe structures in these
patients (Kilpatrick, et al. 1997). In addition to the chronic epilepsy itself, the surgical
treatment of TLE can also have a negative impact on language and memory functions. The
fact that the seizures are generated from a specific focus in the mesial temporal lobe makes
many drug-resistant mesial TLE patients good candidates for resective surgery. The success
rate for seizure control following surgical resection is approximately 80% (Siegel 2004). In a
randomized-control study of surgery vs. antiepileptic drug treatment for temporal lobe
epilepsy, 58% of patients became seizure free with surgery vs. 8% on drug therapy (Wiebe,
et al. 2001). The resulting seizure control can result in a significant increase in quality of life
in these patients including employment or school attendance (Wiebe, et al. 2001). However,
further declines in verbal memory and word finding after respective surgery to treat
seizures are side effects occurring in as many as 40% of TLE patients (Langfitt & Wiebe
2008). If severe, these impairments can affect the individual’s ability to perform in work and
social situations. Langfitt et al. reported that in patients with good seizure outcome, quality
of life improved even if some memory loss occurred; but, in patients without post-surgical
seizure control, quality of life decreased when memory loss occurred (Langfitt, et al. 2007).
These findings illustrate the importance of quantifying and understanding these cognitive
functions, and using this information to accurately predict the risk of cognitive decline after
resective surgery. It is likely that these impairments, both before and after surgery, involve
alterations in long-range networks in language and memory. Functional MRI provides a
way to probe the functional integrity of these networks, and allows quantification of the
relationships between cognition and connectivity in order to address these issues.
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To assess the utility of fMRI for prediction of post-surgical language and memory function,
it must first be compared to the Intracarotid Amobarbital Test (IAT or Wada test) which was
first developed by Wada in 1949. This test is used to determine hemisphere dominance for
language and memory by an intra-arterial injection of an anesthetic agent to one hemisphere
of the brain at a time while evaluating the patient’s ability to perform language and memory
tasks. The development of aphasia after injection indicates hemisphere dominance for
language, and the lack of memory encoding suggests that the contralateral hippocampus
cannot sustain memory function. The Wada test is an invasive and uncomfortable procedure
with serious potential risks including carotid artery dissection, infection and stroke. One
study reported almost 11% of patients had complications with 0.6% having residual deficits
after three months (Loddenkemper, et al. 2008). In addition to risk, the cost of the Wada test
can be high relative to fMRI (Medina, et al. 2004). Furthermore, even when successful, the
Wada test lateralizes, but does not localize language and memory functions and their
associated networks. As a result, the use of the Wada test in the presurgical evaluation of all
TLE patients is decreasing (Baxendale, et al. 2008), while other non-invasive methods
including fMRI are gaining acceptance (Abou-Khalil 2007, Pelletier, et al. 2007).

Functional MRI has been very successful for lateralizing language dominance as well as
identifying and localizing language networks. There is a wide variety of stimulation tasks
used for this purpose. Some of the more widely used tasks include word generation
(Deblaere, et al. 2002, Ramsey, et al. 2001) for activating the inferior frontal language regions
(Broca’s Area), and tasks such as reading (Gaillard, et al. 2002, Rutten, et al. 2002b) and
listening to speech (Binder, et al. 2008b, Bookheimer 2007) for identifying temporoparietal
language regions (Wernicke’s Area). The literature on this topic is vast, describing other
potentially useful tasks. The concordance of these protocols with Wada test results is over
70% in many of these studies, but may be less in patients with atypical right-sided or
bilateral dominance by Wada test. The combination of multiple fMRI tasks has been found
to be more accurate than a single task (Arora, et al. 2009, Deblaere, et al. 2002, Ramsey, et al.
2001, Rutten, et al. 2002a), and these methods can also be modified for use in children
(Arora, et al. 2009, Gaillard, et al. 2002). For these reasons, fMRI, when available, is quickly
becoming the preferred technique for determining language lateralization and localization.
While the use of fMRI for language lateralization is gaining widespread acceptance, the
assessment of memory functions with this method has been slower to develop. Some
reasons for this disparity include the fact that fMRI memory paradigms are generally more
complicated and require more trials to provide detectible signal changes than language
paradigms. Also, the material being encoded in memory tasks can have a lateralizing effect
itself (verbal vs. visual stimuli), (Golby, et al. 2001), and the interaction of this effect with the
epilepsy can be difficult to interpret. Thus, memory paradigms have shown mixed success
in lateralizing memory function in TLE compared to the Wada test (Deblaere, et al. 2005,
Golby, et al. 2002, Jokeit, et al. 2001).

Some fMRI memory paradigms designed to activate the mesial temporal structures have
been used with varying levels of success to predict post-surgical memory declines (Frings, et
al. 2008b, Rabin, et al. 2004, Richardson, et al. 2006, Wagner, et al. 2007). Their general
finding was that increased fMRI activation in the mesial temporal lobe ipsilateral to the
surgical resection was correlated with increased post-surgical declines, thus supporting the
“functional adequacy model” of hippocampal function. This model predicts that severity of
decline depends on the function of the region resected and not on the ability of the
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contralateral region to support function after surgery (“functional reserve model”) (Chelune
1995). These studies report positive predictive values of 56 to 100% (Richardson, et al. 2004)
for fMRI to predict post-surgical change in memory neuropsychological scores.
Interestingly, some more recent reports show that evaluating multiple regions of the
language and memory networks, including those in the frontal and lateral temporal lobes,
can improve this prediction (Binder, et al. 2008a, Binder, et al. 2010, Bonelli, et al. 2010,
Everts, et al. 2010). Bonelli, et al. (Bonelli, et al. 2010) found that in their cohort the positive
predictive value of memory fMRI activation asymmetry in the anterior temporal lobe was
20-35%, but when fMRI language lateralization, calculated using multiple regions across the
frontal and temporal lobes, and pre-operative neuropsychological scores are included, the
positive predictive value rose to 70-100%.

While fMRI activation of long range regions is informative, it is likely that probing the
functional connectivity across language and/or memory networks may be a more direct
measure of cognitive function or predictor of post-surgical function. However, the
appropriate choices for regions and task paradigm (or none) remain unknown. Studies
performed thus far have varied significantly in these study parameters, and so consistent
results are few. One promising repeated finding is that the functional connectivity between
the anterior cingulate and the left inferior frontal gyrus was found to be decreased in TLE
compared to healthy controls during rest (Waites, et al. 2006) and during block-design
performance of a word-generation task (Vlooswijk, et al. 2010). Similarly, the functional
connectivity of the left hippocampus and other regions involved with memory was also
decreased relative to controls (Addis, et al. 2007). Generally, these decreases in functional
connectivity were associated with diminished cognitive performance as measured by the
neuropsychological testing. In support of the functional adequacy model, higher fMRI
connectivity of the ipsilateral hippocampus to the superior temporal gyrus was associated
with greater decline of verbal memory performance after surgery (Wagner, et al. 2007).
While fMRI has great potential to identify noninvasive markers of language and memory
cognition and post-surgical outcome, there are many possible sources of error and
variability in fMRI methods. First, there can be much variability in task performance. Many
patients have cognitive deficits which reduce their ability to cooperate, understand and
remember the directions of the task. Including children in the patient population increases
this variation even more. For many cognitive tasks, it is difficult to impossible to monitor
externally how well the tasks are being performed. Also, fMRI analysis methods are not
standard. Differences in statistical thresholds and regions of interest used to calculate
laterality indices can also lead to uncertainty (Abbott, et al. 2010, Branco, et al. 2006, Sidtis
2007, Suarez, et al. 2008). Research focused on resolving these issues is required before it will
be possible to utilize fMRI for assessing surgical risk of cognitive deficits.

3.2 The default-mode network

There are regions of the brain that have been regularly observed to reduce fMRI activity
(deactivate) during performance of demanding cognitive tasks or goal directed behavior
(Fox, et al. 2005). When studied in a wakeful resting state using positron emission
tomography (PET), increases in cerebral metabolic rate for oxygen (CMRO,) and cerebral
blood flow (CBF) are detected in these regions over other regions of the brain (Raichle, et al.
2001). The data suggest the existence of a baseline activation level in these areas at rest
above the mean level of the brain, which may reflect internal modes of cognition, such as
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mind wandering or daydreaming in this state. This collection of regions is commonly
referred to as the “default-mode network” (DMN, network 2, Figure 1) and typically
include the following regions (Buckner, et al. 2008): ventral medial prefrontal cortex,
posterior cingulate/retrosplenial cortex, bilateral inferior parietal lobule, lateral temporal
cortex, dorsal medial prefrontal cortex, and hippocampus.

In addition to being identified as a network of regions deactivated during goal-oriented
cognitive tasks, this same network can reliably be identified by performing independent
component analysis on resting state fMRI data (Damoiseaux, et al. 2006, De Luca, et al. 2006)
and by seed region based functional connectivity analyses (Greicius, et al. 2003). Inter-
subject variability in the functional connectivity across the DMN is influenced by factors
such as age (Grady, et al. 2010), cognitive load (i.e. eyes open vs. eyes closed) (Yan, et al.
2009), genetics (Glahn, et al. 2010), level of consciousness (Greicius, et al. 2008) and sleep
(Horovitz, et al. 2008). It has been directly correlated in part to EEG delta and beta power
(Hlinka, et al. 2010). However, the robustness of this network and its implications on
baseline cognitive function and consciousness make it a frequent focus of investigations of
neurological disease (Broyd, et al. 2009).

The relationship between DMN and epilepsy was first reported in activation studies of
generalized spike-and-wave (GSW) bursts in patients with idiopathic generalized epilepsy
(IGE) (Archer, et al. 2003, Gotman, et al. 2005, Hamandi, et al. 2006, Laufs, et al. 2006, Salek-
Haddadj, et al. 2003). In these studies, simultaneous measures of EEG and fMRI (Gotman, et
al. 2004) were acquired in individual or groups of IGE patients with frequent GSW bursts on
EEG. The EEG was used to determine the timing of any GSW bursts occurring during fMRI
scanning. These times were then used to localize the regions of the brain in which the fMRI
signal increased (activation) or decreased (deactivation) concurrently with the GSW bursts.
While the results were somewhat variable across subjects, there was an overarching finding
of positive activation located bilaterally in the thalamus and deactivation found in regions of
the DMN. These findings suggest that the activation in the thalamus indicated this region’s
involvement in the generation or spread of generalized epileptic discharges. Furthermore,
the authors propose that the combination of the activation of the thalamus with the
deactivation of the DMN may lead to the lapse in responsiveness associated with absence
seizures in IGE (Gotman, et al. 2005, Hamandji, et al. 2006). Conversely, there is evidence
that the functional connectivity across the DMN assessed in IGE patients during time
periods without GSW is not significantly different from healthy controls (Moeller, et al.
2011), indicating that this is primarily an ictal effect.

In order to verify the existence of a correlation between impaired consciousness and fMRI
changes with GSW bursts, Berman et al. (Berman, et al. 2010) had a group of patients with
typical childhood absence epilepsy perform a continuous performance task during the
simultaneous EEG and fMRI acquisition. They used any interruption of task performance
during the acquisition as an indicator of impaired consciousness. They then determined
fMRI changes due to GSW bursts with interruption of the task and those without. During
GSW bursts associated with interruption of the task, expected regions in the thalamus and
cortex were activated and DMN regions were deactivated. However, when GSW bursts
were not associated with task interruption, little fMRI change was detected. This suggests
that the deactivation of the DMN and activation of the thalamus may be directly related to
the impaired consciousness in absence seizures. On the other hand, in a case report of a
study with similar methods, the expected fMRI activations and deactivations were detected
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in response to GSW bursts without task interruption (Moeller, et al. 2010b). The case study
detected GSW bursts with an average duration of 4.2 seconds and with an fMRI temporal
resolution of 2250 msec, whereas the group study included GSW bursts with an average
duration of 6.2 sec and an fMRI temporal resolution of 1550 msec. One may expect that the
increased temporal resolution and longer periods of GSW of the group study may increase
detectability of fMRI signal changes even without task interruption, if they were present.
Further study is required to clarify this issue.

More recent studies have attempted to resolve timing differences between fMRI changes in
the DMN and other regions in response to GSW bursts (Carney, et al. 2010, Moeller, et al.
2010a). Both studies showed fMRI deactivations in DMN generally occurring prior to the
increased thalamic response. In several instances fMRI signal change in the DMN started
prior to the event onset on EEG. Another study (Szaflarski, et al. 2010) found parietal (but
not necessarily DMN) activation occurring prior to thalamic activation and also detected
similar causal links using Granger causality measures of fMRI data (Deshpande, et al. 2009,
Goebel, et al. 2003). Another causal methodology, dynamic causal modeling (Friston, et al.
2003), can estimate the influence of one system on another. This method was used to
determine which of three models including the ventromedial prefrontal cortex, the thalamus
and the precuneus best fit the fMRI time series data when assuming the GSW bursts on EEG
as the input (Vaudano, et al. 2009). The results over the group of IGE patients indicated that
the GSW bursts initially influenced the precuneus and then the other two regions. These
may infer the role of the DMN in the initiation of absence seizures, contradicting previous
theories of thalamic generation of GSW bursts. Overall, the current literature provides
convincing evidence for the potential link between function of the DMN and absence
seizures and GSW bursts, but the direct mechanism of this relationship remains unknown.
There is a smaller, but growing, body of work linking activity in the DMN with focal
epilepsy. Using the simultaneous EEG and fMRI protocol, deactivation has been detected in
DMN regions in response to interictal EEG spiking (Kobayashi, et al. 2006, Laufs, et al.
2007). Using the data-driven method, 2dTCA (Morgan & Gore 2009, Morgan, et al. 2008), we
have detected robust fMRI transient signal changes during resting, interictal periods in the
DMN (Morgan, et al. 2007, Morgan, et al. 2010) in TLE patients.

Independent component analysis can assess the functional connectivity across the DMN in
the interictal state, without temporally associating changes directly with interictal spiking.
In unilateral TLE patients, this method has revealed decreased connectivity between the
hippocampus (predominantly ipsilateral to the epilepsy) and the rest of the DMN as
compared to healthy controls (Zhang, et al. 2010a). Similar finding were reported using a
seed-based functional connectivity analysis in unilateral TLE patients performing a verbal
memory task (Frings, et al. 2009). Linearly relating these changes in connectivity with
epilepsy duration suggests that the mechanism of the disease is at least partly responsible
for the dysfunction.

3.3 Perception and attention networks

While the language, memory and default-mode networks are the most commonly studied
with fMRI in relation to epilepsy, this condition can have effects on other known networks
across the brain that may possibly result in sensory or cognitive deficits. One such network
is the auditory system in the bilateral superior temporal lobes including Heschl's gyrus,
planum temporale and the temporal poles (part of network 3, Figure 1). Auditory function is
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integral in language (i.e. auditory sentence comprehension) and memory (i.e. verbal
memory), which are known to be impaired in TLE (Fisher, et al. 2000, Helmstaedter, et al.
2003). However, auditory processing itself may also be impaired in these patients as
suggested by increased errors, response times and latencies of electrical event-related
potentials in response to auditory stimuli (more pronounced in IGE than TLE) in humans
(Verleger, et al. 1997), and in auditory discrimination deficits in rat models of epilepsy
(Neill, et al. 2005). These effects were explored in an fMRI functional connectivity study
using independent component analysis that revealed decreased connectivity in auditory
cortex networks in a group of bilateral mesial TLE patients as compared to healthy controls
(Zhang, et al. 2009a). Furthermore, the decrease in connectivity across the auditory cortex
was linearly correlated with increase in duration of disease (i.e. longer duration was
associated with lower connectivity).

Type of fMRI findings and uses
Network epilepsy (activation and connectivity)
Language TLE Language fMRI tasks are effective in lateralizing and

potentially localizing dominant language regions; FC
across this network is decreased compared to controls

Memory TLE Memory fMRI paradigms have mixed results in
localizing memory functions; Memory and/or language
tasks activating mesial temporal structures and beyond
may be effective in predicting post-surgical memory
deficits; Most studies show increased activation is
associated with decreased post-surgical performance;
Decreased FC compared to controls; Increased FC from
ipsilateral hippocampus is correlated with decreased
post-surgical verbal memory performance

Default-mode IGE Deactivation in response to GSW bursts; May be related
to impaired consciousness; May be generator of GSW
bursts

Default-mode TLE Deactivation in response to interictal spiking

Auditory TLE Decreases in FC across network positively compared to
controls; Decrease correlated with duration of disease

Sensorimotor TLE Decreases in FC at rest compared to controls; Decrease
correlated with duration of disease

Visual TLE Increases in FC in primary visual cortex, decreases in FC

across higher order visual regions such as MT+
compared to controls at rest
Dorsal TLE Decreases in FC at rest correlated with decreased scores
Attention on the Trail Making Test
TLE = temporal lobe epilepsy, IGE = idiopathic generalized epilepsy, FC = fMRI functional
connectivity, GSW bursts = generalized spike-and-wave bursts on EEG

Table 1. Summary of effects of epilepsy on brain networks determined using fMRI

In the same fMRI study (Zhang, et al. 2009a), the authors also compared connectivity across
the sensorimotor cortex (part of network 3, Figure 1) in the pre and post-central gyri in the
frontal lobes between bilateral TLE patients and controls. Like the auditory network, the
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sensorimotor network connectivity was diminished in the TLE group as duration of disease
increased.

In the visual cortex (network 1, Figure 1), the functional connectivity findings in the same
study were mixed (Zhang, et al. 2009a). The results showed increases in connectivity in TLE
in primary visual cortex, coupled with decreases in higher order visual processing regions
such as MT+ when compared to controls that decreased with duration of disease. These
findings may be consistent with behavioral results that showed no differences between
reaction time or accuracy responding to visual stimuli in IGE (Verleger, et al. 1997) or TLE
(Grant, et al. 2008); but deficits in processing of visual stimuli detected by EEG studies of
visual evoked potentials (Lucking, et al. 1970) and event-related potentials (Verleger, et al.
1997).

The dorsal attention network is another set of regions that is repeatedly and reliably
identified in healthy subjects (part of network 4, Figure 1). This network is made up of the
intraparietal sulcus and the junction of the pre-central and superior frontal sulcus (or frontal
eye field) in each hemisphere (Fox, et al. 2006) and is involved in attention orienting in
searching for a target among non-targets (Shulman, et al. 2003). This function can be
assessed using a neuropsychological test called the Trail Making Test (Reitan & Wolfson
1995) in which the subject connects numbers or letters in numerical or alphabetical order in
a timed fashion. This and similar tests have been used in epilepsy to quantify the effects of
different anti-epileptic drugs such as topiramate (negative effects) (Kockelmann, et al. 2003),
zonisamide (negative effects) (Park, et al. 2008), lamotrigine (positive effects) and
oxcarbazepine (positive effects) (Seo, et al. 2007) on cognition. Using the same ICA methods
as in their previous work in perceptual networks above, Zhang et al. compared the resting
functional connectivity in the dorsal attention network between patients with bilateral TLE
and controls (Zhang, et al. 2009b). They found decreases across most of the network in TLE
which correlated with decreased scores on the Trail Making Test. Interestingly, they also
found an increase in the right superior frontal sulcus which also correlated with decreases in
the Trail Making Test scores across patients.

4. Unique epilepsy related networks

In addition to the changes in known resting-state networks, epilepsy can alter connections
between regions, thereby identifying networks unique to this condition. These networks
may delineate seizure propagation, or impairment or compensatory mechanisms to
structural and/or functional damage across the brain. The changes may be a result of the
seizures or epilepsy, or may play a part in the underlying epileptogencity of a region.
Furthermore, it may be more difficult to define these altered networks because they may be
different even between patients with similar disease characteristics. Currently, most of the
work in this area has focused on TLE and hippocampal networks.

4.1 Intrahemispheric mesial temporal lobe networks

It is known that the hippocampus and surrounding structures are most commonly the
generators of seizures in mesial TLE. The networks that are comprised of these regions are
potentially the most affected by the condition. Studies by Bettus et al. (Bettus, et al. 2010,
Bettus, et al. 2009) have investigated intrahemispheric mesial temporal lobe networks in TLE
at rest with the objective to determine whether resting-state functional connectivity can be
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used to determine the epileptogenic hemisphere. They identified five mesial temporal
regions of interest in each hemisphere including the anterior and posterior hippocampus,
amygdala, entorhinal cortex and the temporal pole. Intrahemispheric connectivity between
these regions was compared to a group of healthy controls. Interestingly, there were
decreases in connectivity between regions in both hemispheres in many subjects, but
increases in connectivity compared to controls occurred primarily in the hemisphere
contralateral to the seizures. This increase in resting functional connectivity, speculated to
be a compensatory effect, was shown to have 63% sensitivity and 90% specificity in
lateralizing the TLE.

4.2 Interhemispheric mesial temporal lobe networks

In addition to the intrahemispheric networks involving mesial temporal lobe structures in
TLE, the network between the left and right hippocampus may very likely be one of the
most susceptible to changes due to long term seizure propagation effects. However, the
direct consequences of these effects on functional connectivity are not clear. In left TLE, the
interhemispheric hippocampal network was found to be almost non-existent in a resting
fMRI study of nine patients (Pereira, et al. 2010). In the same study, the connectivity
between the hippocampi was stronger in a group of nine patients with right TLE than in left
TLE, but both patient groups were significantly less than the strong interhemispheric
hippocampal connectivity detected in the nine healthy controls. Another investigation
quantified the interhemispheric connectivity in TLE during a spatial memory task which
would utilize the network between these two regions (Frings, et al. 2008a). They found that
hippocampal connectivity during the memory task significantly increased as age of onset of
epilepsy increased; and that as disease duration increased hippocampal connectivity
decreased. This suggests a negative effect of repeated seizures or hippocampal damage
across this network during the task, which may be reflected in the poorer memory
performance of TLE patients in general. However, the different behavioral states (resting vs.
task) of the two studies and the lack of disease duration information in the resting study,
make these difficult to interpret together.

In an attempt to reconcile these two studies, we recruited 15 TLE patients with left temporal
ictal and interictal EEG, and 7 TLE patients with right temporal interictal and ictal EEG. We
performed resting fMRI on a 3T MRI scanner using a 2 sec temporal sampling rate
(compared to 2.0T MRI with a 2 sec sampling rate (Pereira, et al. 2010), and 1.5T MRI
scanner with a 4 sec sampling rate (Frings, et al. 2008a)) and computed interhemispheric
hippocampal connectivity using structurally defined hippocampal regions of interest similar
to above. While no additional physiological noise corrections were performed in the two
published studies, we linearly regressed motion and a global time course from the seed time
courses before performing correlations. We compared connectivity to 12 healthy controls
and found that there was no significant difference between the connectivity of controls and
TLE patients, especially those patients with a shorter duration of disease (Figure 2, left). We
also computed a linear correlation between connectivity and duration of disease. This
revealed no significant correlation across the group of all TLE patients, but a significant
decrease in connectivity as duration increased in the left TLE patients (correlation coefficient
=-0.531, p = 0.042) (Figure 2, left).

Therefore, we were not able to duplicate the results of Pereira et al. to find decreased
interhemispheric connectivity in the TLE patients, unless the patients in their study all had
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extensively long duration of disease (which is not stated). But, we were able to duplicate in
left TLE at rest what Frings et al. showed during the memory task; that hippocampal
connectivity decreased as duration of disease increased. However, it is clear that further
study is required to fully understand this network and the effects of epilepsy on it. We
believe that it is likely that the choice of hippocampal region of interest may have a
significant effect on these results. To investigate this we identified functionally defined
regions in the anterior left and right hippocampus that were about one-half the volume and
completely within the structurally defined regions. The interhemispheric connectivity result
from these regions was different from what was seen with anatomically defined regions
(Figure 2, right). With the functionally-defined restricted regions, the connectivity across all
TLE patients increased as duration of disease increased (correlation coefficient = 0.465, p =
0.029). However, the connectivity across the group was not different from that in controls,
possibly because the epilepsy was greater than 20 years in duration in several patients. This
suggests that the anterior and posterior portions of the hippocampus are functionally
distinct and that, perhaps, the effects of TLE occur initially in the anterior portion of the
hippocampus.
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Fig. 2. Interhemispheric hippocampal connectivity at rest in TLE patients and controls
correlated with duration of disease. (Left) Measures calculated with structurally defined
regions between the entire left and right hippocampus. Connectivity in Left TLE decreased
as duration of disease increased (p = 0.042). (Right) Measures calculated with functionally
defined regions in the anterior portion of the left and right hippocampus. Connectivity
across all TLE patients increased as duration of disease increased (p = 0.029). Functionally
defined regions are about one-half the volume of the structurally defined regions.

Hippocampal connectivity measures calculated using correlation coefficients as above, do
not yield information regarding the direction of influence across the network. This can be
determined using Granger causality analyses of fMRI data (Goebel, et al. 2003, Roebroeck, et
al. 2005, Rogers, et al. 2010), but are most effective using faster temporal sampling
(Deshpande, et al. 2010). Therefore, we performed a Granger causality analysis on fMRI
data with a 500 ms temporal sampling rate using the functionally defined anterior
hippocampal regions discussed above (Morgan, et al. 2011). We also determined the
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hippocampal connectivity measures using the faster sampled data. The results revealed that
during the interictal state the interhemispheric hippocampal connectivity initially is
disrupted and then linearly increases with the epilepsy duration longer than 10 years. This
increase in connectivity appears to be due to the hippocampus contralateral to the
epileptogenic focus exerting more influence over the ipsilateral hippocampus. These
findings may have implications in understanding the functional development of epileptic
networks in mTLE.

LEFT TLE RIGHT TLE
!eﬂ; right E left right
30-50 yrs *:_E | 30-50yrs &
e _ e
e
- | 1030
wvi
o
2
[=3
iF]

Fig. 3. Direction of hippocampal influence in TLE determined by Granger causality
measures using high temporal resolution fMRI at rest. Direction and size of arrows
represent direction and relative magnitude of influence between hippocampi at different
periods of the epilepsy duration. At the longest duration, the hippocampus contralateral to
the epileptogenic focus exerts more influence over the ipsilateral hippocampus.

5. Other fMRI analysis methods applied to epilepsy network investigation

5.1 Clustering methods

In addition to the ICA methods discussed, other types of data-driven techniques such as
hierarchical clustering (Cordes, et al. 2002, Stanberry, et al. 2003) and fuzzy clustering
(Baumgartner, et al. 2000, Dimitriadou, et al. 2004, Meyer-Baese, et al. 2004) use clustering of
similar fMRI signal time courses to group and determine voxel time courses of interest. They
are based on the assumption that BOLD stimuli will create a response in multiple voxels
simultaneously. These techniques also are effective in fMRI data and have been applied to
epilepsy data in animal models (Keogh, et al. 2005).

Temporal clustering analysis (TCA) is a method for determining times at which a
significantly large number of voxels experience a similar response such as signal increase
(Liu, et al. 2000, Lu, et al. 2006). This is done by creating a histogram of the number of voxels
that individually reach their maximum (or contain some other shape of interest) at each time
point of an imaging series. In other words, a plot of the number of voxels reaching a
maximum or shape of interest (y-axis) versus time point in the series (x-axis) is created.
Peaks in the histogram indicate the timing of many voxels experiencing the shape of interest
indicating brain activity in response to whatever stimulus was present. The basis of this



98 Management of Epilepsy — Research, Results and Treatment

technique is that the probability of maximal signal intensity of each voxel is equal for all
times unless the response to some stimulus occurs. Therefore, if no stimuli were present, the
histogram would be relatively flat. Liu et al. first developed this method to identify time of
maximal activation after eating (Liu, et al. 2000). The advantage of this technique is that it
can detect specific time course characteristics of interest.

Any of the data-driven approaches above could be used to search for the BOLD responses of
epileptic discharges in fMRI time series. When using ICA type methods, the results will
include all components of the signal, regardless of amplitude or shape. Further
investigations would be required to determine which of these components contain the
signals of interest (De Martino, et al. 2007). In the case of interictal activity, the signal of
interest is based on the hemodynamic response of the electrical spike activity. The TCA
techniques can be “tuned” to this signal of interest. However, for success of any clustering
algorithms we must assume that these discharges give rise to significant BOLD signal
changes. This is supported by the work of Krakow et al. (Krakow, et al. 2001) in which they
found, using EEG-triggered fMRI, that 34.9% of interictal spikes in a subject were associated
with significant focal fMRI activation (signal intensity increases) consistent with results from
several spikes averaged together. In fact, TCA has been used relatively successfully to
localize epileptic discharges in animal models (Makiranta, et al. 2005) and in humans
(Morgan, et al. 2004).

However, the original TCA methods map all signal changes of the desired shape into one
histogram and therefore, they are highly sensitive to motion, physiological noise and other
sources of signal change that may have the signal shape of interest (Hamandji, et al. 2005).
Therefore, we have developed of a two-dimensional TCA technique (2dTCA) which creates
separate histograms for groups of voxels with a similar timing of transient signal increases
(epileptic spike). Using the 2dTCA technique we have developed, multiple histograms are
created as columns on a two-dimensional grid. Thereby, groups of voxels with different
timing patterns will be grouped in different “components”. We evaluated the performance
of 2dTCA in simulated functional MRI datasets (Morgan, et al. 2008). Comparisons were
made with TCA and a freely-distributed ICA algorithm. The results suggest that the
increased sensitivity of 2dTCA over TCA in detecting this particular signal of interest is
comparable to detection with ICA, but with fewer other signals detected. We further
validated it in healthy volunteers with controlled stimulus timing (Morgan & Gore 2009).
Finally, we were able to implement this method to detect regions of activation in the left
mesial temporal lobe, bilateral insula and default-mode network in a group of left TLE
patients (Morgan, et al. 2007, Morgan, et al. 2010). Using the region of activation in the
mesial temporal lobe as the seed, we were able to calculate functional connectivity to the rest
of the brain to detect changes from healthy controls (Morgan, et al. 2010). This revealed a
network including the thalamus, brainstem, frontal and parietal regions consistent with the
“network inhibition hypothesis” (Norden & Blumenfeld 2002, Yu & Blumenfeld 2009). This
theory proposes that complex partial seizures originating in the mesial temporal lobes may
propagate to the medial thalamus and upper brain stem which inhibits function of the
frontal and parietal cortices causing loss of consciousness.

5.2 Graph theory applied to fMRI network analysis
One method to model the complex structural and functional networks of the brain is by
using graph theoretical analysis (He & Evans 2010). This method is described as a powerful
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mathematical framework for characterizing the organization of the complicated networks.
He et al. (He & Evans 2010) describe how structural and functional brain networks can be
modeled using various MRI and EEG techniques. This theory assumes that the brain
consists of nodes (voxels or regions) and edges (the connections between the nodes).
Characteristics about the nodes and edges are determined such as the presence of hubs, or
highly connected nodes. Other characteristics include shortest path lengths and clustering
parameters. Liao et al. (Liao, et al. 2010) used graph theory to compare fMRI data from TLE
patients and controls by identifying 90 cortical and subcortical nodes across the brain. They
found that the TLE patients had increased connectivity within the mesial temporal lobes and
decreased connectivity in the frontal and parietal lobes, consistent with several other
methodologies discussed in this chapter. They also found decreases in the number of
connections in the DMN in the patients. Overall, this is a potentially powerful, quantitative
method for assessing small-world properties and network robustness in the brain.

5.3 Regional homogeneity (ReHo) analysis

The regional homogeneity (ReHo) analysis is an fMRI analysis method to probe the most
local connections in a given region of the brain first developed by Zang et al. (Zang, et al.
2004). The ReHo is measured by determining the local coherence of the fMRI time series of a
given voxel to all of its directly neighboring voxels using Kendall's coefficient of
concordance (Kendall & Gibbons 1990). The assumption is that increases in the ReHo value
will reflect changes in neuronal activity, however the direct link is not known. This method
has been used in numerous studies including those in autism (Shukla, et al. 2010),
depression (Liu, et al. 2010) and intelligence in healthy controls (Wang, et al. 2011). In a
group of non-lesional children with TLE, increased ReHo was found in the posterior
cingulate and the right medial temporal lobe. Decreased ReHo was detected in right frontal
gyrus and the cerebellum. There were also differences between those patients with
abnormal EEG and those without. The significance of these ReHo changes are not known,
but the authors suggest that this increased local synchronization aids in the spread of
epileptiform activity (Mankinen, et al. 2011).

5.4 Amplitude of low frequency fluctuation (ALFF) analysis

It has been determined that the spontaneous fluctuations measured using functional
connectivity analyses are in the low frequency range (0.01-0.08 Hz) (Cordes, et al. 2001).
Therefore, it is possible that the power of these low frequency fluctuations can be
informative regarding the characteristics of the underlying neuronal activity generating
these signals (Dulff, et al. 2008). From this idea, Zang et al. developed the “amplitude of low
frequency fluctuation” (ALFF) analysis. The general method is to do a voxel-wise
calculation of the low-frequency power, and to statistically compare this power across the
brain or other series. This method has been used to compare visual states in healthy controls
(Yang, et al. 2007) and to study schizophrenia (Hoptman, et al. 2010, Huang, et al. 2010) and
attention deficit disorder (Zang, et al. 2007). The approach was used to compare a group of
unilateral TLE patients to healthy controls (Zhang, et al. 2010b). Similar to other methods of
connectivity, increases in the TLE patients were detected in the bilateral hippocampi,
amygdala, temporal pole, midbrain and lateral temporal and parietal regions. Decreases in
ALFF in TLE patients were detected in the DMN. The patients also showed an asymmetry in
their ALFF measures in the mesial temporal lobes and thalamus, possibly indicating the
epileptogenic region.
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6. Conclusions and future directions

In this chapter we have discussed the numerous ways in which epilepsy can affect the
functional networks of the brain and the various fMRI methods used to determine this. We
also explained how these changes may be related to behavioral, cognitive or disease
characteristics. In parallel to the functional connectivity work being pursued, a large effort
has been devoted to examining the same issues in relation to MRI measured structural
connectivity (Focke, et al. 2008). The comparison between functional and structural
connectivity in epilepsy may provide answers that neither method can individually (Voets,
et al. 2009). We believe that large scale neuroimaging studies that incorporate both
structural and functional imaging with genetic, physiological and neuropsychological
testing, like those for controls (The Human Connectome Project,
www.humanconnectome.org) and Alzheimer’s Disease (Alzheimer’s Disease Neuroimaging
Initiative (ADNI), University of California, San Francisco, USA) already underway, may
provide the greatest potential in uncovering the mechanisms and effects of network
alterations in the brain in epilepsy.

7. Abbreviations

ADNI - Alzheimer’s Disease Neuroimaging Initiative
ALFF - amplitude of low frequency fluctuations
BOLD - blood oxygen level dependent

CBF - cerebral blood flow

CMRO?2 - cerebral metabolic rate for oxygen

DMN - default mode network

EEG - electroencephalography

fMRI - functional Magnetic Resonance Imaging

GSW - generalize spike-and-wave

IAT - Intracarotid Amobarbital Test

ICA - independent component analysis

IGE - idiopathic generalized epilepsy

MEG - magnetoencephalography

PET - positron emission tomography

ReHo - regional homogeneity

SPECT - single photon emission tomography

TCA, 2dTCA - temporal clustering analysis, two-dimensional temporal clustering analysis
TLE - temporal lobe epilepsy
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1. Introduction

The concept of the blood-brain barrier (termed hematoencephalic barrier) was first
introduced by Lina Stern in 1921, although the early work by Paul Ehrlich and Edwin
Goldmann suggested the compartmentalization between blood and brain and a role of
blood vessels in maintaining these compartments (Ehrlich, 1885; Goldmann, 1913; Vein,
2008). However, actual proof of the existence of a BBB came in the 1960s. Since then,
significant progress has been made in defining the functions and properties of that barrier.
The BBB is a highly specialized structural and biochemical barrier that regulates the entry of
blood-borne molecules and cells into brain and preserves ionic homeostasis within the brain
microenvironment (Pardridge, 2007; Rubin & Staddon, 1999; Ueno, 2007). Formed at the
interface between blood and brain parenchyma, the BBB is composed of a tightly sealed
monolayer of brain endothelial cells at the brain capillary surface and adjacent perivascular
cells, including astrocytes and pericytes. Both astrocytic endfeet and pericyte processes
wrap the abluminal capillary surface and through indirect or direct synapse-like “peg-
socket” interactions provide physical support and stability to the BBB (Abbott, 2002;
Armulik et al, 2010; Kim et al, 2006; Williams et al, 2001). In recent years, the concept of a
BBB has been significantly extended to the concept of a neurovascular unit, which best
describes the dynamic communication between brain endothelium, neurons, astrocytes,
pericytes, vascular smooth muscle cells, microglia and perivascular macrophages at the
interface between the blood and brain parenchyma compartments (Hawkins & Davis, 2005;
Wolburg et al, 2009). A healthy brain relies on all of the cells of the neurovascular unit to
function properly and communicate with each other in order for neuronal synapses and
circuitries to maintain normal cognitive functions (Fig. 1).

2. Blood-brain barrier junctional complexes

The structural properties of the BBB are primarily determined by the endothelial junctional
complexes, consisting of tight junctions (T]) and adherens junctions (AdJ). The interactions
between brain endothelial cells provide high endothelial electrical resistance barrier, in the
range of 1500-2000 Q.cm? (pial vessels), as compared to 3-33 Q.cm? endothelial barrier in
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other tissues (Butt et al.,, 1990; Crone & Christensen, 1981). The TJ complexes seal the
interendothelial cleft and regulates BBB paracellular permeability, while the Ad] is
important for initiating and maintaining endothelial cell-cell contact (Denker &Nigam, 1998;
Huber et al, 2001; Gonzalez-Mariscal et al, 2003). Structurally both complexes are composed
of transmembrane proteins, which physically interact with their counterparts on the plasma
membrane of adjacent cells, and cytoplasmic plaque proteins, which provide a link between
transmembrane TJ/Ad] proteins and the actin cytoskeleton and participate in intracellular

signaling (Fig. 2).
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The T] transmembrane proteins include occludin, claudins (for example, claudin-5, -3, -12, -
1) and junctional adhesion molecule (JAM) -A, -B and -C (Martin-Padura et al, 1998; Mitic &
Aderon, 1998; Staddon and Rubin, 1996). Occludin (MW ~65kDa) was one of the first T]
transmembrane proteins to be described. It has four transmembrane spanning regions, two
extracellular loops responsible for intercellular adhesion and maintaining transendothelial
electrical resistance, and N- and C- terminal sites through which occludin can fully
oligomerize or directly interact with scaffolding T] [zonula occludens -1, -2, -3 (ZO-1, -2- 3)]
and regulatory proteins [protein kinase C (PKC), tyrosine kinase c-Yes and
Phosphatidylinositol 3-kinases (PI3K)] (Clump et al, 2005; Feldman et al 2005; Suzukiet al,
2002). The C-terminus of occludin plays a critical role in paracellular channel formation,
mediating endocytosis and trafficking of occludin (Li et al, 2005; Nusrat et al, 2005). It is also
involved in the integration and function of occludin within the TJ] complex.

Claudins (MW 20 to 27 kDa) are the principal barrier-forming proteins. They belong to the
PMP22/EMP/MP20/claudin family of proteins (Koval, 2006). Until now, twenty different
claudins have been discovered and each of them shows a unique pattern of tissue
expression and interactions. Claudins have a similar structural pattern to occludin: four
membrane-spanning regions, two extracellular loops and two cytoplasmic termini (Morita et
al, 1999; Nitta et al, 2003; Ruffer & Gerke, 2004; Soma et al, 2004). The first extracellular loop
influences paracellular charge selectivity, while the second loop is known as a receptor for a
bacterial toxin. Similar to occludin, the C-terminal site of claudins possesses a binding site
(domain) for cytoplasmic proteins (ZO-1, ZO-2, ZO-3, MUPP1, PAT]J) through a PDZ motif
(Koval, 2006; Morita et al, 1999; Ruffer & Gerke, 2004). The role of the N-terminal site is still
unclear. Brain endothelial cells express the cell specific claudin-5, which plays pivotal role in
interendothelial occlusion and size selective permeability (Nitta et al, 2003; Ohtsuki et al,
2007). Besides claudin-5, recent data suggest the BBB possesses claudin-3, mostly during
vasculogenesis, claudin-1, during adult brain angiogenesis and barrier genesis, and claudin-
12 (Belanger et al, 2007; Lampugnani et al, 2010). However, there is little information on the
interaction between these claudins and their role at the BBB.

JAM-A, -B, and -C (MW 32 kDa) are members of the immunoglobulin superfamily of
proteins (Martin-Padura et al 1998). Similar to other immunoglobulins, these molecules are
composed of a single membrane spanning domain, an extracellular domain, and two
termini, an extracellular N-terminus and a short cytoplasmic tail C-terminus (Sobocki et al,
2006; Williams et al, 1999). The extracellular region of JAMs consists of two IgG-like
domains and it appears to be subject to glycosylation, although the function of that
glycosylation is still unknown. The short cytoplasmatic tail (40 amino acids) contains a
binding domain which facilitates interactions with TJ associated scaffold proteins such as
Z0-1, AF-6, ASIP/Par3, and cingulin (Bazzoni et al 2000; Bazzoni & Dejana, 2004; Williams
et al, 1999). It also has phosphorylation sites for PKC, PKA and casein kinase II (Williams et
al, 1999). JAMs display different patterns of homophilic and heterophilic cis- and trans-
interactions. While they interact with JAM on adjacent cells, they can also act as adhesion
molecules for interacting with integrins on leukocytes to regulate leukocyte trafficking
(Bazzoni et al, 2000; Lamagna et al, 2005).

The cytoplasmic plaque proteins of T] are divided into PDZ containing proteins (family
membrane-associated guanylate-kinase (MAGUK) homologues (ZO-1, ZO-2, ZO-3),
partitioning-defective proteins Par-3, Par-6, afadin/Af-6) and PDZ lacking proteins
(cingulin, 7H6, Rab13, ZONAB, AP-1, PKC(, PKCA, heterotrimeric G protein) (Gonzalez-
Mariscal et al, 2000, 2003; Ponting et al, 1999). The PDZ containing TJ proteins act as
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scaffolds that bring together cytoskeleton, signaling and integral proteins at specific regions
of the plasma membrane and, via the PDZ domain, have a critical role in clustering and
anchoring transmembrane proteins (Fanning et al, 2007; Hamazaki et al, 2002; McNeil et al,
2006). For example, ZO-1 functions as a multidomain scaffold that coordinates assembly of
transmembrane and cytosolic proteins, including components of the cortical cytoskeleton,
into TJs and/or regulates the activity of these proteins once they are assembled. Thus, ZO-1
is required for the normal kinetics of T] assembly, for TJ specific localization and unique
organization of transmembrane proteins (Gonzalez-Mariscal et al, 2000; McNeil et al, 2006;
Utepbergenov et al, 2006).

PDZ lacking proteins have a variety functions at the T] complex. For example, cingulin acts
as a cross-link between TJ] proteins (ZO-2, ZO-3, AF-6, JAM) and the actin-myosin
cytoskeleton. Rab proteins (Rab13, Rab3b) have a role in the docking and fusion of transport
vesicles at the T] complex, while PKC{ and PKCA have roles in regulating polarization and
in TJ assembly (Andreeva et al, 2006; Suzuki et al, 2002; Terai et al, 2006; Yamanaka et al,
2001;). G proteins (Ga-i0, Ga-i2, Gal2, Gas) co-immunoprecipitate with ZO-1 and play a
role in accelerating TJ] assembly and maintaining transendothelial electrical resistance (Citi
&Cordenonsi, 1998; Meyer et al, 2003).

The major Ad] transmembrane protein in endothelial cells is vascular endothelium (Ve)-
cadherin. The Ad] cytoplasmic plaque proteins include catenin family members (a-, B-
catenin, p120) (Bazzoni & Dejana, 2004; Nagafuchi, 2001). Ve-cadherin is an important
determinant of microvascular integrity both in vitro and in vivo. Together with the catenins,
it forms a complex that functions as an early recognition mechanism between endothelial
cells (Vorbrodt & Dobrogowska, 2004). In that complex, f-catenin and p120 are linked with
cadherin and to a-catenin, and this provides a functional interaction for Ve-cadherin with
the actin microfilament network of the cell cytoskeleton. A p120 binds Ve-cadherin with
high affinity suggesting that it may be engaged in regulating vascular permeability
(Hatzfeld, 2005; Tao et al, 1996; Vorbrodt & Dobrogowska, 2004).

The actin cytoskeleton is also a critical component for establishing brain endothelial barrier
integrity. The cytoskeleton is composed of three primary elements: actin microfilaments,
intermediate filaments and microtubules. Actin microfilaments are focally linked to multiple
membrane adhesive proteins such as cadherin, occludin, zonula occludens, catenins and
focal adhesion complex, forming a structure known as the actin-rich adhesion belt and
providing physical support to the junctional complexes (Lai et al, 2005; Small et al, 1999; Tao
et al, 1996). In addition, actin microfilaments are involved in generating tension via myosin
light chain phosphorylation and actin stress fiber formation during the unsealing of the
junctional complex (Small et al, 1999; Stamatovic et al, 2003; Wang et al, 1983). A second
major element of the cytoskeleton is the microtubules, polymers of a- and p-tubulins, which
participate in rapid assembly of actin filaments and focal adhesion, isometric cellular
contraction and/or increased transendothelial leucocyte migration (Honore et al, 2005;
Tzima, 2006). A third major element of the cytoskeletal machinery is the intermediate
filaments (predominantly vimentin) which have a role in reorganization of actin filaments
and microtubules (Dudeké& Garcia, 2001).

3. Blood-brain barrier transport systems

3.1 Transcellular transport
Due to the restrictive angioarchitecture of the BBB, brain endothelial cells have developed
specific transport systems which allow the controlled exchange of proteins, nutrients and
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waste products between blood and brain. In this way, while impeding the general influx of
hydrophilic intravascular substances from blood to brain, carrier- and receptor-mediated
transport systems promote the transport into brain of select compounds important for
cerebral function. In addition, active efflux transport systems promote the clearance of select
compounds (e.g. waste products) from brain to blood. There is some ‘non-selective’
transport of compounds across the BBB through nonspecific vesicular transport (fluid phase
endocytosis or adsorptive endocytosis) (Lossinsky et al, 1983; Lossinsky & Shivers, 2004).
Fluid phase endocytosis, adsorptive endocytosis and caveolae are some of the systems
involved in the transcytosis of compounds across the brain endothelium. Transcytosis
describes the vectorial movement of molecules within endocytotic vesicles across the
cerebral endothelium (primarily from the luminal cell side to the abluminal side) where
exocytosis occurs (Lossinsky & Shivers, 2004). Brain capillary endothelial cells contain two
kinds of vesicles that are open to the luminal blood capillary space: caveolae and clathrin-
coated pits/vesicles. Clathrin is a self-assembling protein whose polymerization into a
polyhedral network promotes membrane vesiculation and budding of selected receptors
(Miwako et al, 2003; Mukherjee et al, 1997). Compared to peripheral endothelia, the brain
capillary endothelium is particularly enriched in clathrin-coated pits/vesicles (Lossinsky &
Shivers, 2004). These are predominantly expressed on the luminal side suggesting that
clathrin-dependent transcytosis is primarily from blood to brain. Clathrin-coated pits recruit
cell-surface receptors and then, through a series of highly regulated steps, pinch off to form
clathrin-coated vesicles, which further may fuse with a transcytotic endosome (Miwako et
al, 2003; Mukherjee et al, 1997).

Caveolae are bud-like invaginations formed by the concentration of the caveolin proteins.
These vesicles are enriched in cholesterol and glycosphingolipids on cellular membranes as
well as glycosyl phosphatidyl inositol (GPI)-anchored proteins, not present in the coated
pits (Hommelgaard et al, 2005; Kirkham & Parton, 2005). Caveolae are found on both
luminal and abluminal plasma membranes of cerebral endothelial cells indicating
bidirectional transcytosis from blood to brain and from brain to blood (Lossinsky & Shivers,
2004). Caveolae contain an abundance of membrane receptors, transporters and signaling
molecules, suggesting their involvement in various important cellular processes in addition
to their role in the endocytosis/transcytosis. Recent findings regarding the process of
endocytosis have pinpointed the merging endosomes for both types of endocytotic
pathways (see for review Hommelgaard et al, 2005) .

In fluid-phase transcytosis, invagination of caveolae entraps bulk plasma and soluble
plasma molecules. The vesicles are then transported across the cerebral endothelium. In this
transport process, there is a lack of interaction between the transported molecules and the
caveolar vesicular membrane (Lossinsky & Shivers, 2004; Predescu et al, 2007). A very small
portion fluid-phase transcytosis can occur via clathrin-coated pits/vesicles.

Adsorptive transcytosis can be specific (receptor-mediated transcytosis) and nonspecific
(adsorptive-mediated transcytosis) processes. Receptor-mediated transcytosis is triggered
by a specific interaction of a molecule with receptors expressed on capillary brain
endothelial cells and it is limited to transport of proteins and peptides across the BBB.
Examples of this type of adsorptive transcytosis are insulin, iron-transferrin and LDL-
cholesterol (Broadwell et al, 1996; Hervé et al, 2008; Simionescu & Simionescu, 1985) This
type of transport is very limited in brain endothelium with small amounts of insulin and
transferrin being delivered into brain sufficient to maintain BBB and brain homeostasis.
Clathrin-type vesicles are predominantly involved in receptor-mediated transcytosis.
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Non-specific adsorptive transcytosis does not involve specific plasma membrane receptors
and endocytosis is initiated through charge-charge interaction between polycationic
substances and negative charges on the endothelial surface. Molecules that penetrate the
brain via this mechanism include, but are not limited to, various cationic proteins. Clathrin-
coated pits along the luminal surface of ECs are negatively charged and thus capable of
binding positively charged substances (Hervé et al, 2008; Villegas et al, 1993). A few studies
have, however, demonstrated that caveolae are involved in adsorptive endocytosis by
transferring of cationized F(ab'); antibody fragments across the BBB (Girod et al, 1999).

Brain uptake via non-specific and specific adsorptive transcytosis is time- and
concentration-dependent, and requires energy. Uptake via these types of endocytosis is slow
compared with carrier-mediated transport of nutrients (e.g. glucose), taking minutes to
occur. Both non-specific and specific adsorptive endocytosis/ transcystosis are also saturable
processes with the main difference being that non-specific adsorptive transcytosis becomes
saturated at higher concentrations (micromolar level) while specific adsorptive transcytosis
becomes saturated at a low nanomolar range (Hervé et al, 2008).

3.2 Carrier mediated: blood-to-brain influx systems

BBB possesses a wide array of carrier-mediated transport systems for small molecules to
support and protect CNS function. For example, the blood-to-brain influx transport systems
supply nutrients, such as glucose and amino acids.

D-glucose in the primary energy source for the brain and the BBB has very high levels of the
facilitative (Na*-independent) glucose transporter, GLUT1 (SLC2A1) which transports D-
but not L-glucose (Cornford et al, 1993; Pardridge et al, 1990). GLUT1 is localized on both
the luminal and abluminal sides of the BBB. As well as transporting D-glucose, GLUT1
transports hexoses and an oxidized form of L-ascorbic acid, L-dehydroascorbic acid. It is
considered to have role in maintaining the high concentration of L-ascorbic acid in the brain
compared with plasma (McAllister et al 2001; Vemula et al, 2009). In addition, GLUT1 can
transport some glycosylated peptides (e.g. L-serinyl-B-D-glucoside analogues of Met>
enkephalin) (Masand et al, 2006).

Amino acids like L-tyrosine, L-tryptophan, and L-histidine are transported from the blood
to the brain via a Na*-independent neutral amino acid transporter (system L) (Boado et al,
1999, Ohtsuki, 2004). This is a heteromeric transporter with a light chain (LAT1; SLC7A5)
and a heavy chain (4F2hc; SLC3A2)(Omidi et al, 2008). As with GLUT], it is facilitative and
present on both the luminal and abluminal membranes. Same transporters is involved in
transports L-leucine, L-isoleucine, L-valine, L-methionine, L-threonine, and L-phenylalanine
(Audus & Borchardt, 1986; Omidi et al, 2008; Reichel et al, 1996; Xiang et al, 2003). Several
amino acid-mimetic drugs, alkylating agent melphalan, the antiepileptic drug gabapentin,
and the muscle relaxant baclofen use a System L for the influx form blood to brain (Luer et
al, 1999; Sakaeda et al, 2000). Thus a high-protein diet reduces the concentration of these
drugs in the brain due to competitive inhibition at the BBB.

The basic amino acids, such as L-lysine and l-arginine have a CAT1 (SCL7A2) transporter
which expression is concentrated in brain capillaries (Lyck et al, 2009; Umeki et al, 2002).
TAUT (SLC6A6) mediates taurine transport at the BBB, and due to neuroprotective effect of
taurine the therapeutic manipulation of this transporter is important strategy in the
treatment of neurodegenerative disorders (Kang et al, 2002; Lyck et al, 2009).

MCT1 (SCL16A1) mediates influx transport of monocarboxlic acids, such as lactate and
pyruvate. MCT1 in the brain and the brain uptake rate of lactate are particularly increased
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during the suckling period allowing brain the use lactate from milk (Batrakova et al, 2004;
Kido et al 2000; Umeki et al, 2002).

CNT1 (SCL28A1) mediates transport of nucleosides and their analogues while Oatp2
(SLCO1B1; SLC21A6) mediates transport of organic anions and opioids (Bourasset et al,
2003; Cansev, 2006; Gao et al, 2000; Li et al, 2001). Both of these blood-to-brain influx
transport systems are candidates to enhance drug delivery to the brain.

Creatine is important in energy storage in the brain and it is uptaken via CRT [SLC6AS]
transporter (Braissant et al, 2001, Ohtsuki et al, 2002; Tachikawa et al, 2009;). This
transporter is expressed on both luminal and an abluminal membrane of brain capillary
endothelial cells and for this transporter is documented to mediate creatine supply to the
brain (Braissant et al, 2001; Ohtsuki et al, 2002). Due to the fact that creatine has a
neuroprotective effect, targeting CRT at BBB is the strategy to increase brain creatine levels
and to prevent neurodegeneration (Fig. 3).

LUMINAL

Fig. 3. Blood brain barrier transport system.

3.3 BBB efflux transporters: brain-to-blood efflux system

The BBB is involved in the brain-to-blood efflux transport of hydrophilic small molecules
generated in the brain, such as neurotransmitters, neuromodulators, end-metabolites of
neurotransmitters, uremic toxins, and also peptides, such as immunoglobulins.

Brain endothelial cells contain the norepinephrine transporter (NET), localized at the
abluminal membrane and serotonin transporter (SERT), localized at both the abluminal and
luminal membrane. In this way the brain microvasculature could receive signals and be
regulated by monoamines released from adrenergic and serotonergic neurons (Ohtsuki,
2004; Wakayama et al, 2002). The abluminally localized NET and SERT is thought to be an
inactivation system for neurotransmitters around the brain capillaries. The presence of
luminal SERT is thought to play a role in serotonin clearance from the intravascular space
(mostly secreted by platelets) to maintain cerebral blood flow (Nakatani et al, 2008; Olivier
et al, 2000). Besides monoamines, brain endothelial cells are also involved in the efflux
transport of GABA via Betaine/ GABA transporter-1 (BGT-1; SLC6A12) or murine GABA
transporter 2 (GAT2) present on the abluminal membrane (Gibbs et al, 2004; Kakee et al,
2001; Takanaga et al, 2001).

Brain endothelial cells exhibit stereo-selective efflux transport of aspartic acid (Asp), via
ASC transporter ASCT?2, selectively transporting the L-isomer of Asp (Tetsuka et al, 2003).
In addition, excitatory amino acid transporters, EAATs, have been detected on the
abluminal membrane of brain endothelial cells having a role in transport of both L- and D-
Asp isomers and L-glutamate (Ennis et al, 1998; O'Kane et al, 1999; Tetsuka et al, 2003).
System A is a transport system (ATA1, ATA2, ATA3) for small neutral amino acids that
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accepts L-alanine, L-proline and glycine (Hatanaka et al, 2001; Ling et al, 2001). Present on
the abluminal membrane of brain endothelial cells, this system also may contribute to the
regulation of the osmolarity in the brain and cell volume (Hatanaka et al, 2001; Ohtsuki,
2004).

The organic anion transporter (OAT) family is also involved in efflux transport at the BBB.
These transporters are involved in the efflux of various neurotransmitter metabolites and act
as a CNS detoxification system (Ohtsuki et al, 2004). For example, OAT3 (SLC22AS8),
localized at the abluminal membrane, transports homovanillic acid (HVA) from brain to
blood (Mori et al, 2003; Ohtsuki et al, 2002). OAT3-mediated HVA transport is inhibited by
various neurotransmitter metabolites such as 3,4-dihydroxyphenylacetic acid (dopamine
metabolite), vanillylmandelic acid, 3,4-dihydroxymandelic acid and 4-hydroxy-3-
methoxyphenylglycol (norepinephrine and epinephrine metabolites), 5-hydroxyindole
acetic acid and 5-methoxytryptophol (serotonin metabolites), and imidazole-4-acetic acid
and 1-methyl-4-imidazolic acid (histamine metabolites) (Duan & Wang, 2010; Ohtsuki et al,
2002). Thus it appears that OAT3 mediates the clearance of a wide range of neurotransmitter
metabolites from brain. In addition, OAT3 mediates the brain-to-blood efflux of indoxyl
sulfate: a uremic toxin (Ohtsuki et al, 2002). The brain concentration of under normal
conditions is 3.4 times lower than that in serum and this limited distribution could be due to
OAT3-mediated BBB efflux (Ohtsuki et al, 2002).

Another transporter of organic anions, Oatp2, is localized on both the luminal and
abluminal membrane of brain endothelial cells and plays a role in the efflux of
dehydroepiandrosterone sulfate, a neurosteroid that can interact with GABA type A
receptors and o receptors to increase memory and learning ability and to protect neurons
against excitatory amino acid-induced neurotoxicity (Asaba et al, 2000; Gao et al, 1999; Ose
et al, 2010). Oatp2 is also responsible for estrone-3-sulfate efflux transport (Asaba et al,
2000).

BBB active drug efflux transporters know as ATP-binding cassette (ABC) efflux transporters
are increasingly recognized as important determinants of drug distribution to, and
elimination from, the brain, minimizing or avoiding in this way neurotoxic adverse effects
of drugs that otherwise would penetrate into the brain (Begley, 2004). Until now the best
characterized of the BBB ABC efflux transporters are P-glycoprotein (Pgp, ABCB1), the
multidrug resistance associated protein MRP (ABCC2) family and breast cancer resistance
protein (BCRP) (Eisenblatter et al, 2003; Virgintino et al, 2002; Zhang et al, 2003).
P-glycoprotein (P-gp/MDR1/ABCB1) is a well-characterized efflux transporter of
xenobiotics (Loscher et al, 2005). P-gp is a primary active transporter of relatively lipophilic
compounds, such as the anticancer drug, vinblastine, cyclosporin A, and the cardiac
glycoside, digoxin, by direct consumption of ATP (Hembury et al, 2008; Loscher et al, 2005;
Quezada et al, 2008; van der Sandt et al, 2001). In addition, P-gp contributes to efflux of such
as amyloid-beta proteins from the brain into the blood as well as many drugs such as anti-
cancer drugs (Cirrito et al, 2005; Nazer et al, 2008; Piwnica-Worms et al, 2006). P-gp
expressed on the luminal side of brain endothelial cells plays a very important role in
restricting the entry of xenobiotics from the circulating blood into the brain (Matsuoka et al,
1999, Warren et al, 2009). Thus, for example, ivermectin reaches 20-fold higher
concentrations in the brains of mice without P-gp (Lespine et al, 2006).

The multidrug resistance-associated protein (MRP) 1, 4, 5, and 6 has been detected in
primary cultured bovine brain endothelial cells and the bovine brain capillary-enriched
fraction (Nies et al, 2004; Yu et al, 2007; Zhang et al, 2000). MRP1 and 5 are predominantly
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localized on the luminal membrane fraction while MRP4 is localized almost equally on the
luminal and abluminal membrane fractions (Nies et al, 2004; Yu et al, 2007). However, the
localization of these subtypes is still unclear. Although the full functions of MRPs are still
unknown (and the relative importance still debated), one recent study indicated that Mrp1
contributes in part to the efflux transport of Estradiol-17-B-D-glucuronide (E;178G) at the
BBB (Sugiyama et al, 2003) (Fig. 3).

4. BBB and epilepsy

Epilepsy is a chronic neurological disease that is characterized by spontaneous recurrent
seizures and sometimes-untreatable seizures. In addition, epileptogenesis can occur after
brain insults such as trauma, ischemia and infection. Several clinical and experimental
studies have reported that BBB malfunction can trigger chronic seizures or an acute seizure
(Friedman et al, 2009; Oby & Janigro, 2006; Tomkins et al 2011). Furthermore, transient BBB
disruption is a consequence of epileptic seizures and multiple changes in BBB transporters
have been reported in epilepsy patients/models. BBB obviously play an important
multifaceted role in epileptic seizures as discussed below (Dombrowski et al, 2001; Loscher
et al, 2002; Lotowska et al, 2008).

Pathological and immunohistochemical studies in human epileptic tissue as well as animal
models of epilepsy consistently demonstrate structural evidence for an abnormal “leaky”
BBB with an accumulation of serum albumin within the neuropil and cellular elements as
functional evidence for abnormal vessels permeability to large hydrophilic molecules (Oby
& Janigro, 2006; Stewart et al, 1987). A substantial increase in BBB permeability was found in
approximately 2/3 of capillaries and perivascular astroglial processes.

4.1 Blood Brain Barrier permeability and epilepsy

Increased BBB permeability is associated with remodeling of interendothelial junctional
complex and gap formation between brain endothelial cells (paracellular pathway) and/or
intensive pinocytotic vesicular transport between the apical and basal side of brain
endothelial cells (transcellular pathway) (Bazzoni, 2006; Garcia & Schaphorst, 1995;
Lossinsky & Shivers, 2004). These two pathways display differences in cellular and
molecular components as well as in physical properties. The transcellular pathway can be
either passive or active, and is characterized by low conductance and high selectivity in
either apical to basal or basal to apical directions. In contrast, the paracellular pathway is
exclusively passive, being driven by electrochemical and osmotic gradients, and it shows a
higher conductance and lower selectivity, although it can display charge and size selectivity
(Bazzoni, 2006). There is evidence that both types of pathway are involved in the
development and progression of epilepsy seizures. Ultrastructural studies on human
epileptic tissue clearly demonstrated BBB abnormalities, including increased
micropinocytosis and fewer mitochondria in endothelial cells, a thickening of the basal
membrane, and the presence of abnormal tight junctions (Cornford & Hyman, 1999;
Cornford & Oldendorf, 1986).

Increased BBB permeability could be an etiological factor contributing to seizure
development. Both clinical and animal studies pinpoint that primary vascular lesions and,
specifically an opening of the BBB (i.e. significant and long-lasting BBB breakdown in
cortical injury), trigger a chain of events leading to epilepsy (Marchi et al, 2007; Oby and
Janigro, 2006; Seiffert et al, 2004; Tomkins et al, 2007; Tomkins et al, 2008; van Vliet et al,
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2007). Increased BBB permeability was found in 77% of patients with posttraumatic epilepsy
and these patents had a larger cerebral cortex volume with BBB disruption (Tomkins et al,
2008). In 70% of patients, slow (delta band) activity was co-localized, by sLORETA, with
regions showing BBB disruption (Tomkins et al, 2011). A consequence of increased para-
and transcellular permeability is extravasation of albumin into the brain neuropil. This may
be sufficient for the induction of epileptogenesis. It has been suggested that accumulated
albumin binds to transforming growth factor beta receptor 2 (TGFbetaR2) in astrocytes and
induces rapid astrocytic transformation and dysfunction (Cacheaux et al, 2009; David et al,
2009; Ivenset al, 2007;) In addition, leakage of some other serum-derived components into
the extracellular space may also result in hyperexcitability and seizure onset. For example, it
has been recently shown that the serum protein, thrombin, via receptors protease-activated
receptor 1 (PAR1), produces a long-lasting enhancement of the reactivity of CA1 neurons to
afferent stimulation (Maggio et al, 2008). It should also be noted that in many cases of
epilepsy, that BBB breakdown has been associated with early or delayed neuronal damage
(Rigau et al, 2007; Tomkins et al, 2007; van Vliet et al, 2007).

Furthermore, BBB dysfunction may not only trigger epileptic seizures, it may also contribute
to the progression of epilepsy (Seiffert et al, 2004, van Vliet et al, 2007; Uva et al, 2008).
Recently, a role for BBB opening in the progression of temporal epilepsy was suggested
based on the finding of positive immunocytochemistry staining for accumulated albumin
and a positive correlation between the extent of BBB opening and the number of seizures
(van Vliet et al, 2007). In the line with that evidence, application of bile salts causes long-
lasting BBB opening caused by application of bile salts and the delayed appearance of
robust hypersynchronous epileptiform activity (Greenwood et al, 1991). Predictors of
seizures during the BBB breakdown are elevation of serum S100beta (an astrocyte marker)
levels and computed tomography (CT) scans (Marchi et al, 2007).

Vasogenic brain edema is one the best example of association between BBB dysfunction and
epilepsy. In experimental epilepsy models (kainate- and pilocarpine-epilepsy models,
layers II and III of the piriform cortex are vulnerable to brain edema and they have been
shown to play a role in generation and propagation of paroxysmal activity (Gale, 1992,
Loscher and Ebert, 1996, McIntyre and Kelly, 2000). In contrast to the piriform cortex, the
hippocampus shows vacuolized CA1l astrocytes and neuronal death without vasogenic
edema (Kim et al, 2009, Kim et al, 2010).

Many studies have reported an increased permeability of the BBB during epileptic activity
(C)ztas and Kaya, 1991, Ruth, 1984; Ilbay et al, 2003, Ates et al, 1999). A fast and significant
increase in systemic blood pressure, particularly during tonic epileptic seizures, induces
marked vasodilation of large cerebral arteries and an increase in blood pressure in
capillaries, small arteries, and veins, leading to leakage of the BBB (Mayhan, 2001). Indeed,
an acute increase in blood pressure or epileptic activity causes increased pinocytosis in the
cerebral endothelium (Cornford and Oldendorf, 1986).

The loss of BBB integrity, however, is not only due to an abrupt increase in intraluminal
pressure but also influenced by the properties of cerebral tissues, particularly in the
perivascular area (Nitsch et al, 1985). The most notable changes are on perivascular
astrocytes. Several recent studies have pinpointed alterations in astrocytic dystrophin
expression during epileptogenesis, which may directly influence brain endothelial barrier
permeability. Dystrophin, an actin-binding protein, is primarily localized in the astrocyte
end-feet near capillaries where this anchor protein is responsible for maintenance of
polarized expression of astrocytic aquaporin 4 (AQP4; a water channel) (Nico et al, 2003;



Blood-Brain Barrier Permeability: From Bench to Bedside 123

Sheen et al, 2011). Since astrocytes selectively control exchange between blood and neural
tissue by induction of the morphological and biochemical features of endothelial cells to
form TJ and of its enzymatic systems and transporters, it is likely that dystrophin plays a
role in establishment of endothelial polarity and regulating vascular permeability
(Anderson et al, 1989; Nico et al, 2003). However, some dystrophin isoforms are also present
in brain endothelial cells where, as an actin binding protein, dystrophin may regulate the
actin machinery associated with the T] complex (Nico et al, 2004). During epileptogenesis,
there is down-regulation of dystrophin immunoreactivity in perivascular astrocytes and
endothelial cells and this was also accompanied by impaired AQP4 expression in
perivascular astroglial end-feet. The perturbed expression of AQP4 and dystrophin
furthermore may be one factor underlying loss of ion and water homeostasis in the epileptic
brain tissue, leading to impaired buffering of extracellular K* and an increased propensity
for seizures (Lee et al, 2004, Eid et al, 2005).

SMI-7 is an endothelial barrier antigen expressed on the luminal membrane at the rat BBB
(Sternberger & Sternberger, 1987). SMI-71 immunoreactivity is also significantly reduced in
blood vessels at day 1 after epileptogenesis when the neuronal damage is also present (Lu et
al, 2010). However, the down-regulation of SMI-71 is also associated with widening of
intercellular junctions between endothelial cells and swelling of perivascular astrocytic
processes and this was caused by impaired interaction between endothelial cells and
perivascular astrocytes (Ghabriel et al, 2002; Lawrenson et al, 1995).

4.2 Angiogenesis, blood brain barrier and epilepsy

In humans, there is evidence that cerebral vascularization (vessel density) is significantly
higher in temporal lobe epilepsy (Rigau et al, 2007). This was neither dependent on etiology
nor on the degree of neuronal loss, but was positively correlated with seizure frequency.
Vascular endothelial growth factor (VEGF) and the VEGF receptors were detected in
different types of cells suggesting a role of this growth factor in the increased
vascularization. In that study, an impairment of the BBB was demonstrated by a loss of TJs
and by immunoglobulin G (IgG) leakage and accumulation in neurons. In a rat model of
temporal lobe epilepsy, VEGF over-expression and BBB impairment also occurred early
after status epilepticus (Croll et al; 2004 Nicoletti et al, 2008). This was followed by a
progressive increase in vascularization. In both humans and rodents, the processes of
angiogenisis and BBB disruption were still obvious in the chronic focus, probably the result
of recurrent seizures (Marcon et al, 2009; Ndode-Ekane et al, 2010).

4.3 Inflammation, blood brain barrier and epilepsy

Several proinflammatory signals are rapidly induced in rodent brain during epileptic
activity. These include cytokines, chemokines, prostaglandins, toll-like receptors, signal-
transduction pathways that recruit nuclear factor-xB (NF-«B), complement factors and cell-
adhesion molecules (Alapirtti et al, 2009; Avignone et al, 2008; Gorter et al, 2006; Manley et
al, 2007; Natoli et al, 2000; Oliveira et al, 2008; Sinha et al, 2008; Zattoni et al, 2011). Seizures
induce a massive inflammatory response in parenchymal cells, involving both microglia and
neurons (Riazi et al, 2008, Zattoni et al, 2011).

Inflammation might either contribute to epileptogenesis or be a response that develops after
seizures. There is substantial evidence supporting both CNS and intravascular inflammation
as being seizure promoting or pro-epileptogenic. BBB damage is known to directly cause
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seizures and to increase spontaneous seizure frequency (Rossi et al, 2011; Riazi et al, 2008;
Vezzani et al, 2011,; Zattoni et al, 2011). Blockade of CNS or systemic inflammation
pathways (e.g., via inhibition of interleukin [IL]-1p signaling with IL1-receptor antagonist or
via blockade of IL-1p production with caspase-1 inhibitors) reduces status epilepticus and
seizure frequency (Alapirtti et al, 2009; Gorter et al, 2006; Kim et al, 2010; Vezzani et al,
2010). Glia, neurons, and endothelial cells express cytokines following seizures in
experimental models in human epileptogenic tissue and after brain injury (Rossi et al, 2011;
Sinha et al, 2008). These findings point to a prominent role for cytokines in the pathogenesis
of seizures. Elucidation of the mechanisms underlying the effects of cytokines in seizures
highlights nonconventional modes of action involving direct effects on neuronal excitability
or a direct action on BBB integrity.

Seizures also, however, induce elevated expression of vascular cell adhesion molecules and
enhance leukocyte rolling and arrest in brain vessels, effects mediated by the leukocyte
mucin P-selectin glycoprotein ligand-1 (PSGL-1, encoded by Selplg) and leukocyte integrins
(Fabene et al, 2008; Gorter et al, 2006; Librizzi et al, 2007). Inhibition of leukocyte-vascular
interactions, either with blocking antibodies, depletion of neutrophils or by genetically
interfering with PSGL-1 function in mice, markedly reduced acute seizures and chronic
spontaneous recurrent seizures (Fabene et al, 2008, Zattoni et al, 2011). Consistent with this
experimental data there are also some clinical studies showing more abundant leukocytes in
epileptic brains than in controls, pinpointing a potential leukocyte involvement (Zattoni et
al, 2011). This, suggest that leukocyte-endothelial interaction could be a potential target for
the prevention and treatment of epilepsy.

Taking into consideration all of these data, there is a need for the development of strategies
to detect BBB permeability changes for diagnosis (i.e. to identify the epileptic region prior to
surgery) and for targeting populations at risk of developing epilepsy. A diagnostic tool for
measuring BBB permeability should give reliable, objective and quantitative information
with high spatial resolution. Qualitative evaluation of BBB disruption in humans
accompanied with analysis of the cerebrospinal fluid for serum proteins or peripheral blood
for brain constituents (e.g. S100B) could be promising strategies (Marchi et al., 2003).

4.4 Blood Brain Barrier transporters and epilepsy

Changes in BBB transporter systems also play an important role in epilepsy. It is estimated
that 20-25% of epileptic patients fail to achieve good control with the different antiepileptic
drugs treatments, developing so-called refractory epilepsy. Changes in ABC transporters
like P-gp, MRPs (MRP1 and MRP2) and BCRP are directly related with the refractoriness
(Abbott et al, 2007; Dombrowski et al, 2001; Lazarowski et al, 2007; Liu et al, 2000; Loscher
&Potschka, 2002). These transporters are overexpressed in the brains of patients with
refractory epilepsy, with implications for active drug efflux from brain. The progressive
neuronal P-gp expression, depending on intensity and time-constancy of seizure-injury, is in
agreement with the development of "P-gp-positive seizure-axis" proposed by Kwan &
Brodie, who also showed that the development of refractory epilepsy directly correlated
with the number and frequency of seizures before initiation of drug therapy (Kwan &
Brodie, 2005). Furthermore two recent studies highlighted a possible underlying mechanism
of the increased Pgp protein expression during the seizures. The studies by Bauer and
colleagues and Hartz and colleagues have indicated that NMDA receptor, cyclooxygenase-2
(COX-2) prostaglandin E2and NF«B are involved in increase expression of Pgp on brain
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microvascular endothelial cells and subsequently with that specific COX-2 inhibitor, NMDA
receptor antagonist and E2 receptor antagonist abolished seizers dependent increase in Pgp
expression (Bauer et al, 2008; Hartz et al, 2006). Therefore, modulation of ABC efflux
transporters at the BBB forms a novel strategy to enhance the penetration of drugs into the
brain and may yield new therapeutic options for drug-resistant CNS diseases.

Another transporter prominent expressed in epilepsy is GLUT-1. GLUT-1 immunoreactivity
is increased in blood vessels after status epilepticus and after kainic acid- or
pentylenetetrazole-induced seizures (Cornford et al, 2000; Gronlund et al, 1996). As there is
a rapid increase in neuronal metabolic energy demands during seizures (Gronlund et al,
1996), this indicates that GLUT-1 may be upregulated under conditions of elevated brain
glucose metabolism. Alternatively, alteration in GLUT-1 expression may be relevant to
angiogenesis, which contributes to epileptogenesis and/or ictogenesis in experimental and
human epilepsy (Ndode-Ekane et al, 2010, Marcon et al, 2009).

5. Conclusion

The data from experimental animals and human clinical studies indicate that studying
mechanisms underlying epileptogenesis and epileptic seizures must consider variety of
interactions within the “neurovascular unit”. Significant changes occur in the vascular
system, astrocytes and microglia cells which contribute significantly to the pathogenesis of
the disease. Recent advances in imaging indicate that identification and quantification of
such events are in hand and call for large-scale prospective studies to explore the role of BBB
breakdown in the epileptogenic process. Valuable information on the time resolution and
extent of BBB permeability changes, the role of astrocytes, inflammation and specific
molecular pathways in human epileptogenesis, may allow a better design of anti-
epileptogenic and anti-epileptic treatments for specific populations.
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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
(Dstergaard, 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 > 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



142 Management of Epilepsy — Research, Results and Treatment

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; Kyllidinen 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 goodness-
of-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: x-
axis 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 Age Sex No of Type of seizures Duration of | MEG
cases events of seizures
febrile
seizures
1 5 years F 3 Generalized tonic - 1-2 min ECD
clonic
Simple febrile seizures
2 4 years F 1 Generalized tonic - 1-2 min N
clonic
Simple febrile seizures
3 2.5 years F 4 Generalized tonic - 1-2 min ECD
clonic
Simple febrile seizures
4 15 months | F 1 Generalized tonic - 1-2 min N
clonic
Simple febrile seizures

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 (Jstergaard,
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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A ER

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; Piist, 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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1. Introduction

Electroencephalographic (EEG) signals derive from the action of neuronal activity in the
cerebral cortex, through the action of synchronously occurring post-synaptic potentials of
neuronal masses (De Munck et al., 1992). Forming reciprocal combinations of interacting
excitatory and inhibitory populations, these neuronal masses are believed to be the sources
of the macroscopic EEG signal recorded on the scalp (Freeman, 1975; Wilson & Cowan, 1973;
Lopes da Silva & van Leeuwen, 1978). In individuals with epilepsy, seizures emerge from
ongoing cortical activity through incompletely understood mechanisms, but are likely
related to a wide variety of biochemical, anatomic, physiologic, or genetic aberrations
(Avanzini & Franceschetti, 2003; Bragin et al., 2002; D’ Ambrosio et al., 2004; D’ Ambrosio et
al., 2005; Nemani & Binder, 2005; Noebels, 2003; Shah et al., 2004; Stables et al., 2002; White
2002).

For over 50 years the paroxysmal EEG signals (“spikes” or “sharp waves”) recorded on the
scalp, reflecting the abnormal behavior of cortical neuronal populations, have remained the
most important laboratory findings in the clinical evaluation of patients with epilepsy
(Niedermeyer, 1999). However, despite the indispensable role of the EEG, the standard
assessment has significant limitations. Typically, 16-21 electrodes are placed over the upper
portions of the cranium, and under these circumstances distances between individual
electrodes are several cm, resulting in inadequate spatial resolution, and an even poorer
assessment of cortical activity in basal brain regions. Research on the spatial frequency
spectrum suggests that to maximize spatial information of the human EEG (“spatial
Nyquist”), interelectrode distances on the cortical surface must be within 1.25 mm (Freeman
et al, 2000), and on the scalp, less than 10 mm (Freeman, 2003). As a consequence, analysis of
standard EEG recordings yields poor spatial resolution, often results in failure to detect
significant pathology, and provides only limited insight into the extent of the involved
cortical network and patterns of discharge propagation. It is anticipated that when detailed
knowledge of the specific cortical regions activated during epileptiform discharges becomes
readily available, that such information will prove to be critical in understanding the nature
of an individual subject’s seizures and in improving therapy (Spencer, 2002).

Major technological advances are becoming available and will likely change the role and
utility of scalp-recorded EEG. One of these advances is the capability for rapid application
of a dense array of electrodes, a technique that may also now be employed in the context of
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continuous longterm EEG video monitoring (LTM) (Thompson et al, 2008). Recording
systems with up to 256 electrodes can provide coverage that includes face and neck, with
the goal of “sampling” basal brain regions (e.g. inferior frontal and basal temporal areas), as
well the convexity of the cerebrum. By increasing spatial sampling and decreasing the
distance between electrodes, dense array EEG (dEEG) results in markedly improved spatial
resolution from scalp EEG data (Lantz et al, 2003). Another important technological
advance is in the development of physical models of head tissues that allow estimation of
neural sources of the EEG (Michel et al, 2001). The combination of superior spatial
resolution and sophisticated methods of source analysis, with results registered on realistic
magnetic resonance imaging (MRI) models, results in more precise information on
electrographic pathology that may be extracted from the scalp EEG (Phillips et al, 2002;
Michel et al., 2004).

With this background in perspective, the purpose of this paper is to describe our research in
dense array EEG as it applies to epilepsy. The review will include a discussion of the insight
that this research has provided in understanding the nature of epileptic circuits, the
potential role of dEEG in evaluating difficult seizures, and the direction of future
technological developments.

2. Methodology

2.1 DEEG recordings

A 256-channel Geodesic Sensor Net (EGI, Inc, Eugene OR, USA) is applied to each person
during the recordings, requiring 10-30 min for application and adjustment (Fig. 1). The net is
constructed to include electrode coverage over the face and neck. For an average adult head,
interelectrode distances are approximately 20-25 mm. The EEG-amplifier used in our
research includes a bandpass of 0.1 to 400 Hz, sampling rate up to 1000 Hz, 16-bit analog-
digital conversion, and noise levels engineered typically to 0.6 microvolts root-mean-square.
Impedances are maintained at less than 50,000 ohms, consistent with the high input
impedance amplifiers employed (Ferree et al, 2001). Continuous longterm EEG-video
monitoring (LTM) with dEEG is also now feasible, and we have employed this technique to
capture seizures in over 50 patients with medically refractory localization-related seizures,
with continuous recordings up to 24-96 hours (Thompson et al., 2008). In our investigations
on subjects with refractory generalized seizures, recordings are performed on an outpatient
basis, with recording times of sufficient duration to record discharges (60-90 minutes) and
with no reduction in subjects” antiseizure medications; these recordings include waking and,
and in most cases, drowsy or sleep states.

The 256 channel dEEG is recorded with a common vertex reference, and re-referenced
digitally to various montages for inspection, including the average reference. Because of the
improved coverage of the inferior head surface, the average reference allows the potential at
each index electrode to be examined with reference to an estimate of the zero potential of the
head (Bertrand et al., 1985; Dien, 1998; Junghofer et al., 1999). The average-referenced EEG
waveforms are examined with topographic waveform plots, a technique that allows
inspection of geometric distribution of the potential fields. In addition, topographic maps
are created with spherical spline interpolation (Perrin et al, 1987). Dynamic scalp
topography of epileptiform discharges with animations can be created at variable time
intervals (Tucker at al., 1994).
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Fig. 1. This model is wearing the 256 channel dense array EEG net. Note the electrode
coverage extending over the face and neck.

2.2 The “inverse problem”

The principal goal of our research efforts in dEEG is to noninvasively localize brain regions
that are involved in the onset and distribution of epileptiform discharges. In other words,
our efforts are aimed at solving the “inverse problem”, which in this case is to determine the
location of electrical signals originating from the cerebral cortex from recordings obtained
on the closed surface of the head. Since there is no unique solution to the inverse problem,
achieving viable answers begins with the construction of a brain and head model (“forward
model”), based on biologically realistic assumptions, such as the geometry and the electrical
properties of head tissues and assuming the cortical origin of scalp-recorded brain signals
(Nunez & Srinivasan, 2006). In brief, the method of solving the inverse problem involves use
of an appropriate forward model used in conjunction with an inverse algorithm for source
analysis. It is important to emphasize that, regardless of the sophistication of the source
analysis, the final results may be misleading if the scalp data lacks adequate spatial
resolution, or if the researcher fails to recognize or account for non-cerebral artifacts (such as
eye movements and muscle potentials) that often contaminate scalp EEG.

2.3 DEEG source analysis
As first step in this analysis, one technique of constructing the forward model is
specification of an ellipsoidal head with four homogeneous shells: brain, cerebrospinal fluid



156 Management of Epilepsy — Research, Results and Treatment

(CSF), skull, and scalp. Conductivity ratios that may be used include 1.0 (CSF), .3300 (brain),
.0042 (skull), and .3300 (scalp); tissue thicknesses may be specified as 1.0 mm (CSF), 7.0 mm
(skull), and 6.0 mm (scalp), with head radius set to 92.5 mm (Berg & Scherg, 1994). An
improvement in the forward model may be accomplished by inclusion of a realistic model
of head conductivity with finite difference computations (Salman et al., 2005). To provide
solutions that are consistent with source analysis techniques regional sources are selected
(with dipole moments in three orthogonal directions of space) that are most adequate to
describe the discharge complex. Dipole locations are visualized in relation to a standard
brain MRI model, with electrodes positioned in relation to skull landmarks in accordance
with the international (10-20) EEG system (nasion, periaurcular points), and co-registered
with the head conductivity model. The positions of the electrodes, with respect to the
standard MRI model, are determined by fitting actual 256-channel locations used in the
source localization software. These locations are the average cartesian coordinates of the
digitized locations from five normal adult subjects.

Several independent methods have been employed in research in regard to the inverse
algorithm component to identify electrographic sources, including linear inverse techniques
(Pasqual-Marqui et al., 2002; Grave de Peralta Menendez et al., 2004) and equivalent dipole
methods (Scherg & Ebersole, 1994; Scherg et al., 2002). Most of our research has utilized the
linear inverse method of local autoregressive average (LAURA), which weights the solution
distribution so that sources are continuous with nearby activity (Grave de Peralta Menendez
et al., 2004). Because the vector fields of electrical sources fall off with the cube of distance
(and the potential fields with the square of distance), the LAURA method constrains the
solution with a weighting function that assumes the result will have a spatial smoothness
with this physical property. The LAURA inverse solutions are implemented within the
GeoSource software package used in our research (http;/wwuw.egi.com), using the head
conductivity model and the probabilistic cortical gray matter locations from the Montreal
Neurological Institute (MNI) probabilistic atlas (www.bic.mni.mcgill.ca) to constrain the
location of 2400 source voxels on the standard MRI. Three orthogonal dipole moments
(x,y,z) are defined and solved for each of the source voxels.

3. Studies of “localization-related” epilepsy

3.1 Comparison with intracranial EEG recordings

One method to test the validity of dEEG is with direct comparison with intracranial EEG
recordings performed in the same patients (Holmes et al., 2008; Holmes et al., 2010a). In
order to accomplish this, seizures must be captured using dEEG LTM. We have studied 10
consecutive patients with medically refractory localization-related epilepsy, all surgical
candidates, who underwent noninvasive evaluation with dEEG LTM studies prior to
intracranial EEG recordings. At least twelve months of postoperative clinical outcome for
each patient is available.

Standard methods in these 10 subjects, which included, as appropriate in each case, high
resolution MRI examinations, standard scalp EEG LTM, single photon emission tomography
(SPECT) imaging, positron emission tomography (PET) imaging, neuropsychological
testing, and detailed neurological examination, failed to provide adequate ictal localization.
For this reason, all individuals required invasive EEG studies to define ictal onsets. Patients
with skull defects or previous brain surgery were not offered dEEG studies, since these
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would affect source analysis methods. The subjects included 7 males and 3 females, with age
range 12-49 years

Prior to intracranial monitoring, the subjects were hospitalized and underwent continuous
video-EEG recording long enough to capture one or more habitual seizure, using the 256
channel EEG system, with the exception of one subject, who was studied with 128 channels.
The hospital stay was generally shorter (24-96 hours), compared to standard LTM.

The first steps in evaluating the data include screening for artifacts, and removing or
digitally interpolating channels degraded by artifact or poor contact (Perrin et al., 1987);
from zero to 10 channels were interpolated in the typical 256 dEEG LTM recording in this
series. The next phase of analysis typically includes the following: 1) Before actual EEG
review, the video recordings are analyzed to determine ictal semiology and time of onset of
clinical seizures. 2) The initial electrographic analysis consists of review of the continuous
EEG data. Montages using the traditional clinical 10-20 electrode array (30 mm/sec) are first
inspected for the purposes of orienting to the head topography and to obtain a general
estimate when the ictal onset most likely occurs. 3) EEG characteristics that signify the onset
of the seizure are then isolated. This part of the evaluation is complex and subjective
because there are often multiple clues to the onset of the seizure, as with any clinical EEG
evaluation. Such clues may take place across a considerable amount of time, ranging from
milliseconds to seconds, to even minutes. It is not possible simply to select one sample for
source localization and consistent findings across multiple seizures increase confidence in
the results. The clinical neurophysiologist’s interpretation is required to separate the
electrographic signs of seizure onset from other EEG features, many of which may be
pathological but not indicative of the seizure. For example, in some patients recurring spikes
are observed prior to the fully developed seizure; often these early spikes are important for
localizing the potential onset of the seizure. In other patients, the EEG may appear relatively
“quiescent” prior to the onset of the seizure and more subtle clues are sought, such as slow
oscillations (0.5-7 Hz), or focal rhythmic or arrhythmic slowing proximal to the fully
developed seizure. 4) Review of the topographic EEG display (topographic waveform plot)
of all 256 channels further aids in spatially isolating distinct epileptiform patterns that occur
prior to and during the onset of the seizure. With an accurate average reference formed from
256 surface potential channels (approximating the zero sum of all cortical dipoles), the
topographic waveform plot illustrates the phase reversals and thus approximate neural
sources of epileptiform events. In many cases, ictal patterns emerge when all 256 channels
are displayed that are not obvious using only subsampled, standard 10-20 chart views (Fig.
2). 5) Topographic mapping examinations of the electrical potentials at the surfaces of the
brain are often aided by two-dimensional Laplacian (the spatial second derivative)
computations, using the potentials with spherical splines, in order to estimate radial scalp
current density (Tucker et al., 1994).

The invasive EEG recordings obtained in all 10 cases were necessitated by the fact that the
initial standard noninvasive evaluation failed to reveal adequate information upon which
surgical therapy could be planned. The indications, type of electrodes (subdural grid or strip
electrodes), location of electrode placement, and duration of recordings were based on
standard clinical criteria. The neurosurgeon was aware of the dense array recordings prior
to placement of subdural arrays. However, interpretations of the invasive recordings were
made without reference to the dense array predictions of seizure onset, and brain resections
were based solely on the analysis of ictal onsets obtained from the invasive EEG recordings.
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Of the nine subjects who underwent surgery, eight underwent resections, while one
underwent multiple subpial transections (MST), since her seizures originated, in part, within
hand motor cortex (Morrell et al.,, 1989). One subject, who had bitemporal epilepsy, was
judged not to be a candidate for resective surgery.

Fig. 2. This figure demonstrates the seizure onset of one subject. The standard EEG (left side)
shows that the seizure is heralded by poorly localized discharges over left posterior
quadrant. Source analysis of one dEEG-recorded seizure suggests that the onset is localized
to left parietal cortex (top right). The “flatmap” of flattened cortical surface of standard MRI
used in source analysis denotes regions of maximal intensity with crosshairs (bottom right).
See also Fig. 3.

We found ictal localization, estimated from dense array EEG studies, convergent (within
approximately 3 cm) in 8 of 10 patients with the intracranial data (Fig. 3). In the two cases
where we found divergence of ictal localization, lateralization was the same using both
modalities. In two subjects, we found more than one ictal focus with intracranial studies;
one of the two foci for each of these two cases was found with dense array recordings. In all
instances, the recording times for intracranial LTM (range 7-20 days) exceeded that of dense
array LTM. More seizures were recorded during invasive studies compared to dense array
recordings, as a result of the longer recording time for intracranial recordings, in nine of the
10 patients.

All patients in the series have been followed at least twelve months after surgery (range 12-
40 months). Recorded outcomes are based on both an approximate percentage of seizure
reduction and the corresponding Engel classification of postsurgical outcome (Engel et al.,
1993). The nine patients who underwent resections or MST were either seizure-free (two
patients) or had a clinically significant improvement in seizure frequency or severity at the
time of most recent postoperative clinic visit (Engel class 1, 2, or 3). Nonspecific gliosis
proved to be the most commonly observed pathological finding.
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A detailed study of one case report in this series is illustrative (Holmes et al., 2008). A 13
y/o girl presented with medically refractory, daily complex partial seizures since age 5. Her
attacks, each lasting 30-60 sec, consist of the onset of confusion with orofacial and upper
extremity automatisms. Standard EEG studies disclosed left occipital and left parietal
spikes. Ictal onsets from standard LTM were found to be of probable left posterior quadrant
onset, but were poorly localized. MRI was normal. DEEG LTM studies captured one of her
typical seizures and disclosed that the seizure originated from left posterior inferior occipital
lobe. Within one sec, ictal propagation to right posterior temporal-occipital cortex, and then
back to left parietal cortex was found. The patient subsequently underwent invasive LTM,
with intracranial subdural grid electrodes placed over left posterior quadrant, and subdural
strip electrodes placed bilaterally over posterior quadrants and basal temporal regions. Both
ictal onsets and propagation patterns recorded from the invasive EEG studies corresponded
closely to that found on the dEEG studies. Surgery was carried out, based on the results of
the invasive studies, and the patient has been seizure-free 35 months after resection.

Fig. 3. Source analysis of onset of seizure of subject shown in Fig. 2, co-registered on
standard MRI model suggests origin in left parietal cortex (yellow color, with maximal
intensity at crosshairs). The figure is also co-registered with subsequent computed
tomography showing intracranial electrode placement. Invasive studies revealed left
parietal cortical origin of the subject’s seizures.

3.2 Analysis of interictal spikes in localization-related epilepsy

Interictal dense array EEG studies may be conducted on a short-term, outpatient basis
(Phillips et al., 2002; Holmes et al., 2005; Michel et al., 2004) to capture interictal epileptiform
discharges. In a study (Holmes et al., 2005) of eight subjects, all surgical candidates, spikes
were detected with Reveal software (http://www.eeg-persyst.com), and confirmed by
visual analysis. For each patient spikes were clustered into populations and each spike
population was subjected to source analysis at 10 msec intervals along the time course of the
spike, utilizing the linear inverse method of LAURA. Although standard visual analysis
suggested that all spike populations in all patients were confined to one temporal lobe
region, more complex spatiotemporal patterns of spike propagation were often observed in
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the dense array EEG data. In some cases, sources indeed remained confined to one temporal
lobe throughout the duration of the spike. In other instances, however, propagation spread
rapidly from basal temporal to lateral temporal lobe, to orbitofrontal cortex, and finally to
the opposite temporal lobe. These findings may give credence to the concept that temporal
lobe epilepsy may be a bilateral corticolimbic network disturbance in some patients
(Spencer, 2002; Ebersole, 1997). A recent study that compared simultaneously dEEG with
intracranial subdural recordings in subjects with temporal lobe epilepsy offers confirmatory
evidence that dEEG, when used in conjunction with realistic source analysis and head
model, accurately localizes intertictal discharges to medial temporal structures (Yamazaki et
al., 2010). This same study also shows that 47% of all intracranial-recorded spikes are
detected by dEEG, with the average detectable dEEG spike approximately 1 pV in
amplitude. Furthermore, the findings in this comparative study suggests that dEEG
provides more precise information regarding deep spike foci than either conventional EEG
or magnetoencephalography. Future research is necessary to answer the question as to
whether or not spike propagation patterns encapsulate the cortical network involved during
clinical seizures.

4. Studies of “generalized” seizures

4.1 Absence seizures

The conventional classification of epileptic seizures is based on the International League
Against Epilepsy dichotomy that epileptic seizures are either “partial” (localization-related)
or “generalized” (Commission on Classification and Terminology of the International
League Against Epilepsy, 1989). This scheme implies that partial seizures have discrete focal
origins, while generalized seizures are assumed to occur without lateralizing or localizing
features that include bilateral, global cortical activation at ictal onset (Panayiotopoulos,
2002). Experimental evidence that implicates thalamic and thalmocortical mechanisms in the
pathophysiology of generalized seizures has been offered as an explanation for the
apparently “generalized” nature of these seizures (Gloor, 1978; McCormick, 2002; Slaght et
al., 2002).

The absence seizure is often considered the prototypic idiopathic generalized seizure.
Although the concept of generalized seizures persists in clinical practice, traditional EEG
visual analysis emphasized a frontal preponderance of the spike-wave complexes in absence
(Niedermeyer, 1999) and early studies in source analysis suggested that, although bilateral
at onset, the ictal patterns in absence localized to frontal cortex (Rodin et al., 1994). Research
using dense array EEG provides further evidence that the traditional concept of
“generalized” epilepsy may not be accurate. Recent studies of absence in five patients using
256 channel dEEG recordings showed that both at onset and during propagation, the
discharges in absence are associated with activation of only discrete regions of mainly
medial frontal and orbital frontal cortex (Holmes et al., 2004). Detailed studies of the ictal
discharges in absence, the onsets of which develop rapidly, suggest that the waveforms may
best be described as “wave-spike”, rather than “spike-wave”. Though individual variability
between subjects may exist, typically the intial slow wave follows oscillations localized to
medial frontal regions, then exhibits anterior propagation and abrupt transition over the
frontal pole as a positive spike displaces the diffuse anterior negative slow wave, with the
discharge then sweeping posteriorly along the orbital frontal cortex.
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Separately, Tucker et al (Tucker et al., 2007) analyzed the same data collected for the Holmes
et al., 2004 study, using the LAURA inverse, and an improved high resolution finite
difference head conductivity model, that showed a “flatmap” display of the cortical surface
using GeoSource software. Overall, the results were convergent with the earlier report. For
each seizure in each patient the slow wave of the wave-spike cycle engaged networks of
mainly medial frontal, and occasionally temporal, cortical networks. Invariably, this was
followed by primary current source distribution in ventromedial frontal cortex during the
abrupt wave-spike transition. Although differences were found between individual patients,
particularly during in the slow wave and the oscillatory EEG changes in the second or so
prior to ictal onset, each seizure rapidly progressed to a stereotyped pattern with major
spike discharges localized to midline frontal networks.

4.2 Studies in juvenile myoclonic epilepsy

We also evaluated epileptiform discharges in 10 patients with the idiopathic generalized
epilepsy syndrome of juvenile myoclonic epilepsy (JME) (Holmes et al, 2010b). In this
syndrome, seizures begin typically in adolescence, do not remit, and may be characterized
by absence, myoclonic, or generalized tonic-clonic attacks. The neurological examination
and magnetic resonance imaging studies are normal, and discharges (based on standard
EEQG) is classically shown to exhibit generalized 4-6 Hz spike or multiple spike-slow wave
complexes. In this study, each subject underwent 1-2 hours of outpatient recording using a
256 channel dEEG system and epileptiform discharges were captured in all cases. Analysis
of epileptiform patterns disclosed that in many cases the results were, not surprisingly,
similar to absence, with activation of mesial frontal and orbital frontal regions found in all
cases (Figs 4, 5). Involvement of other midline regions (anterior or posterior cingulum) was
observed in 4/10 subjects. Importantly, in 6/10 (60%) of the patients, the epileptiform circuit
included mesial temporal lobe. The common denominator in all cases of JME is engagement
of orbitofrontal and medial frontal cortical regions. Independent research findings from
other investigators who have examined JME and absence epilepsy with other modalities,
including MRI volumetric analysis (Tae et al., 2008), diffuse tensor imaging (Deppe et al.,
2006), magnetic resonance spectroscopy (Lin et al., 2009), and functional MRI (Bai et al, 2010)
have all implicated focal cortical involvement in ”generalized epilepsies”, particularly
discrete regions of frontal and temporal lobe

Epileptic seizures may involve only specific cortical networks. Analysis of ictal patterns in
both generalized and localization-related seizures with dense array EEG leads to an
interpretation that all seizures, including those classified as “generalized”, involve only
specific cortical networks. The standard classification of epileptic seizures is a reflection of
the inadequacy of conventional EEG analysis, where spatial resolution is at best limited.
Furthermore, consideration of the regions of cortical involvement at the onset and during
propagation may also lead to the hypothesis that epileptic seizures may be considered as
fundamentally corticothalamic or corticolimbic in nature. Discharges in absence seizures
and in JME invariably involve discrete regions of orbital and medial frontal cortex, and by
inference that is based on mammalian research, the thalamic reticular nucleus (TRN), with
sparing of limbic circuits (Futatsugi & Riviello, 1998; Steriade, 2003). Absence may be the
prototype of the corticothalamic (“generalized”) seizure in which corticothalmic
mechanisms interact with TRN networks and therefore influence thalamocortical projections
and widespread cortical regions (Zikopoulos & Barbas, 2006). In contrast, the temporal lobe
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seizure may be the prototype of the corticolimbic (“localization-related” or “partial” seizure.
However, some frontal lobe seizures may also show spread to ventomedial frontal cortex, in
a manner similar to absence, and thus may also be considered as “corticothalamic” seizures.
On the other hand, some extratemporal seizures show propagation to temporal lobe
structures. Seizures classically considered to be localization-related may therefore exhibit
patterns consistent with primary involvement of either corticothalamic or corticolimbic
circuits. The detailed study of the specific networks involved in the major types of epileptic
seizures may have broader implications as well. Close examination of how consciousness
breaks down in epileptic seizures most certainly offers clues to the underlying mechanisms
that bind consciousness within the large-scale networks of the cerebral cortex (Tucker &
Holmes, 2011).

Fig. 4. Topographic display of onset of epileptiform discharges in subject with juvenile
myoclonic epilepsy. Note that the discharges are not “generalized”, but rather are maximal in
amplitude in anterior-midline regions, and slightly lateralized to the left side. See also Fig. 5.

5. The potential role of dense array EEG in the presurgical evaluation

In addition to suggesting new insights into anatomical mechanisms of epilepsy, dEEG may be
useful in assisting in localizing the site of seizure onset. Ideally, this determination should be
made noninvasively, but in, practice, at least 30-50% of surgical candidates will require some
form of intracranial EEG evaluation, including the majority of individuals with difficult
extratemporal epilepsy (Holmes, 2006). DEEG may hold the promise to assist in ictal
localization, when standard EEG methods fail, and may reduce the need for invasive studies.
However, the present evidence is preliminary, as presented earlier in this chapter, and further
research and validation studies are needed to establish the precise role of this technique in the
presurgical evaluation; such research is necessary since complete concordance of dEEG and
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intracranial EEG findings is not yet available. At the very least, however, it is likely that dEEG
will eventually assist in guiding the placement of invasive electrodes in some cases. As a
corollary, the method may also eventually assist in planning the intracranial placement of
novel treatment devices (Motamedi & Lesser, 2006). Unique methods of analyzing interictal
segments of dEEG may also prove useful in localizing the epileptogenic zone. A recent study
that analyzed one-minute randon, interictal segments of seizure and spike-free dEEG found
that the intracranially proven epileptogenic zone corresponded closely to regions of focal
increases in scalp dEEG 20-50 Hz synchronization and simultaneous decreases in coupling of
theta and gamma frequencies (Fig. 6) (Ramon et al., 2008)

:‘i' Sagittal

| L 90c 2247 Locadon: =3, =4, 57 Inwensity; 5985575 ndk-  Brodmann Areac § Gyt Medial Frosal Gy Lobe: Fromal Lobe R

Fig. 5. Source analysis of onset of discharges in Fig. 4 (top) suggest localization of onset in
medial frontal cortex. The flatmap (bottom) shows the flattened cortical surface of the
standard MRI model used in source analysis, with regions of maximal intensity denoted by
crosshairs.
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In addition to the role that the method may play in assisting in defining the epileptogenic in
the presurgical evaluation, dEEG may also prove useful in lateralizing, and even localizing,
essential language regions and motor function. A recent study in surgical candidates that
exmained covert naming revealed that focal increases in power of 3-7 Hz and 20-50 Hz
frequencies on dEEG lateralized to the same language-dominant side as predicted by the
Wada test (Ramon et al., 2009a). These patterns are not apparent on standard EEG, again
emphasizing the importance of improved spatial resolution provided by dEEG. Another
study that examined motor mapping of thumb and little finger using subject-specific head
models and simultaneous dEEG and fMRI demonstrated convergence between the two
modalities (Luu & Tucker, 2010).
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Fig. 6. Random segment of interictal dEEG free of visually apparent epileptiform discharges
discloses focal increases in low gamma power (30-50 Hz) that corresponds to intracranially
proven epileptogenic zone (in box, left medial frontal region) (Ramon et al, 2008).

6. Future research

Technological development in dense array EEG is anticipated in several areas with the aims
of improving methodology and reliability. Firstly, the current forward model used in
source analysis calculations, which utilizes a standard MRI or ellipsoidal multi-shell model,
may be replaced by the individual patient’'s own MRI. Research is currently underway to
feasibly incorporate patient-specific MRIs into source analysis algorithms. Secondly, more
than 256 electrodes may eventually be recorded simultaneously from the scalp. Given that
the spatial Nyquist of the human scalp EEG necessitates intersensor distances less than 3-5
mm (Freeman et al, 2003), as many as 1500 electrodes, or more, may be required to reduce
interelectrode distances to achieve the ideal dimension. Furthermore, recent studies also
suggest that when optimal scalp EEG spatial resolution is obtained, examination of spatial
frequency patterns even make possible the extraction of details of the cortical surface
anatomy, including gyral and sulcul patterns (Ramon et al, 2009b). Other future
developments are likely to include the incorporation of advances in the quantitative
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evaluation of the onset and propagation of ictal EEG patterns, including analysis of direct
current (ultraslow) frequencies (Vanhatalo et al., 2003; Miller et al., 2007), high frequency
EEG (Worrell et al., 2004), and coherence and spatial pattern analysis (Freeman et al., 2006).
Finally, the utility of dense array EEG in source localization of cortical activity can be
evaluated, and improved, through joint recordings with  whole-head
magnetoencephalography (Liu et al., 2002). Future research will establish the clinical utility
and role of each of these newer methods in extending the information from scalp EEG
recordings.
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1. Introduction

Epilepsy is a chronic disease and the world’s most common serious neurological disorder
(International League Against Epilepsy [ILAE], 2003a; Jacoby, 2002). Epilepsy is the name
for a group of functional disorders of the brain, characterised by repetitive seizures, caused
by abnormal, excessive electric discharges of the nerve cells or neurones in the brain (ILAE,
2003b). Between 5% (ILAE, 2003b) and 11% of the population experience at least one seizure
at some point (Hauser & Hesdorffer, 1990), but not everybody who experiences an epileptic
seizure will develop epilepsy. A diagnosis of epilepsy requires that the patient has had a
minimum of two unprovoked seizures (ILAE, 2003b).

Nowadays, the new generation of antiepileptic drugs and treatment adherence (i.e., proper
use of pharmacological agents and compliance to life style orientations) guarantee that the
majority of patients do not have seizures and can maintain a normal life, with a low
cognitive and aesthetic impact of the disease. Nevertheless, epilepsy therapy may be
prolonged and a cure not always attainable.

The prognosis for seizure control is very good, and with appropriate therapy approximately
75% of patients with epilepsy become seizure free (ILAE, 2003a). Epilepsy is, nonetheless, a
chronic disease, i.e., a disorder that persists for an extended period and affects a person’s
ability to function normally. Seizure control (caused by pharmacological treatment or
surgery, for instance) does not necessarily mean absence of epilepsy.

The impact of epilepsy may be greater than that of some other chronic conditions, partly
because of the unpredictability of seizures, and partly because of the associated stigma. In
fact, research indicates that seizure disorders are often associated with a variety of
psychological and social problems, as well as malaise (Collings, 1990, 1995; Jacoby et al.,
1996) and social and political isolation. Thus, as any other chronic illness, epilepsy has the
potential to induce profound changes in a person’s life, resulting in negative effects on
quality of life (QOL) and wellbeing (de Ridder et al., 2008).

In this context, improvement of the psychosocial health of people with epilepsy is a relevant
issue for researchers and clinicians, making it important to understand psychosocial
dimensions associated with the disease that facilitate epilepsy patients’ adjustment.
Psychosocial health depends on adjustment to epilepsy. It is a process that has a start and an
end point: it can be assessed by the results, or as an end point, and can be viewed by its
positive side (positive adjustment) and not as an adjustment disorder.
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2. Adjustment to chronic disease

What does it mean to adjust to a chronic disease? The literature suggests three main
conclusions: (a) a chronic disease requires adjustment across multiple life domains, (b)
adjustment unfolds over time, and (c) there is marked heterogeneity across individuals in
how they adjust to chronic disease.

Adjustment is a process that begins at the presentation of symptoms and continues
throughout the course of the illness and responds to changes in illness status (Sharp &
Curran, 2006). It can be defined as a response to a change in the environment that allows an
organism to become more suitably adapted to that change (Sharpe & Curran, 2006). It refers
to the healthy rebalancing by patients to their new circumstances (de Ridder et al., 2008).
However, for about 30% of patients, the adjustment phase is prolonged and sometimes
unsuccessful (de Ridder et al., 2008). The above definition implies that adjustment occurs
over time, and often refers to a desirable state or endpoint. de Ridder et al. (2008) and
Stanton et al. (2007) report key elements of successful adjustment to a chronic illness: (a) the
successful performance of adaptive tasks (e.g., adjustment to disability, maintained
emotional balance, and preservation of healthy relationships); (b) the absence of
psychological disorders; (c) the presence of low negative affect and high positive affect; (d)
adequate functional (e.g., work) status; (e) and the satisfaction and wellbeing in various life
domains.

Several models have been proposed on how patients could achieve these outcomes, namely
(de Ridder et al., 2008): the model of cognitive adaptation, which emphasises illness
acceptance and perceptions of control over illness; the personality model that emphasises
the role of personality factors in adjustment; and the stress and coping model that
emphasises strategies used by patients to deal with adaptive tasks imposed by disease. All
the models presuppose relationships between different kinds of psychosocial and
behavioural variables.

In other words, the adjustment process includes contextual, disease, and personal
characteristics, more stable (like personality) or more elusive (more easily influenced by
training or education, like stigma perception, coping, positive psychological state, adherence
to treatment, social support, psychosomatic symptoms, spiritual beliefs, and life events), and
their conjoint impact on outcome variables (health status perception, health related quality
of life - HRQOL -, and subjective happiness).

In this context, the objective of the present study is to discuss the role of psychosocial
variables in adjustment to everyday life in persons with epilepsy.

3. Adjustment challenges

When adjustment is unsuccessful, mental health problems/personality disorders may
become (more) evident or more intense. Inversely, these situations can make adjustment
more difficult. One should, nevertheless, bear in mind that what can be seen as a personality
trait may, in fact, be an attempt to compensate deficits, namely, cognitive deficits (Devinsky
& Najjar, 1999; Hermann & Whitman, 1984; Perrine & Kiolbasa, 1999). It is also worth
stressing that the concept of epileptic personality has become, a long time ago, obsolete,
since only a part of patients is at risk of developing characteristic personality traits (that
present themselves in a highly variable degree) (Blumer, 1991, 1999). However, some
epileptic patients present “strange” personalities that do not fulfill the criteria for specific
psychiatric disorders (Perrine & Kiolbasa, 1999).
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In this context, timing may be a crucial element. In fact, research data suggest that epilepsy
onset in adolescence influences the development of adult personality traits: patients with
epilepsy onset during adolescence had higher neuroticism compared with normative data
and other patients; high neuroticism, particularly when accompanied by lower extraversion,
predisposed to poor adjustment to chronic epilepsy as reflected by impaired mood and
difficulties with family functioning (Wilson et al., 2009).

But even when psychological and psychosomatic symptoms are absent, and the patient is
successfully adjusting to living with epilepsy, there are no guaranties that significant others
will not have difficulty adjusting to the situation. In fact, epilepsy has a significant impact on
both the physical and psychological functioning of family members and other informal
carers (Lee et al.,, 2002). Behrouzian and Neamatpour (2010), for example, report that the
prevalence of symptoms of depression and anxiety was increased in mothers of epilepsy
patients.

3.1 Psychological/psychiatric symptoms

Research suggests that personality traits or psychiatric presentation of patients with
epilepsy have special features, resulting in a higher prevalence of psychiatric diagnoses,
such as depression and psychosis, when compared with the general population (Locke et al.,
2010). Vuilleumier and Jallon (1998) report that the overall prevalence of psychiatric
disturbances in epileptic patients can be estimated between 20 and 30 per cent, with
psychotic disorders, depression, and suicide as the three most common among interictal
disturbances. An epidemiological study with 36,984 subjects, aiming to explore numerous
aspects of mental health in persons with epilepsy in the community, compared with those
without epilepsy, found an increased prevalence of mental health disorders, including a
higher prevalence of suicidal ideation, when compared with the general population (Tellez-
Zenteno et al., 2007). However, data about psychiatric disorders associated with epilepsy are
heterogeneous with great variability and discordance in results encountered in
epidemiologic studies.

Psychiatric disturbances correlate positively with the multiplicity of seizures but often
inversely with their frequency. The overall risk might be the highest during the first years
after diagnosis of epilepsy, as well as in patients with temporal lobe foci, previous
depression, or psychosis. In a study with 2152 persons with epilepsy in Norway, Naess, et
al. (2007) found that seizure frequency, medication side effects, and co-morbidity are
strongly related to self-reported psychological distress. In another study, comparing people
with intellectual disability and epilepsy with people with intellectual disability and no
epilepsy, Arshad et al. (2011) found that rates of mental health problems, including those in
the schizophrenia spectrum, personality and anxiety disorders, were significantly lower
among patients with epilepsy.

Depressive disorders are the most common type of psychiatric co-morbidity in patients with
epilepsy: they have various clinical presentations, some typical of the different types of
mood disorders in non-epileptic patients, others constituting rather frequent atypical
presentations that can easily go unrecognized (Kanner & Balabanov, 2002). The prevalence
of anxiety symptoms is also higher in patients with epilepsy than in the general population
or with other chronic medical disorders (Beyenburg et al., 2005).

Studying anxiety and depression in persons with epilepsy, Meneses et al. (2008), Pais-
Ribeiro et al. (2007), and Trueman and Duthie (1998) found that patients reported having
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both anxiety and depression levels characterised as mild, moderate and severe, although
comparisons with other groups of persons with other chronic diseases, or no disease,
showed lower levels of anxiety and depression.

3.2 Psychosomatic symptoms

Unsuccessful adjustment may also be accompanied by psychosomatic symptoms. “The
psychosomatic symptom (PS) remains without an aetiological explanation, albeit the
innumerous studies from diverse areas of biological and psychological knowledge” (Salim,
2007, p. 234). Consequently, Salim presents a review of the psychoanalytic theory of the PS
and other lines of thought central to his aim: “to present the hypothesis that the etiology of
the PS has a relationship with traumatic recurrence and autistic withdrawal”, both of which
are “instinctive biological responses to soothe and prolong life” (2007, p. 234). He finishes
his article stressing the need to develop more studies involving psychoanalysts,
psychiatrists and neuroscientists” (Salim, 2007, p. 238).

In this context, Nagane et al. (2009) investigated individual variation in the levels of growth
hormone in healthy students (21-22 years) and had them rate their psychosomatic
symptoms, with a self-assessment questionnaire (five items pertaining to physical
symptoms - drowsiness, poor appetite, heaviness in the head, dizziness, whole-body fatigue
- and five to mental symptoms - lack of motivation, easily irritated, feelings of melancholy,
desire to rest, anxiety), twice a day. They concluded that “psychosomatic symptoms may be
associated with circadian dysfunction, as inferred from blunted rhythmicity in growth
hormone secretion”.

In a more recent study, Aslund et al. (2010) asked students between 13-18 years old how
often they suffered from: headache, stomach ache, feelings of nervousness, feelings of
irritation, and sleep problems, as a mean to assess their psychosomatic symptoms. Based on
the answers, 6.4% of the boys and 20.4% of the girls were classified as having many
psychosomatic symptoms; girls reported more psychosomatic symptoms; individuals
within the group with low neighbourhood social capital had approximately double the odds
of having many psychosomatic symptoms compared with those with high neighbourhood
social capital, while individuals within the group with low general social trust had a more
than a three times increased odds of having many psychosomatic symptoms compared with
the group with high general social trust; parental unemployment and low subjective SES
were also related to psychosomatic symptoms.

Consequently, it is surprising to verify that, although psychosomatic symptoms have been
studied for so long, there are fewer articles than could be expected on the psychosomatic
symptoms of individuals with epilepsy, suggesting that the scientific community hasn’t
been very interested in analyzing them.

3.3 Stigma perception

Dell (1986) defined stigma as a distinctive feature in an individual and the devaluation
society places on that difference. Stigmatisation is most effective if the stigmatised person
holds the same belief as the society, as it often occurs in people with epilepsy. Despite the
important actual clinical and therapeutic progress, people with epilepsy continue to suffer
from discrimination (ILAE, 2003d). In fact, epilepsy is often surrounded by prejudice and
myth, which can be overcome only with enormous difficulties (Austin et al., 2004).

These difficulties can be even greater in some developmental periods. For instance, in
adolescents with epilepsy, stigma is a complex concept to investigate because it involves
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personal attitudes and beliefs, elements of secrecy and disclosure management, and
influences from the social environment (Austin et al., 2004). It is widely expected that
reducing stigma should help adolescents (and older patients) with epilepsy experience an
improved QOL (Austin et al., 2002).

In fact, Dilorio et al. (2003) found that participants reporting higher levels of perceived
stigma also reported lower levels of self-efficacy to manage epilepsy, more negative
outcome expectancies related to treatment and seizures, lower levels of medication
management, medication adherence, and patient satisfaction, greater management of
information related to seizures. They also found that other demographic and disease
variables, like income, age at first seizure, seizures during the past year, lower self-efficacy,
negative outcome expectancies for seizures, and satisfaction explained important variance in
perceived stigma. Stigma was also associated with interactions of seizure worry and
employment status, self-efficacy and social support, and quality care and age at seizure
onset (Smith et al., 2009) and predicted depressive symptoms at baseline, 3 months, and 6
months (Reisinger & Dilorio, 2009), as well as QOL at a later time (Whatley et al., 2010).

As a result, stigma-reducing interventions focused on individuals with epilepsy probably
reduce epilepsy’s health burden and decrease the emotional impact of epilepsy (Birbeck,
2006).

Research found that there are cross-cultural significant differences in stigma perception
between patients from European countries (Baker et al., 1999). Baker (2002) report that the
factors that best predict epilepsy stigma are seizure frequency, knowledge of epilepsy,
duration of epilepsy, and seizure type.

All that has been said so far underscores the importance of knowing the (psychosocial)
variables associated to successful adjustment. In fact, variables like hope, optimism, and
spirituality are among the positive variables useful to consider when organizing programs
to help patients adjust to a life with disease.

4. Adjustment and psychosocial variables

4.1 Hope

Hope is defined as the perceived capability to derive Pathways to desired goals, and
motivate oneself via Agency thinking to use those pathways (Snyder, 2002). The hope
construct includes agency thoughts that “tape the perceived capacity to initiate (causal
capacity) and sustain (agentic capacity and action-control beliefs) movement toward desired
goals” (Little et al., 2006, p. 72).

Rustgen et al. (2005) found that hope scores differed significantly between hospitalized heart
failure patients and the general population (for 7 of the 12 items and global score), being that
patients reported higher (better) hope. Hope was associated with patients’ level of
satisfaction and number of associated comorbid diseases, and was predicted by self-
assessment of health and satisfaction with life.

In another study, patients with end stage renal disease identified hope as central to the
process of advance care planning: it helped them determine future goals of care and
provided insight into the benefits of advance care planning and their willingness to engage
in end of life discussions (Davison & Simpson, 2006).

Additionally, research suggests that people with higher levels of hope cope with disease
more effectively (Chi, 2007; Elliott et al., 1991; Snyder, 2002). Nonetheless, research on
patients” hope (namely, epileptic patients) is not easy to find (cf. Lohne, 2001).
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4.2 Optimism

Optimism is a global generalized tendency to believe that one will usually experience good
versus bad outcomes in life (Scheier & Carver, 1985, 1992). Research asserts that optimism
and pessimism strongly influence physical health and help people cope with chronic
diseases (Aspinwall et al., 2001; Ebert et al., 2002; Scheier & Carver, 1992).

In a sample of general medical outpatients, a pessimistic explanatory style (Optimism-
Pessimism scale of the Minnesota Multiphasic Personality Inventory) was significantly
associated with a self-report of poorer physical and mental functioning (SF-36) 30 years
later; scores on all 8 health domains were significantly poorer in the pessimistic group than
in both the optimistic and the mixed group (Maruta et al., 2002). Moreover, it is believed that
optimism can serve as a protective factor when facing difficulties in life such as illness
(Fournier et al., 2002; Giltay et al., 2004, 2006).

The same happens with epilepsy: Pais-Ribeiro et al. (2007) found that optimism is the
variable that best contributes to mental health status perception and QOL in persons with
epilepsy. It was found that: (a) optimism/pessimism are strong predictors of QOL; (b)
optimism/pessimism do not predict objective health (assessed by the objective physical
disability rating scale); (c) optimism does not have a stronger effect on objective health or
QOL for one diagnostic group relative to the other (right temporal lobe epilepsy, left
temporal lobe epilepsy, psychogenic non-epileptic seizures) (Kent, 2008); (d) explanatory
style (i.e., optimistic explanations for negative events are attributed to external causes that
temporarily affect specific domains of one’s life) are not good predictors of seizure load in
individuals with temporal lobe epilepsy (Donnelly, 2010); and (e) in adults with intractable
epileptic seizures and psychogenic nonepileptic seizures, both optimism and pessimism are
good predictors of seizure group, and attributional style is an index of personality and
cognitive response to stress (Griffith, 2008). Nevertheless, optimism seems an under-
recognised variable in the context of epilepsy research.

4.3 Self-efficacy

Self-efficacy or “efficacy expectation is the conviction that one can successfully execute the
behaviour required to produce the outcomes” (Bandura, 1977, p. 193), predicting “with
considerable accuracy the level of performance” (Bandura & Adams, 1977, pp. 303-304). Le.,
“given appropriate skills and adequate incentives... efficacy expectations are a major
determinant of people’s choice of activities, how much effort they will expend, and of how
long they will sustain effort in dealing with stressful situations” (Bandura, 1977, p. 194).
Being so, this variable has been occupying a central place on Health Psychology (Ribeiro,
n.d.). In epilepsy research, the development of an instrument to measure self-efficacy in
persons with epilepsy, based on Bandura's self-efficacy theory (Dilorio et al., 1992), would
suggest this context presents no exception. Furthermore, considering the concept’s
definition, one would expect studies on self-efficacy to increase in the context of the Positive
Psychology movement. But this does not seem to be the case.

Be as it may, research has showed that self-efficacy (in epilepsy) correlates or predicts social
support, self-management, lifestyle management, depressive symptoms, and QOL (Amir et
al., 1999; Begley et al., 2010; Dilorio et al., 1992; Lee et al., 2010; Robinson et al., 2008).
Additionally, self-management, depressive symptoms, and seizure severity predict self-
reported epilepsy self-efficacy, as do patient satisfaction and stigma, while social support
and regimen-specific support do not (Dilorio et al., 2006).
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Moreover, improvements in (seizure) self-efficacy of individuals with epilepsy can be
obtained with interventions like WebEase, an Internet-based self-management program
(Dilorio et al., 2009), and even with an educational intervention without a psychological
component (Frizzell et al., 2011).

4.4 Social support

Social support can be defined as the existence or availability of individuals in whom we can
trust, that show us they care about us, value us, and like us (Sarason et al., 1983).
Nevertheless, there is no consensus on its definition, since there are numerous ways to
characterize/ classify the social domain (Berkman, 1984; Bruhn & Philips, 1984; Cassel, 1976;
Cobb, 1976; Cohen, 1988; Kaplan et al., 1977; Taylor, 1990), and several types/dimensions of
social support (Cohen & McKay, 1984; Cramer et al., 1997; Dunst & Trivette, 1990; Singer &
Lord, 1984; Weiss, 1974). Researchers tend, however, to agree on the multidimensionality of
social support and that its different aspects have diverse effects on individuals or groups
(e.g., Ridder & Schreurs, 1996).

Even though the process is not clear (Pais-Ribeiro, 1999), the strong relation between social
support and numerous health/disease indicators is very robust (Broadhead et al., 1983; Ell
et al., 1992; Hanson et al., 1989; Kessler et al., 1985; Ornelas, 1996; Rutter & Quine, 1996;
Schwarzer & Leppin, 1989, 1991; Thomason et al., 1996; Wethingston & Kessler, 1986).

In epilepsy patients, social support is related to/predicts: self-rated health status, life
satisfaction (Elliott et al., 2011), depressive symptoms (Lee et al., 2010; Reisinger & Dilorio,
2009; Robinson et al., 2008), self-management (Begley et al., 2010), and QOL (Amir et al.,
1999; Choi-Kwon et al., 2003; Whatley et al., 2010). Social support is also a mediator between
disease severity and mastery (Amir et al., 1999).

Consequently, it is not surprising that researchers defend that clinicians should encourage
epilepsy patients to improve their social support (e.g., Elliott et al., 2011), developing
programs that improve it (e.g., Dilorio et al., 2009).

4.5 Spiritual beliefs

Spirituality, namely spiritual beliefs, has been increasingly considered when caring for and
studying chronic patients (cf. Meneses, 2006). Among all the theoretical contradictions (Hill
& Pargament, 2003; Miller & Thoresen, 2003), one thing is certain - spirituality and
religiosity are not interchangeable: spirituality implies “a polyhedron-like relation with the
transcendent that can be experienced through religiosity and its expressions (doctrinal,
celebrative and/or moral-behavioural) or through occurrences associated with art,
philosophy, nature, etc.” (Valiente-Barroso & Garcia-Garcia, 2010, p. 226).

Similarly, Koenig et al. (2001, as cited in Moreira-Almeida & Koenig, 2006, p. 844) argue that
religion “is an organized system of beliefs, practices, rituals, and symbols designed to
facilitate closeness to the sacred or transcendent (God, higher power, or ultimate
truth/reality)”, while spirituality “is the personal quest for understanding answers to
ultimate questions about life, about meaning, and about relationship with the sacred or
transcendent, which may (or may not) lead to or arise from the development of religious
rituals and the formation of community”.

Gardner (2001, as cited in Valiente-Barroso & Garcia-Garcia, 2010, p. 226) refers to a
“spiritual intelligence”, an ability included in the “existential intelligence”, i.e., “the ability
to place oneself in relation with the cosmos, and in relation with existential traces of the
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human condition, like the meaning of life, the meaning of death, interpersonal love or the
artistic experience”. In this context, Emmons et al. (1998, as cited in Valiente-Barroso &
Garcfa-Garcia, 2010, p. 227) present a list of abilities of the spiritual intelligence:
transcendence, ability to reach enlightened consciousness states (mystic experience
regarding the sacred), ability to give significance to the activities and events with a sense of
sacred, ability to reuse spiritual resources to solve life problems, and ability to behave in a
virtuous manner”.

In the past decades spirituality has caught the attention of organizations like the World
Health Organization and various spirituality indicators have been analyzed in diverse
populations, namely those outside the healthcare system (e.g., Panzini et al., 2011). In
university students, for instance, it was found that: (a) reports were very heterogeneous; (b)
those with religion reported higher Connectedness to a spiritual being or force, Spiritual
strength and Faith; (c) those without health problems reported higher Inner
peace/serenity/harmony; (d) longer duration of health problems was related to higher
Awe, Wholeness & integration, Spiritual strength, Inner peace/serenity/harmony, and
Hope & optimism, stressing the need for longitudinal studies to clarify the role Inner
peace/serenity /harmony has throughout the course of disease; (e) spirituality was related
to QOL (Meneses et al., 2010a, 2010b). Nurses’ spiritual well-being was found to be globally
positive, with most nurses referring it was important to offer patients spiritual assistance,
even though most had no training (undergraduate, graduate or other Nursing courses) to
give spiritual assistance (Pedrado & Beresin, 2010).

In fact, spirituality seems to play an important role in the QOL, health, disease (progression)
and even cure (p.e., Chattopadhyay, 2007; Gallagher et al., 2002; Koenig, 2000, 2004; Mueller
et al., 2001; Pais-Ribeiro et al., 2004; Post et al., 2000; Rippentrop, 2005; Seawaerd, 2000; Tate
& Forchheimer, 2002), and religious needs assessments, as well as spiritually focused
therapy may positively impact illness adjustment (Lavery & O'Hea, 2010). There have been,
nevertheless, plenty of contradictory data, whose meaning remains uncertain (cf. Powell et
al., 2003; Rippentrop, 2005). Some even question if spirituality can, or should, be
scientifically studied (Miller & Thoresen, 2003).

When searching for research reports on epilepsy patients’ spiritual beliefs, one essentially
finds studies on complementary/traditional/alternative healing methods (e.g., traditional
spiritual healing), not always regarding epilepsy, even though many go beyond epilepsy
patients (Azaizeh et al., 2010; Coleman et al., 2002; Ismail et al., 2005; Shaikh & Hatcher,
2005; Winkler et al., 2010).

Valiente-Barroso and Garcfa-Garcia (2010), reviewing some of the phenomena regarding
altered consciousness states associated with spirituality, in order to clarify its neurological
basis, focused on some forms of epilepsy related to religious spirituality and on mystic
states due to hallucinogens. They argued that “regarding the interictal spiritual
phenomenology, one should consider not only the underlying neurological mechanisms, but
also the influence of psychosocial factors in order to gain a deeper understanding of this
phenomenon” (Valiente-Barroso & Garcia-Garcia, 2010, p. 230).

Giovagnoli et al. (2009) explored the role of spirituality (defining it as the complex of personal
transcendence, connectedness, purpose, and values) in determining QOL in chronic
neurological disorders (epilepsy, brain tumors, ischemic or immune-mediate brain damage),
comparing patients with healthy controls. Patients reported worse QOL, with no difference
between the patient subgroups. Mood, Cognition, Inner Energy, schooling, and subjective
health status correlated with QOL, but only Mood and Inner Energy predicted QOL.
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In another study, QOL indicators of focal epilepsy patients were significantly predicted by
spiritual (namely, Awe and Transcendence), mood, and cognition factors, highlighting the
contribution of spirituality to QOL in epilepsy (Giovagnoli et al., 2006).

4.6 Coping

A recurrent construct seems to be coping, since it is through it that several variables
“operate”. For instance, life events (e.g., a chronic diagnosis) may have a smaller impact on
an individual (e.g., on his/her QOL) if s/he is able to use adequate coping
resources/strategies. Additionally, conceptualizing religious coping multidimensionally,
one might find a negative relationship between negative religious coping and illness
adjustment (Lavery & O'Hea, 2010).

Having seizures and/or taking care of someone with seizures can be a challenge for an
individual personal coping style, i.e., “person’s typical response when dealing with stressful
life-events or smaller problems in daily life” (Westerhuis et al., 2011, p. 37). In fact, research
has shown that partial epilepsy patients used mainly palliative reaction patterns, active
confronting, and avoidance; the prevalence of their coping styles differed from the coping
styles of the reference Dutch population; and a passive coping style predicted QOL
(Westerhuis et al., 2011).

According to the Turkish version of the Ways of Coping Inventory, and to a two
dimensional coping styles - problem-focused efficient ways of coping (self-confidence,
optimism, seeking social support) and emotion-focused inefficient ways of coping
(submissiveness, helplessness), adolescents with epilepsy had lower self-confidence and
overall lower problem-focused ways of coping than controls; lower self-esteem and
emotion-focused coping and higher self-esteem and problem-focused ways of coping were
associated; those with higher total problem behaviors also had lower problem-focused ways
of coping (Cengel-Kdiltiir et al., 2009).

Piazzini et al. (2007) also found differences in coping responses, but between other samples:
drug-resistant patients seemed to adopt the "denial" and the "exclusion" strategies more,
while seizure-free subjects used the "control" strategy more; and "control" was associated
with better social adaptation.

Furthermore, patients with refractory epilepsy tend to present themselves in a clinical
encounter with a neurologist as resourceful and in control of their condition, but analyzing
subtle linguistic and interactional features it becomes clear that some find their disorder
quite difficult to cope with (Monzoni & Reuber, 2009).

The same can be said of epilepsy patients’ families, since a child’s illness is a critical event
that places additional stress and burden on families (McCubbin & Patterson, 1983, as cited
in Modji, 2009). Parents of children with new-onset epilepsy reported the highest levels of
stress regarding finances, disciplining their child with epilepsy, concerns about education,
and their marital relationships, but no significant differences were found between patients’
parents and controls (without epilepsy) on parenting stress (Modi, 2009). In another sample,
mothers’ coping profiles were not correlated with the adolescents’ and there were no
significant differences between the coping profiles of mothers of the epilepsy and the control
group (Cengel-Kiiltiir et al., 2009).

Be as it may, given that parental coping may have a negative effect on the child's adjustment
to disease, and that stress is a frequent precipitant of seizures, it is essential to identify ways
to facilitate parents’ and patients’ positive coping skills (Arida et al., 2009; Duffy, 2011).
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Exercise can be a powerful strategy among stress reduction therapies for the treatment of
seizures (Arida et al., 2009). Moreover, the Coping Openly and Personally with Epilepsy
(COPE), an intervention based on cognitive-behavioral techniques and focused on epilepsy
education, primary and secondary coping skills, was considered, by caregivers and youth
with epilepsy, as highly satisfying, and promising in terms of feasibility and accuracy
(Wagner et al., 2011).

4.7 Treatment adherence

The first problem one faces when considering treatment adherence is concept definition. In
fact, compliance may be defined as to “obey, submit, defer or accede to instructions”
(Donovan & Blake, 1992, as cited in Eatock & Baker, 2007, p. 117); adherence as “what is
expected of the patient as opposed to compliance being told what to do” (Barofsky, 1978, as
cited in Eatock & Baker, 2007, p. 118), involving more co-operation and agreement; and
concordance as advocating “a decision-making process where patients can feel more
comfortable with their treatment” (Marinker & Shaw 2003, as cited in Eatock & Baker, 2007,
p- 118).

Non-adherence to medication encompasses taking too few doses, too large a dose, too many
tablets, or at the wrong time, accidentally (through forgetfulness, misunderstanding, or
uncertainty about clinician’s recommendations) or intentionally (due to expectations of
treatment, side-effects, and lifestyle choice), which has implications for intervention (Eatock
& Baker, 2007).

To make matters worse, the three concepts can encompass not only medication but also
lifestyle changes that have been recommended to promote health. In effect, a larger
proportion of adults with epilepsy reported higher self-efficacy for medication management
behaviors than for healthful lifestyle behaviors (Kobau & Dilorio, 2003).

A second problem has to do with assessment, since the constructs in question have been
measured in different ways, each of which with important limitations (Eatock & Baker,
2007). This heterogeneity may be one of the causes of divergence in research results, namely
those concerning factors associated with better/worse adherence, but it is certainly not the
only one.

Briesacher et al. (2008), for instance, found modest variation in the adherence to newly started
drug therapies in privately insured adults. They also found that adherence improved across
seven different diseases, except seizure disorders, with increasing age and that add-on therapy
and a history of trying other drugs for the condition before starting the new therapy improved
adherence in association with seizure disorders, but not all the other conditions.

Others have found that co-morbid chronic disease, self-driving, seizure after a missed dose,
and self-efficacy are significantly associated with medication compliance (Chen et al., 2010).
Non-compliance with the pharmacological treatment was also associated with: lack of
money to buy the medicine, patient's failure to acknowledge the disease, poor response to
treatment, belief that the treatment was useless, and factors associated with the relationship
between physician and patient (Enriquez-Céceres & Soto-Santillana, 2006). Moreover,
treatment adherence was negatively associated with the presence of adverse effects and
correlated with better QOL (Martins et al., 2009). Additionally, certain medications convey
differential risks of poor adherence in patients with epilepsy (Zeber et al., 2010).

Since medication adherence is critical to prevent/minimize seizures and their impact on
patients’/families” QOL, researchers have been trying to identify factors (e.g., psychological
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characteristics, drug regime, family support, impact on everyday life, relationship with the
clinician) that predict (non-)adherence and interventions that promote adherence (Eatock &
Baker, 2007).

Even though the aim of WebEase, a multicomponent, interactive, Internet-based self-
management program, is “to encourage people with epilepsy to take their medications as
prescribed, practice strategies to reduce stress and adopt strategies to facilitate adequate
sleep” (Dilorio et al., 2009, p. 186), for most measures, but not all, there were no statistically
significant gains. In epilepsy self-management and one measure of adherence there were,
nonetheless, improvements.

Some other interventions (e.g., intensive reminders and “implementation intention”) have
potential to improve adherence to antiepileptic mediations, but additional evidence on their
efficacy is needed (Al-Ageel & Al-Sabhan, 2011). “What is increasingly clear... is that total
adherence is an unrealistic goal” (Eatock & Baker, 2007, p. 129).

5. Adjustment and outcome variables

5.1 Health status perception

Ross (2010), as other authors before her, presents health as a complex construct, with several
dimensions, arguing that “perception influences health status and how people responded to
policy interventions and other solutions” and that self-reported health status and objective
health status are “outcomes of the socio-economic and behavioral situation of the
individual” (Ross, 2010, p. 10). In addition, she refers that “it is expected that these two
measures, objective and subjective, will reinforce each other to create a single health status
perception for an individual.... Unfortunately, there is evidence that this is not always the
case, which leads to the gap between perception and reality” (Ross, 2010, pp. 4-5).
Nevertheless, “the perception of health status by the individual is a more significant
indicator than clinical indicators. Researchers use this indicator to understand the value the
individual assigns to health” (Bordoni et al., 2006, p. 68).

In practice, subjective health status is measured by an individual’s self-reported health
status, and objective health status is defined by visible health metrics (i.e., health
characteristics that provide sensory feedback to individuals - fever, rash, increased waist
measurement, etc.) and technical health metrics (which tend not to provide overt
feedback/to be asymptomatic) (Ross, 2010, p. 5).

To make matters worse, self-reported health status is “the result of a complex aggregation
process, involving information and weights known only to the individual, consciously and
sub-consciously” (Ross, 2010, p. 4). Consequently, “measuring health status is a complex
process that requires the use of indicators that evaluate health both in terms of disease and
of the impact the health-disease- care process has on the quality of life” (Bordoni et al., 2006,
p. 68).

Li et al. (2007) present part of the Phase VI of the Demonstration Project (DP) on Epilepsy,
part of the Global Campaign Epilepsy Out of the Shadows-WHO-ILAE-IBE in Brazil, with a
mean follow-up of 26 months (1-38). They report a model of epilepsy treatment at primary
health level with which people with epilepsy can be treated with important reductions in
seizure frequency and other improvements: the opinions of patients, relatives, and
physicians regarding the overall health status at the end of the DP were similar and indicate
considerable improvements.
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In adults with epilepsy receiving antiepileptic drugs for treatment, Perucca et al. (2009) tried
to identify patterns of association of adverse effects and their relationships with subjective
health status at baseline and over a prospective 4-month follow-up. The self-report health
assessments include the Adverse Event Profile, the Quality of Life in Epilepsy Inventory-89,
and the Beck Depression Inventory. Their results agree with clinical and research data:
patients taking antiepileptic drugs usually report more than one adverse effect, revealing
the important burden of toxicity associated with antiepileptic drugs; in patients with
refractory epilepsy, adverse effects and mood disorders may be more important than
seizure frequency in determining subjective health status.

Pais-Ribeiro et al. (2007) results showed that epilepsy patients’ optimism was the best
predictor of mental health status perception and QOL, whereas cognitive functioning
perception was the best predictor of physical health status. In the same study, seizure
control was a significant predictor of physical health status perception but not of mental
health status perception or QOL.

Le., there are some psychosocial variables that are associated with health in persons with a
chronic disease: those variables are buffers reducing the impact of disease on health. This
perspective assumes a positive health perspective. Seligman (2008) explains that positive
health describes a state beyond the mere absence of disease and is definable and measurable
as it is defined by the World Health Organization (a state of complete positive physical,
mental, and social well-being and not merely the absence of disease or infirmity (WHO,
1948)).

Positive health acts as a buffer against chronic diseases. Positive health in general
populations and in people with chronic diseases predicts longevity, quality adjusted life
years and/or disability adjusted life years that individuals go on to live, less costs for health
and illness among individuals in positive health, positive progression of disease and how
well an individual responds to the challenges of disease, high status on the subjective, social
and work functional variables.

5.2 (Health-related) Quality of life

QOL is recognised as a vague and ethereal entity, something that many people talk about,
but which nobody knows very clearly what to do about (Pais-Ribeiro, 2004). However, QOL
becomes an important primary end-point in clinical intervention (Bucher et al., 1999).

We can find many definitions. Farquhar (1995) proposes an organization of QOL definitions
as: global definitions, component definitions (research-specific and non-research-specific),
focused definitions (explicit or implicit), combination definitions and lay definitions.

ILAE (2003c) propose the following QOL definition: an individual’s emotional response to
his or her life circumstances, the gap between these circumstances and their expectations,
and their ability to meet their personal needs. When considered in the health/disease field,
QOL is sometimes named HRQOL and tends to include items, or domains, specific for the
focused disease.

Pais-Ribeiro (2004) remembers that there is a wide disagreement about the meaning of the
term “quality of life” and how to measure it. Different researchers or professionals prefer
definitions and measures influenced by the preoccupations of their respective disciplines.
The same happens with the diseases and clinical settings.

QOL measures tend to incorporate five broad domains: physical, occupational,
psychological, social, and somatic (ILAE, 2003c).
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Research suggest that there are no differences between QOL of persons with epilepsy and
persons without epilepsy (Liou et al., 2005; Montanaro et al., 2004; Raty et al., 2003).
Neuropsychological variables seem to be related with QOL, with some QOL dimensions
more intimately related with cognitive performance than others (Devinsky et al., 1995;
Giovagnoli & Avanzini, 2000; Meneses et al., 2009; Perrine et al., 1995).

The most consistent pattern that has emerged from these inquiries is that QOL in epilepsy is
a function of the interaction of factors, including clinical variables (e.g., seizure frequency,
severity, illness duration, treatment side effects, and psychiatric co-morbidity), and social
variables (e.g., divorce, unemployment, social stigma, family caregiver characteristics, and
social support) (Ohaeri et al., 2009; Pais-Ribeiro et al., 1998).

Kendrick and Trimble (1994) report and suggest different QOL measures in epilepsy,
namely: (a) The Washington Psychosocial Seizure Inventory and the Social Effects Scale; (b)
The Epilepsy Surgery Inventory and the Quality of Life in Epilepsy with 31 items (QOLIE-
31); (c) The Liverpool QOL Battery.

To improve the QOL of people with epilepsy it is important to educate, not only the people
with epilepsy but also the media and the general public, as well as the professionals (ILAE,
2003d).

Other positive outcomes, like subjective well-being and happiness are, in some way, similar
to QOL for many experts, if not conceptually, at least in terms of assessment indicators. In a
study with 2152 persons with epilepsy in Norway, Naess et al. (2007) found that seizure
frequency, medication side effects, and co-morbidity are strongly related to well-being and
life satisfaction.

6. Conclusion

Living with epilepsy (as a patient or as a patient’s significant other) is challenging. The
complex biopsychosocial characteristics of the condition and its treatment require
adjustment. The adjustment process includes contextual, disease, and personal
characteristics, and their conjoint impact on outcome variables (e.g., health status
perception, HRQOL).

Scientific research and clinical practice have been showing that a number of psychosocial
variables are associated with better adjustment. Unsuccessful adjustment may be accompanied
(e.g., as cause or consequence) by mental health problems, personality disorders,
psychological, psychiatric and/or psychosomatic symptoms, and stigma (perception).
Consequently, it is important to understand psychosocial dimensions associated with the
disease that facilitate patients” adjustment and be aware of interventions that have a positive
impact on adjustment. For example, several psychosocial variables and interventions are
highly correlated with treatment adherence, very important for adjustment and an
unquestionable concern for health care professionals. Nevertheless, research on epileptic
patients” psychosocial variables, mainly positive psychosocial variables, is not always easy
to find (cf., for instance, the number of articles indexed in the Pubmed database and
retrievable using “epilepsy” and most of the variables mentioned in this study).

With the present study, whose aim was to discuss the role of psychosocial variables in
adjustment to everyday life in persons with epilepsy, the authors hope to contribute to an
area of expertise that is central to the development of comprehensive interventions aimed at
epilepsy patients and their significant others, without forgetting healthcare professionals
and the society as a whole.
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