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Consciousness of our powers augments them.

Vauvenargues

The highest possible stage in moral culture is whien
recognize that we ought to control our thoughts.

Charles Darwin

A human being is part of the whole, called by usverse," a
part limited in time and space. He experiences bifnbas
thoughts and feelings, as something separate fhenmest- a
kind of optical delusion of consciousness. Thisgleh is a
kind of prison for us, restricting us to our perabdesires
and to affection for a few persons nearest to us. t@sk
must be to free ourselves from this prison by widgour
circles of compassion to embrace all living creatiand the
whole of nature in its beauty.

Einstein
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ABSTRACT

The first part of my thesis presents an overviewhefdifferent approaches used in the past twadkein the
attempt to forecast epileptic seizure on the bafsistracranial and scalp EEG. Past research cawdal some value of
linear and nonlinear algorithms to detect EEG festichanging over different phases of the epileptate. However,
their exact value for seizure prediction, in terwhsensitivity and specificity, is still discussadd has to be evaluated.
In particular, the monitored EEG features may flat¢ with the vigilance state and lead to falsenadaRecently, such
a dependency on vigilance states has been repfotedome seizure prediction methods, suggestingduced
reliability. An additional factor limiting applicetn and validation of most seizure-prediction tdghes is their
computational load. For the first time, the reliipiof permutation entropy [PE] was verified inizagre prediction on
scalp EEG data, contemporarily controlling fordespendency on different vigilance states. PE wesntéy introduced
as an extremely fast and robust complexity meafgurehaotic time series and thus suitablednline application even
in portable systems. The capability of PE to dmgtish between preictal and interictal state has liEamonstrated
using Receiver Operating Characteristics (ROC)yaiml Correlation analysis was used to assess depew of PE on
vigilance states. Scalp EEG-Data from two right penal epileptic lobe (RTLE) patients and from orsgignt with
right frontal lobe epilepsy were analysed. The lgatient was included only in the correlation asiy since no
datasets including seizures have been availablkifior The ROC analysis showed a good separabifityterictal and
preictal phases for both RTLE patients, suggestitag PE could be sensitive to EEG modificationd, visible on
visual inspection, that might occur well in advamespect to the EEG and clinical onset of seizursvever, the
simultaneous assessment of the changes in vigilahowed thata) all seizures occurred in association with the
transition of vigilance stated)) PE was sensitive in detecting different vigilarstates, independently of seizure
occurrences. Due to the limitations of the datagbese results cannot rule out the capabilitBfto detect preictal
states. However, the good separability betweenamd-interictal phases might depend exclusivelyhencoincidence
of epileptic seizure onset with a transition froratate of low vigilance to a state of increasedlarge. The finding of
a dependency of PE on vigilance state is an ofidiinding, not reported in literature, and suggegtthe possibility to
classify vigilance states by means of PE in an@uttic and objectic way.

The second part of my thesis provides the desorigif a novel behavioral task based on motor imagkills,
firstly introduced (Bruzzet al. 2007), in order to study mental simulation of bgital and non-biological movement
in paranoid schizophrenics (PS). Immediately atterpresentation of a real movement, participaatstb imagine or
re-enact the very same movement. By key releasekeygress respectively, participants had to irtdicghen they
started and ended the mental simulation or theaetenent, making it feasible to measure the duraifdhe simulated
or re-enacted movements. The proportional errowden duration of the re-enacted/simulated moveraent the
template movement were compared between differemditions, as well as between PS and healthy sishjBesults
revealed a double dissociation between the meamani$ mental simulation involved in biological andn-biologial
movement simulation. While for PS were found laegeors for simulation of biological movements, vehidleing more
acurate than healthy subjects during simulatiomai-biological movements. Healthy subjects showet dpposite
relationship, making errors during simulation ohraological movements, but being most accuraténdusimulation
of non-biological movements. However, the good tigniprecision during re-enactment of the movementsli
conditions and in both groups of participants ssggéhat perception, memory and attention, as agelinotor control
processes were not affected. Based upon a longrist literature reporting the existence of psyahepisodes in
epileptic patients, a longitudinal study, usindighgly modified behavioral paradigm, was carriag with two RTLE
patients, one patient with idiopathic generaliz@idepsy and one patient with extratemporal lobdeggy. Results
provide strong evidence for a possibility to prédipcoming seizures in RTLE patients behaviordhythe last part of
the thesis it has been validated a behaviourategfyabased on neurobiofeedback training, to votilgtaontrol
seizures and to reduce there frequency. Threepgigilpatients were included in this study. The éafback was based
on monitoring of slow cortical potentials (SCPs}ragted online from scalp EEG. Patients were tahitee produce
positive shifts of SCPs. After a training phaseqras were monitored for 6 months in order to \atiédthe ability of
the learned strategy to reduce seizure frequeney. df the three refractory epileptic patients réed for this study
showed improvements in self-management and redudfoictal episodes, even six months after the tesihing
session.

KEYWORDS
Epilepsy; Temporal Lobe Epilepsy; Online Seizuredsstion; Permutation Entropy; Receiver Operating

Characteristics (ROC) analysis; Control; Paranahifphrenia; Mental Simulation task; Biologicablamon-
biological motion; Slow cortical potentials (SCPNgurofeedback (NF).



LIST OF ABBREVIATIONSIN ALPHABETIC ORDER

AC: Alternate Current

AUC: Area Under Curve

AED: Antiepileptic Drug

BOi: Biological Other Imagery

BOr: Bilogical Other Re-Enactment
BSi: Biological Self Imagery

BSr: Biological Self Re-Enactment

BDI: Beck Depression Inventory

BOLD: Blood Oxygen-Level Dependent
BORB: Birmingham Object Recognition Battery
BPRS: Brief Psychiatric Rating Scale
CT: Computed Tomography

Cz: Vertex

CVN:Contingent Negative Variation
EEG: Electroencephalogram

Ep: Epileptic Patients

GAF: Global Assessment Of Function
Hls: Healthy Subjects

H1: First hypothesis

H2: Opposite hypothesis

IQ: Intelligent Quotient

Interict: Interictal Phase

LGS: Lennox-Gastaut Syndrome

Ls: Lyapunov Exponents

Lmax Largest Lyapunov Exponent
LFPs: Local Field Potentials

LKS: Landau-Kleffner Syndrome

MPE: Mean Proportional Error

MMPI: Minnesota Multiphasic Personality Inventory
MRI: Magnetic Resonance Imaging
MST: Multiple Subpial Transections
MUA: Multi-Unit Activity

NBi: Non-Biological Imagery

NBr: Non-Biological Re-Enactment

NF: Neurofeedback

NREM: Non-Rapid Eye Movement

PE: Permutation Entropy
PDS:Paroxysmal Depolarization Shift
POMS: Profile Of Mood States

Post 1: Postictal Phase 1

Post 2: Postictal Phase 2

Preict: Preictal Phase

PS: Paranoid Schizophrenia

REM: Rapid Eye Movement

ROC: Receiver Operating Characteristics
RTLE: Right Temporal Lobe Epilepsy
SANS: Scale For Assessment Of Negative Symptoms
SAPS: Scale For Assessment Of Positive Symptoms
Schiz: Schizophrenics

SCPs: Slow Cortical Potentials

SD: Standard Deviation

SMR: Sensorimotor Rhythm

SOP: Seizure Occurrence Period

SPH: Seizure Prediction Horizon

TLE: Temporal Lobe Epilepsy

VNS: Vagus Nerve Stimulation

WAIS: Wechsler Adult Intelligenc&cale



INTRODUCTION

1. Historical background.

Epilepsy is characterized by sudden recurrent aausient disturbances of perception or
behaviour resulting from excessive synchronizatiah cortical neuronal networks; it is a
neurological condition in which an individual exerces chronic abnormal bursts of electrical
discharge in the brain. It is a disease known femroient times, and it was believed to be “given by
the Gods”. In fact, the term “epilepsy” was firsentioned more than 3,000 years ago, in ancient
Babylon as figtu’. It was thought to be an attack by demons or g&tene tablets found in
Babylon, contain detailed observations of epilephe types of seizure, provoking factors,
symptoms after seizures and so on. Out of a d@leof fourty stone tablets which describe all the
then known ilinesses, four or five deal exclusivefyh epilepsy. The ancient Greeks saw epilepsy
as a supernatural phenomenon, thely sickness To their way of thinking, only a god could
throw a person to the ground, deprive him of hisses, cause convulsions, and afterwards bring
him back to life, apparently quite unaffected. Treat Greek physician Hippocrates was the first
one to realize that it was a disease of the bnaghtaed to treat it as such. Religious beliefsided
systematic, scientific investigations in epilepsyiluthe 1800s (Temkin, 1994). Epilepsy is now
considered a window to the brain’s anatomy andtfancand is, therefore, an increasingly active,
interdisciplinary field of research.

The “sacred” or “divine” disease is among the mostnmon disorders of the nervous
system, second only to stroke, and affects appratdiyn 1% of the world’s population (Annegers,
1996; Forsgreret al, 2005). Estimates of incidence rates (number @f nases per year) range
from 24 to 53 per 100 000. The high incidence dfepgy stems from the fact that it occurs as a
result of a large number of causes, including dgengbnormalities, developmental anomalies,
febrile convulsions, as well as brain insults sashcraniofacial trauma, central nervous system

infections, hypoxia, ischemia, and tumors.



1.1 Epileptic seizures.

The hallmark of epilepsy iecurrentseizurel The seizures are due to sudden development
of synchronous neuronal firing in the cerebral eond are recorded by electrodes on or inside
the brain. Electroencephalography, the recordinghef electrical field of the “encephalos” (the
Greek word for the brain; it means “what is inside head”), was first demonstrated in 1875 by the
British neurophysiologist Richard Caton (Caton, 387%vho recorded the electrical activity from
brain tissues of rabbits and monkeys. Other saentollowed his lead. However, it was not until
the late 1920s, that the practical and diagnostioesof electroencephalography was demonstrated
in humans using scalp electrodes. This is duedonmbrk of the German psychiatrist Hans Berger,
who also coined the term EEG (Berger, 1929). Ebectcephalographic (EEG) recordings from the
epileptic brain show that these discharges maynblegally in portions of the cerebral hemispheres
(partial/focal seizures, with a single or multigieci) or begin simultaneously in both cerebral
hemispheres (generalized seizures).

Epileptic seizures are caused by parts of the lalgiting abnormal electrical activity. The
region of seizure generating tissue, or the elggnic focus, can be due to structural abnormalitie
that disrupt normal neural circuitry. As alreadydsabove, these abnormalities may be genetic,
caused by head injury, infection, stroke or tumorsuch cases when the cause is known, it is
termedsymptomatic epilepsyOther classifications includigliopathic epilepsywhen there is no
identifiable cause but a genetic basis is presunaedi cryptogenic epilepsywhen neither
classification fits and the cause in unknown.

Just as there can be multiple causes, individuatsbe affected by one or more types of
seizures.Partial seizuresbegin in a localized area, whilgeneralized seizuredevelop over a
widespread area on the cortex of the brain. Pas&&ures can be further subdivided into simple
and complex, where onlgomplex seizuresan cause loss of consciousndssneralizedseizures
are grouped into six major categoriddsenceseizures (also known getit ma) are characterized
by a partial loss of consciousness when the indalidriefly appears vacant and unresponsive.
Involuntary muscle twitches, particularly in theeéa are often seeMyoclonic seizures consist of
very brief and sporadic arrhythmic movement®nic seizures consist of sudden stiffening

movements involving the head, body, or extremitie# often occur during slee@lonic seizures

1t is also important to dispel a common myth thaitepsy and seizures are the same thing. Although
seizures are the primary symptom of epilepsy, ttaayhave other causes, such as high fever, matignan
hypertension, or drug abuse. In these cases, itheae stop when the condition improves, whereesises
in epilepsy are a chronic long-term condition.



are characterized by repeated, rhythmic motor mevesy often involving a large portion of the
body as well as causing unconsciousn&ssic-clonicseizures (also callegrand ma) begin with
the tonic phase of sudden stiffening movements whenindividual may experience symptoms
such as loss of orofacial motor control resultingangue biting or clenched teeth and/or urinary
incontinence. This is followed by the clonic phasehythmic body movements. After the seizure,
the individual may be emotionally distraught, fagliconfused or sleeptonic seizures consist of
a sudden loss of muscle tone. A brief atonic seirnay elicit mild symptoms such as drooping of
the head, but often the seizure is prolonged amdhitividual falls down from loss of postural tone.
Status epilepticuss the term given to describe the life-threatentiogdition when an individual
experiences prolonged or successive seizures withecovery time. Depending on the medical
professional, seizure activity can be consideredust epilepticus if it lasts a minimum of five
minutes up to a more conservative 30 minutes.

Seizures come and go, in a seemingly unpredictable In some patients, seizures can
occur hundreds of times per day; in rare instaribey, occur only once every few years.

If seizures cannot be controlled, the patient erpees major limitations in family, social,
educational, and vocational activities. These Btmins have profound effects on the patient’s
quality of life, as well as on his or her familyIg€r, 2001). In addition, frequent and long,
uncontrollable seizures may produce irreversiblaaige to the brain (Tatuet al, 2001). However,

it still is not clear if seizures are tlbauseor theresultof such a damage, that worsens over time if
left untreated (Berg & Shinnar, 1997). For examjities a widely held view that seizures from
mesial temporal structures arise because of danmadgppocampal circuitry. The characteristic
circuit abnormalities include drop out of neurossnplification of the dendritic tree (reduced
synaptic input), sprouting of dentate granule @dbns (increasing the number of excitatory-
excitatory feedback connections), and increase lial gell elements (sclerosis). There is a
concomitant loss in neurotransmitter receptors@ntippocampus (Dudek & Spitz, 1997).

Hence, dozens of epileptic syndromes exist, claskibased on the symptoms and brain
regions affected. One of the more common formspdépsy is temporal lobe epilepsy (TLE). The
most striking symptoms are often not the typicatontehavior seen in partial seizures. Individuals
may perceive sounds or smells that are not presenisual disturbances, such as objects appearing
larger or smaller than they are. Psychological spmg can often be the most striking, when
derealization or strong spiritual sensations magXgerienced. One of the most common epileptic
syndromes in childhood is benign childhood epilep#tyh centrotemporal spikes. It is considered
benign as seizures are infrequent, often respontivdreatment, and typically subside in

adolescence. Despite the optimistic prognosis, apmychiatric testing shows that cognitive



difficulties can exist in areas such as languagk raemory (Croonat al,1999; Monjauzeet al,
2005). Another common syndrome is childhood absepidepsy. As the name implies, it consists
of absence seizures usually starting around ohtsligfter the pre-school years, and has a similar
prognosis to benign childhood epilepsy. Less frauend more severe is Lennox-Gastaut
Syndrome (LGS), which can consist of multiple typéseizures, developmental delay, and a high
prevalence of status epilepticus. Prognosis is\giteor, especially those with earlier onset (Cleevri
& Aicardi, 1972; Rogeret al, 1987), although some can have near completessgmi of
symptoms. Another more rare form of epilepsy, vaittly around 200 reported cases since 1957, is
Landau-Kleffner Syndrome (LKS). Initial symptomsnstst of the abrupt onset of seizures and
regression of language skills. Partial seizures tayfurther subdivided into both simple and
complex seizures. This refers to the effect of suskizure on consciousness; simple seizures cause
no interruption to consciousness (although they nayse sensory distortions or other sensations),
whereas complex seizures interrupt consciousnessrong degrees. This does not necessarily
mean that the person experiencing this sort ofuseimvill fall unconscious (like fainting). For
example, a complex partial seizure may involve timeonscious repetition of simple actions,
gestures or verbal utterances, or simply a blasule sind apparent unawareness of the occurrence of
the seizure, followed by no memory of the seiz@éer patients may report a feeling of tunnel
vision or dissociation, which represents a dimimieht of awareness without full loss of
consciousness. Still other patients can performpticated actions, such as travel or shopping,
while in the midst of a complex partial seizure.eThffects of partial seizures can be quite
dependent on the area of the brain in which theyaative. For example, a partial seizure in areas
involved in perception may cause a particular sgnegperience (for example, the perception of a
scent, music or flashes of light) whereas, wherirednn the motor cortex, a partial seizure might
cause movement in particular groups of muscless Type of seizure may also produce particular
thoughts or internal visual images or even expegenwhich may be distinct but not easily
described. Seizures centred on the temporal lobeskaown to produce mystical or ecstatic
experiences in some people. These may result iis@diagnosis of psychosis or even schizophrenia,
if other symptoms of seizure are disregarded ahdraests are not performed. Unfortunately for
those with epilepsy, anti-psychotic medicationsspribed without anticonvulsants in this case can
actually lower the seizure threshold further andssa the symptoms. When the effects of a partial
seizure appear as a 'warning sign' before a laegjeure, they are known as amra: it is frequently

the case that a partial seizure will spread to rofperts of the brain and eventually become
generalized, resulting in a tonic-clonic convulsidhe subjective experience of an aura, like other

partial seizures, will tend to reflect the functiointhe affected part of the brain.



2. Epilepsy and electroencephalography.

Epileptic neurons exhibit a distinct shift of tresting membrane potential (the so-called
paroxysmal depolarization shiffDS (Goldensohn & Purpura, 1963; Matsumoto & Ajeo
Marsan, 1964a, 1964b) that is accompanied by arease of intracellular calcium and a massive
burst of action potentials (500-800 per sec). Pbfiginating from a larger cortical region are
associated with steep field potentials (knowrspi&e$ recorded in the scalp EEG. Focal seizures
are assumed to be initiated by abnormally dischgrgeurons (so-calldoursterg that recruit and
entrain neighboring neurons into a critical massb & Wong, 1982; Sanabriet al, 2001). This
process manifests itself as an increasing synchaition of neuronal activity accompanied by a loss
of inhibition. The build-up of such a critical massght be mediated by facilitating processes in the
sense of nonspecific predisposing factors that peseizure emergence by lowering the threshold
(Engel, 1989). In this context the terroritical mas$ should not be interpreted in the sense of a
highly localized mass phenomenon that would belyeastcessible for conventional EEG analyses
that, however, fail to detect it. Instead, the iatdions between neurons that play a crucial nole i
seizure generation, probably take place on diftespatial and temporal scales and are known to be
nonlinear in nature (Bruzzeet al, 2006a, Bruzzo, 2007; Bruzai al., 2007; Bruzzo & Vimal,
2007). In recent years, technical advantages ssichgial video-EEG monitoring systems as well
as an increased computational power led to a higbphisticated clinical epilepsy monitoring
allowing one to process huge amounts of data ih treee. In addition, chronically implanted
intracranial electrodes allow continuous recorddfigprain electrical activity from the surface oéth
brain and/or from within specific brain structumgsa high signal-to-noise ratio with a high spatial
resolution. Due to its high temporal resolution atgl close relationship to physiological and
pathological functions of the brain, electroencépipaphy is regarded as indispensable for clinical
practice despite the rapid development of imagieghmologies like magnetic resonance
tomography or positron emission tomography. Thectaet@l activity recorded using
electroencephalography is generated by postsynaptic potentials of cortical neurons and results
from a superposition of a very large number of witlial processes. The human brain consists of
approximately 1011 individual neurons with a tot#l 1014 to 1015 synaptic connections.
Depending on the nature of these synapses, negamndiave an either excitatory or inhibitory
effect on other neurons resulting in a complexratgon of neurons and synapses, which in effect

ensures the functionality of the brain (Zschocki©2).



The analysis of synchronization phenomena in thiemm brain using different measures
of synchronization therefore seems to be a promiajpproach to investigate both the spatial and
the temporal dynamics of the epileptic brain. Lgdabgrowing interest in the possibility of seizure
prediction (Litt & Lehnertz, 2002), a question afrpcular interest is whether bivariate time series
analysis can contribute to this field.

The aim of the present thesis is to investigate @rdpare the suitability of measures for
different forms of synchronization for the detentiaf interaction between dynamical systems using
both model data from coupled systems and time sefiehe neuronal electrical activity recorded
simultaneously in different regions of the braimnSequently | would test if a univariate measure is

sensible enough for seizure prediction.

2.1 Spatial-temporal dynamics in epilepsy.

As it has previosuly been pointed out, one of thesindisabling aspects in epilepsy is the
sudden, unforeseen way in which epileptic seizateke “like a bolt from the blue” (Mormanet
al., 2005). It is undisputed that a method capableretlipting the occurrence of seizures would
significantly improve the therapeutic possibiliti@g&ger, 2001) and thereby the quality of life for
epilepsy patients. A question of particular inteieswhether apart from clinical prodromi (which
are found only in some of the patients (Ragtaal, 1997) characteristic and objective features can
be extracted from the continuous EEG that are ptiedi of an impending seizure. Much research
has been carried out on this topic, and recenieguthve reported certain measures derived from
the theory of dynamical systems to be to some éxtepable of extracting information from the
EEG that allow the detection of a preictal state.



PREDICTION

3. Detection and prediction of seizures in scalgEtata.

The literature on seizure prediction is too volumis to be listed in completeness. A
comprehensive overview of this topic can be foundLitt & Echauz (2002), Litt & Lehnertz
(2002), or Lehnertzt al (2007) and Mormannet al (2007). After some early works on the
predictability of seizures dating back to the 187(Viglione & Walsh, 1975), attempts to extract
seizure precursors from the EEG were carried outdifferent groups using mostly linear
approaches such as spectral analysis (Duckrow &&pel1992; Rogowsldt al., 1981) or pattern
detection by analyzing spike occurrence (Gotmiaal., 1982; Langest al.,1983).

In 1998, Osorio and colleagues proposed that battue detection and prediction methods should
be evaluated with respect sensitivity(the fraction of correct predictions to all seizsjy and false
prediction rate (the number of false predictionsairgiven time interval, ospecificity. In the
estreme case of a very low threshold every seiuiliebe predicted, increasing sensitivity up to
100%. This is achieved at the expense of a largebeu of false alarms during interictal phases.
Because of this interdependency, sensitivity alwlags to be evaluated together with the false
prediction rate.

Recently, Winterhaldeet al. (2003) have extended this approach, suggesting skezure
prediction characteristitc to evaluate and compare the performance of seipuediction methods.
Namely, a seizure prediction method has to foreaastipcoming epileptic seizure by raising an
alarm in advance of seizure onset. A perfect seizuediction method would indicate the exact
point in time when a seizure occurs. This idealavar is not expected of current prediction
methods analyzing EEG data. These authors inditedeuncertainty as theeizure occurrence
period (SOP), the period during which the seizure isd¢@kpected.

In addition, to render a therapeutic interventianaobehavioral adjustment possible, a
minimum window of time between the alarm raisedHsy prediction method and the beginning of
SOP is essential. This window of time is denotethaseizure prediction horizo(EPH).

These two periods have to be taken into accourjudge a correct prediction. For a correct
prediction, a seizure must not occur during thewei prediction horizon, but during the seizure
occurrence period. The exact time of seizure ons®t vary within SOP, thereby reflecting the
uncertainty of the prediction. It is preceded bg #eizure prediction horizon SPH, which mirrors

the capability of the method to give an alarm earlgugh for a proper reaction.



If the seizure prediction horizon were long enoughsimple warning would enable a patient to
prepare himself for an arising seizure. The pat@nild avoid a dangerous situation. Instead of
warning the patient, an intervention by an impldnterain pacemaker” is also imaginable. This
device could activate a minipump to deliver antiadsive drugs into the epileptic focus or trigger
electrical stimulations, controlling the seizureef@an, 2000). Anyway, interventions like the
administration of anticonvulsive drugs and trigggran electrical stimulation are accompanied by
possible side effects which may add up to relevemuropsychological impairment, if too many
interventions based on false predictions are chwoig.

Even if all seizures can be predicted correctlyleast 50% of all alarms would be false
alarms for patients during monitoring. This peraget increases to 97% in the case of epileptic
patients under normal conditions. In conclusionaasinimum requirement, a seizure prediction
method should be superior to unspecific seizuraliptien methods, such as the random or

periodical prediction methods, by achieving a digantly higher seizure prediction characteristic.
3.1 Linear and non linear measures to predictingecfures

One of the simplest linear statistics that can Isedufor investigating the dynamics
underlying the EEG is thearianceof the signal calculated in consecutive non-oygriag

windows. Lets denote the EEG signal at timeThe variance of this EEG signal is given by

o’=[s—p?

where the mean ig = [s], and [] is the average taken over the time interval baiogsidered.
Estelleret al. (2005) suggested measuring the energy of the Isigr@nsecutive windows of the
EEG signal. Thd--test(Presset al., 1992) provides a statistical test of the hypothelsat two
given data sets have different variances. The tisstais the ratio of one variance to the other, s
that F>1 and F<1 both indicate significant diffezes. The probability that F would be as large as it
is if the first data set’s underlying distributiastually has smaller variance than the secondvengi
by p = Q (A vi1v2) wherevl andv2 are the number of degrees of freedom in the dinst second
data sets, respectively. A popular approach feestigating the EEG signal is to utilise gewer
spectrum(Blancoet al., 1995). There are a number of different statigtieg aim to summarise the
information contained in the power spectrum. Thestude calculation of the total integral of the
power spectrum over all non-zero frequencies (tieae this equals the variance of the signal) and

the median frequency, which estimates the ‘typitrajuency present in the signal (Widnetral.,
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2000). It has also been postulated that rhythmiabieur, characterised by a peak in the power
spectrum at a specific frequency, can be usecdetttiig epileptic seizures (Murro, 1991).
Theauto-correlation functiomg of a process is given by (Chatfield, 1989)

pr=[s —u[s+k—4]

wherek is the time lagpk quantifies the amount of linear correlation betw#e signal and
itself shifted by a time lag. This function satisfiego=1; values ofpx ~ 1 reflect strong linear
correlations;px ~ - 1 implies strong linear anticorrelations; gnd~ O indicates that no linear
correlations exist. Because neuronal functioningsgentially non linear, analyses of brain eleatric
activity can provide new information about the céexpdynamics of the underlying networks when
methods derived from the theory of non linear dyicanare employed (lasemidet al., 1990;
Lopes da Silva, 1987; Pijat al., 1991). In epilepsy, it has been shown that theaiGgamporal
dynamics of the area of the brain giving rise talegpic seizures (epileptogenic focus) is
characterized by temporary transitions from highldew dimensional system states (dimension
reductions). These dimension reductions allow #teralization and possibly localization of the
epileptogenic focus even without the necessityetvord seizures or spikes (Lehnertz & Elger,
1998). Furthermore, they represent a sensitive uneds investigate the influence of antiepileptic
drugs on the dynamics of the epileptogenic focus.

The aim of my project was therefore to test whetfretonged and pronounced transitions
from high to low dimensional system states charact a pre seizure phase. The identification of
this phase having a sufficient length would enai#e/ diagnostic and therapeutic possibilities in
the field of epileptology.The non-linear analysisdata recorded from an experimental system
usually begins with a state space reconstruction.advantage of obtaining a multi-dimensional
state space is that it may reveal the underlyintadyics. First attempts to use nonlinear time series
analysis on EEG data, were started in the 199@%e(hidiset al., 1999) using théargest Lyapunov

exponent to describe changes in brain dynamics.

%2 The Lyapunov exponents (Ls) measure the averagefaxpansion and folding that occurs along i
local directions within an attractor in the phagace. If the phase space igpalimensions, we can estimate
theoretically up tg Lyapunov exponents. Methods for calculating thredhseamical measures from
experimental data have been published (laseratdi$, 1990; Wolfet al, 1985). The estimation of the
largest Lyapunov exponent L) in a chaotic system has been shown to be mdebleland reproducible
than the estimation of the remaining exponentsg&rarger Procaccia, 1983; Vastano & Kostelich, 1986
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The first studies to describe characteristic chargimrtly before an impending seizure in a
larger group of patients used tberrelation dimensiori as a measure for neuronal complexity in
the EEG (Lehnertz & Elger, 1998) or tberrelation densityMartinerieet al, 1998). These studies
were followed by others employing measures suctyasmical similarity(Le Van Quyeret al.,
2001; Navarroet al., 2002). In a recent study, certain signal pattgtbsirsts) and changes in
signal energy were reported to be of predictiveiedLitt & Lehnertz, 2002).

Common to all of these analyses is the fact they #mployunivariate measures. It is only
recently thabivariate measures, namely, the difference of the largeapugiov exponents of two
channels (lasemidist al, 2001) and non-linear interdependence measurger(& al, 2000), as
well as a multivariate approach based on simulatdonal cell models (Schindlet al., 2002)
have been applied to the EEG of epilepsy patients.

In earlier studies (Mormanet al.,2000), the degree ghase synchronizatiopetween EEG
signals from different recording sites has beeryaed, and the phenomenon of a distinct drop in
synchronization before seizures that was usualtyfoond during the interictal period has been
demonstrated. This decrease in synchronization faasd to occur well in advance, sometimes
hours, before a seizure, leading to the conclugiaha seizure may be seen as the mere "tip of the
iceberg" (Mormanret al., 2000) in the sense of it being the climax of ssst& changes in brain
dynamics that start long before the actual seizlinese findings have since then been confirmed by
another study (Le Van Quyeet al., 2001) qualitatively describingreictal dropsin phase
synchronization in patients with focal epilepsiés®@ocortical origin.

Despite of the many publications reporting evidefuzethe existence of a pre-seizure state,
to date no report of a prospective or quasi-prasgeprediction of seizures has been published.

A major problem with most of the studies preseritedate is that they do not sufficiently (or not at
all) investigate the specificity of the describedeqursors using interictal EEG as control. In
addition, many of these studies rely on the use pdsterioriknowledge, e.g., by selecting the best
channel out of a large number of channels, or bearrisk of an in-sample over-training of
parameters used to calculate measures for thecaatraf predictive information. Another problem
is that up to now no comparison of the performaoicdifferent approaches for seizure prediction

has been published. Furthermore, there is littipeggnce with continuous long-term-recordings

¥ The Lyspunov exponents (Ls) measure the averagefaxpansion and folding that occurs along dififer
local directions within an attractor in the phagace. If the phase space igpalimensions, we can estimate
theoretically up t@ Lyapunov exponents. Methods for calculating thigseamical measures from
experimental data have been published (laseratdi$, 1990; Wolfet al, 1985). The estimation of the
largest Lyapunov exponent ) in a chaotic system has been shown to be mdebleland reproducible
than the estimation of the remaining exponentsg&rarger Procaccia, 1983; Vastano & Kostelich, 1986
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over days, and no study has been published thaprises different patients from different centers
using different presurgical evaluation protocold asquisition systems.

However, as recently suggested by Mormanhal, (2007), the improvement of algorithms
relies on a better comprehension of the confoundar@gbles that may influence the measures used
in the algorithms, decreasing their sensitivity apdcificity.

In this regard, investigations on data sets of ldasting recordings have revealed
fluctuations of EEG features that may be influenbgddifferent vigilance states. In fact, it has
recently been reported a dependency of false gredscon the state of vigilance, suggesting a
reduced reliability of some seizure-prediction noelh (Schelteet al., 2006).

An additional factor limiting application and vadition of most of seizure-prediction
techniques is their computational load (Bruztoal., 2006; Bruzzo, 2007; Bruzzet al., 2007).
During the last two decades, in fact, a numbentdresting methods have been proposed to detect
dynamical changes. They include, among others,rmeace plots (Eckmann & Procaccit986)
and recurrence quantification analysis (Tru#& al., 1996) recurrence time statistics based
approaches (Gao, 2001; Rie&eal., 2002), space-time separation plots (Provenealal, 1992)
and their associated probability distributions (¥ual., 1998), metadynamical recurrence plot
(Manuca & Savit, 1996), statistical tests usingcditized invariant distributions in the
reconstructed phase space (Hively & Protopopesgd3)2 cross-correlation sum analysis (Kantz,
1994), and nonlinear cross prediction analysis (@bbkr, 1997). Most of these methods are based
on quantifying certain aspects of the nearest meighin phase space, and, as a result, are
computationally expensive. The proposed conceptusthple and easily calculable measure of
Permutation entropyPE) (Bandt & Pompe, 2002an be effectively used to detect qualitative and
guantitative dynamical changes. It was also sugdeat useful screening algorithm for epileptic
events in EEG data (Caat al., 2004; Bruzzeet al., 2006, Bruzzo, 2007; Bruzzt al., 2007; Liet
al., 2007).PE is an extremely fast and robust complexity mesafar chaotic time series (Bandt &
Pompe, 2002; Caset al., 2004; Liet al., 2007) and thus suitable for online applicationrevwe
portable systems. The use of PE is further encedrdry its similarity to Lyapunov exponent
suggested for seizure prediction. At the preseith& been applied only to intracranial EEG data
in order to predict epileptic seizures (Cab al., 2004; Li et al., 2007). PE is a measure of
complexity in a system and can distinguish betwesrdom and regular (i.e. periodic) behavior
(Bandt & Pompe, 2002). Hence, PE could be sensttveegularities present during seizure and
even in the preictal phase. However, also distingilance states are typically characterized by

different degrees in regularity of EEG.
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In my study, | would like to prove the reliabilif PE in the detection of fluctuation of
vigilance levels and in seizure prediction fromlgsdaEG. The succeeding aim of my project was to
test the capability of PE to distinguish betweeeigqial and interictal state on the basis of scalp
EEG, using Receiver Operating Characteristics (R@@)ysis, with particolar attention also to the
role of changes in vigilance states. In fact, R@@&lgsis provides a good indication for the overall
separability in terms of sensitivity and speciffaif a characterizing measure. Moreover with ROC,
a threshold for amplitude values of a measure mgiwoously varied, and the sensitivity (ratio of
true positive classifications to total number ositige classifications) of the discrimination based
on this threshold is plotted againstrinus the corresponding specificity (ratio of tniegative
classifications to total number of negative clasatfons). The resulting curve is termed ROC
curve. The definitions of sensitivity and spegificcan either be based on the hypothesis that
values from the second (i.e., the preictal) amgétdistribution are generally lower than those from
the first (i.e., the interictal) distribution (Hb)y on the opposite hypothesis (H2). In the casdf
the terms “positive” and “negative” relate to whathan amplitude value is below or above the
threshold, respectively, while the characterizatimne” or “false” indicates whether values below
the threshold belong to the second distributioa.,(ivalues from the preictal period) and values
above the threshold belong to the first distribut{pe., values from the interictal period) or nibt.
H2 is chosen as the ROC hypothesis, definitionst ihesadjusted accordingly. The area under the
ROC-curve can be used to quantify the degree tawthie two distributions can be distinguished.
For identical distributions this area is 0.5, whiler distributions that are completely non-
overlapping, values of O or 1 are attained, dependn which ROC hypothesis was used for the
definition of sensitivity and specificity. The cdplity of a measure to distinguish between the
interictal and preictal period, i.e., its potengaédictive performance, can thus be quantifiedhiey
area under the ROC curve where in case of H1 am gmeater than 0.5 corresponds to preictally
decreased values as compared to the interictaésand vice versa. For a better comparability of
the different measures, ROC values were alwaysmated for both hypotheses H1 and H2, and
the larger one was selected thus achieving a peaioce value that is always0.5 by construction.

Furthermore, all analysis parameters were chosgiel maximum performance values.
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CONTROL

4. Seizures Control.

Antiepileptic drugs (AED) are the main form of treeent for epilepsy. Although many
AED’s have been developed, approximately one-tbirepilepsy patients are not responsive to
pharmaceutical treatments (Engetl,al, 1993). If non-responsive to medication, surgigadions
can be considered. One common method is the renoovakection of epileptogenic tissue. Before
resection, the patient undergoes extensive eldgtsplogical, neuroimaging and neuropsychiatric
testing to strictly localize the epileptogenic tiss Brain tissue can also be lesioned such as in a
corpus callosotomy, where the main tract of fibmyanecting the two hemispheres of the brain is
severed to disrupt the pathways responsible fquagating generalized seizures.

A newer surgical method iswltiple subpial transection@ST), where multiple parallel
incisions are made in a restricted region of corterrder to disrupt synchronous neural activity
responsible for seizure generation. MST can be able®i alternative to resection when the
epileptogenic tissue transcends critical areafienbirain, and removal of the tissue may result in
serious cognitive impairment. MST is sometimes cioith with resection to improve seizure
activity slightly more effectively than MST alon8genceret al., 2002; Zhaoet al. 2003). A less
invasive surgical treatment igagus nerve stimulatiofVNS), where an electrical stimulator
implanted in the neck directs intermittent pulsethte vagus nerve. The patient can also activate th
stimulator magnetically if they feel a seizure abioubegin in order to prevent the seizure or reduc
its severity. Common side effects of this treatmenth as voice alterations and tingling sensations
tend to be mild to moderate, and subside with {iBen-Menachem, 2002). One increasingly used
noninvasive treatment for children is thketogenic dietlt consists of low carbohydrate, high
protein, and high fat consumption, similar to tlpplarized Atkins diet but more strict. Although it
can be an effective alternative (Kossdt,al., 2003; Sinha & Kossoff, 2005), the child’s growth
should be closely monitored as it may be negatiaéfigcted by the restrictive diet (Petersenal,
2005; Santoro & O'Flaherty, 2009yeurofeedbackNF) is a method in which a patient attempts to
regulate the abnormal brain activity responsible deizures. Scalp electrodes relay the brain’s
electrical activity usually in visual form on a sen, providing feedback for the patient’s progress.
Neurofeedback can be a low-cost noninvasive solutith long term benefits, shown in repeated
studies to have consistent positive results (Steyr8@00; Uhimann & Froscher, 2001; Walker &
Kozlowski, 2005).
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In particolar, learned self regulation of speciAi€ frequency components and of slow
cortical potentials (SCPs) of the electroencephralaly (EEG) has been shown to be of considerable
clinical value (Kotchoubet al, 2001). In this thesis, | attempt to describe fing Italian NF
study, carried out on three epiletic patientsai$ hepresented a demanding SCPs self-training, both
for trainer and patients (including also a 6 motiti®w-up phase) recruited from the Operative

Unit of Monitoring Epilepsy at the Department oéiNological Sciences of Bologna (lItaly).

4.1  Slow cortical potentials (SCPs).

Slow cortical potentials (SCPs) are direct curr@atential shifts of large neuronal
assemblies of the cortex, lasting between sevearatifed milliseconds and several seconds.
They are presumed to reflect the extent to whigbahplendrites of the cortical pyramidal cells
are depolarized. SCP amplitudes are regulated witbht limits by a negative feedback-loop
consisting of a cortical-basal ganglia thresholdutation system that maintains cortical
activation within acceptable medium limits (Birbagret al, 1990). The reduction of the
excitation threshold of cortical assemblies leads gtutamatergic stimulation of mainly
inhibitory GABAergic structures within the basalnggia, such as the putamen and pallidum
(Braitenberg & Schiitz, 1991) compensating cortfoglerexcitation via the basal ganglia and
thalamus. Individuals can learn to voluntarily aohtSCPs through feedback and operant
learning procedures. Combined recordings from thetical surface and from single cortical
cells at different depths and from different catidayers (Caspers, 1974; Mitzdorf, 1985;
Rebert, 1973; Requiat al., 1984; Stamrmet al., 1975) revealed a strong relationship between
local field potentials (LFPs) near the tip of tHeotrode at the apical dendrites (layer | and Il)
and SCPs at nearby cortical surface locations ésimeret al., 1990; Speckmann & Elger,
1999 for reviews). The correlation between singid anulti-unit activity (MUA) and SCPs is
less pronounced because MUA is mainly present dutire output-mode of the pyramidal
layers in deeper cortical structures distant fréwe tortical surface. The interpretation of the
neurophysiological basis of slow cortical posiiegt from scalp recordings is less clear cut
(Birbaumer, 1999; Mitzdorf, 1985). A decrease aftical positivity below baseline values may
result from active inhibition of apical dendriti@ural activity or simply from a reduction of
firing of afferent inflow and subsequent reducedtpgnaptic activity. In any case, slow cortical
positivities do indicate decreased brain activitythe area under the electrode. Increased firing
and depolarization of the cortical input structusesl apical dendrites as reflected in surface

negative SCPs appears mainly in experimental situstemploying anticipatory attention and
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preparation (Rockstroét al.,1989) or delayed response tasks (Stamm & Rosed) Eid tasks
using continuous stimulation of several secondfiumans, a reliable methodology to induce
stable SCPs recordings in both directions, poskivd negative, consists of extensive training

of self-regulation and voluntary control of SCP&fBumeret al., 1990; Birbaumer, 1999).

5. Neurofeedback for seizures control

The most spectacular and popularized results inetinergine field of biofeedback (or
“physiological regulation” as it is presently d¢adl) were the self-regulation of brain waves.
Increase and decrease of alpha frequency of the \E&€& supposed to create “meditative” states
with many beneficial effects in the periphery amdo@havior.

Theta wave augmentation and reduction had profeeffetts on vigilance and attention
(Birbaumer, 1977). Slow cortical potentials (SCBintrol allowed anatomically specific voluntary
regulation of different brain areas with area speaffects on behavior and cognition (for an
overview, Rockstroret al, 1989). Warning voices such as experiments by blldhd and his
group (Mullholland & Evans, 1966) demonstrating fpetr control of alphawaves
throughmanipulation of the oculomotor systemanddpting of eye fixation went largely unheard.
Sterman (Sterman & Friar, 1972; Sterman, 1981) thadfirst to propose self-control of epileptic
seizures (Elbertt al.,1984) by an augmentation of sensorimotor rhythMR$%

SMR in human subijects is recorded exclusively @egrsorimotor areas with frequencies of
10 to 20 Hz and variable amplitudes. Pfurtschedteal. (2005) localized the source of human SMR
in the sensorimotor regions following the homuncwiaanization of the motor and somatosensory
cortical strip. Imagery of hand movement abolisB&R over the hand region; imagery or actual
movement of the legs blocks SMR in the interhenesigh sulcus. Pfurtscheller called this
phenomenon event-related desynchronization andhsynization (Pfurtschelleet al, 2005). On
the basis of careful animal experiments (StermanC&mente, 1962a, 1962b), Sterman
demonstrated incompatibility of seizures in motoed @remotor areas in the presence of SMR. Cats
exhibited maximum SMR during motor inhibition anarious sleep stages.

Presence of spindles during different sleep staggdicularly during rapid eye movement
(REM) sleep indicated recruitment of inhibitory Ru&o-cortical circuits and blocked
experimentally induced seizures. Sleep spindles &MR share identical physiological
mechanisms. Epileptic cats and humans were tramattrease SMR, and, after estensive training
ranging from 20 to more than 100 sessions, Ster(d8@7) was able to demonstrate seizure

reduction and complete remission in some patieritts arug-resistant epilepsy. It is important to
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note that SMR is often called mu-rhythm followinguggestion of Gastaut (Gastaut, 1952; Gastaut
et al., 1952) who noted its abolition in some types ofgegs. As illustrated in Figure 1, successful
voluntary brain control depends on activity in potar areas and the anterior parts of the basal

ganglia.

Fig. 1 Sef-regulation of sow cortical potentials on regional metabolic changes measured with fMRI

A Activation during pos

—

B Deactivation during pos

{
L. l
=

Fig. 1 Effects of self-regulation of slow cortical poteats (SCPs) on regional metabolic changes
measured with fMRI. Left: BOLD responses duringf-pebduced cortical negativity (left column) and
positivity (right column). Red colored brain ardadicate activation, green color deactivation. Righ:
Activation of anterior basal ganglia during selflirced cortical positivity.B: Related deactivation of

premotor areas during cortical positivity (frddinterbergeret al, 2003).

Birbaumeret al (1990) had proposed earlier that physiologicgulation of SCP and
attention depends critically oanterior basal gangliaactivity regulating local cortical activation
thresholds and SCPs in selective attention and muteparation. Braitenberg (Braitenberg &
Schuez, 1991) created the term “thought pump’Gédankenpumpein German) for this basal
ganglia—thalamus—cortical loop. Taken together,etktensive literature on the SCPs also suggests
that operant-voluntary control of local cortical céation thresholds underlying goal-directed
thinking and preparation depends on an intact motéand premotor cortical and subcortical
system.

Encouraged by the reliable and lasting effectsrainbself regulation on various behavioral

variables and by Sterman’s case demonstrationgaBmer and colleagues conducted several
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controlled clinical studies on the effect of SCBulation on intractable epilepsy (Kotchoubety
al., 2001; Rockstrohet al., 1989, 1993). Based on their neurophysiological ehoof SCP
regulation, patients with focal epileptic seizune=re trained to down-regulate cortical excitatiogn b
rewarding them for cortical positive potentials gratception of SCP changes. After extremely long
training periods, some of these patients gainedecto 100% control of their SCPs and seizure
suppression. Namely, epileptic patients sufferirgnf a dysregulation of cortical excitation and
inhibition and consequent brain lesions can leareantrol their brain responses both within the
laboratory and in daily life. Given that the cemddpop involved in this type of operant learning,
encompasses basal ganglia, jointly with cerebellin®,functional structure to work out timing of

motor actions are modulated by the NF.
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6. Mental simulation: a possible link between gmleand schizophrenia.

Starting points: some considerations from the necience literature

To undertake a novel setup/method for seizuresigired based completely on behavioral aspects,

the following evidences have well been thoughted-ou

1.

2.

Since the nineteenth century, psychotic episodes haen described in epilepsy especially
during postictal/interictal phases. (Nopouketsal., 1999 Nopoulo=t al., 2001; Sachdev,
1998).

Accumulating evidence indicates that individual$hbeith epilepsy and with schizophrenia
manifest abnormalities into the structures cerelbeland basal ganglia (Jahanshahal.,
2006; deputized to secrete dopamine (see Chen, &iX06opamine hypotheses in epilepsy)
and Lovestonet al.,2007; Trimble, 1977, for dopamine hypotheses mzaphrenia).

3. Basal ganglia are involved in interval timing ohtpintervals (seconds-range).

4. Morover, in schizophrenia is well known a disfuoatin forward models (Fritkt al.,2000)

for biological motion (and, it has not been yet destrated for non biological) that could
explain the disfunction in self-agency. Is it alsaue for epilepsy over all phases of their

epileptic cycle?

First step: A mental task including simultaion ohrbiological motion

Research on motor imagery could show many siitidarto motor execution. Motor imagery

is accompanied by changes of heart rate; increaseCp-pressure and in respiration frequency

(Decetyet al., 1993; Wuyamet al., 1995). Hence physiological parameters change teeibody

would execute real movements. Further, executedraadined movements (e.g. writing a letter or

walking a certain distance) show the same duraiibesety & Michel, 1989).Primary motor cortex

seems to be involved in motor imagery (Fadigaal., 1999; Lotzeet al., 1999; Schnitzleet al

1997).Finally, training with motor imagery improves thgndmics of motor performance (Yaguez

et al., 1998). These findings leave behind the impres#ian motor imagery is nothing else than

motor execution with inhibition of the final motpathways. Nevertheless, experiments in patients

with parietal lesions (Siriget al., 1996) and in schizophrenic patients (Dancladrial., 2002)

revealed also dissociation between these two niotmtions. In healthy subjects, temporal aspects

of both imagined and actual pointing movements @onfto spatial constraints (e.g.: target width,
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movement amplitude), whereas in schizophrenic amikfal patients this dependency is lost in
motor imagery, despite being preserved in execufitiese findings raise the question whether the
similarity between motor imagery and motor exeautis just superficial and whether motor
imagery is rather a mental simulation of percep&nts and as such, relatively independent from
motor execution. Further it is unclear, whether taksimulation of non-biological movements (i.e.
motion that is not generated by living beings, byteast to biological motion) depends on the same
mechanisms as motor imagery.

Lesion studies demonstrated dissociation betweenathility to perceive both types of
motion. Patients being completely ‘motion blind’illstould discriminate biological motion
(McLeod et al., 1990). The opposite pattern has also been rep¢&elenk & Zihl, 1997). This
dissociation raises the question, whether menmaulsition of the two movement types relies on
different mechanisms as well. Motor imagery hasnbseggested to depend on forward models
(Jeannerod, 1995), mapping the motor representatiothe to be imagined movement on the
representation of its sensory effects. The simutatf a non-biological movement could rely on
forward models for biological movements with simildynamics. Alternatively, distinct models
specific for the dynamics of non-biological movengeoould be involved. In order to investigate
these issues, | designed a paradigm including sitioal of both movement types (see section
“Materials and methodsubtitledprediction).

Psychotic episodes in epilepsy have been descalreddy since the nineteenth century
(Sachdev, 1998). Demanding cohort and epidemicddgiwvestigations have been done to correlate
this neurological disease to psychosis (Flor-Herd869; Flugelet al., 2006;Ishii et al, 2006;
Mace, 1993; Matsuuret al, 2004; Mendezt al.,1993; Quinet al.,2005; Sachdev, 1998; Taylor,
2003; Trimble, 1977). Additionally, there are ndoraging and neuropathological data linking
epilepsy with schizophrenia-like psychosis (Bruédral., 1994; Nopoulo®t al, 1999; Nopoulogt
al., 2001; Robertet al., (1990).

However, many aspects of this linkage still remaimtroversial. For example, psychotic
episodes are traditionally classified accordinghteir temporal relationship to seizure occurrence,
as ictal, postictal (or peri-ictal) and interictdlowever, it has not been shown whether this
classification reflects distinct pathophysiolog{&achdev, 1998; Taylor, 2003). Also the linkage of
psychotic episodes to a certain type of epilepsyparticular the temporal lobe epilepsy (TLE),
remains unclear (Sachdev, 1998). In particularhas been noted that the similarity between
epilepsy and schizophrenia does not automaticaljarma common origin of the psychotic
symptoms (Cummings 1993)in literature there are no reports on behavioratedures used to

investigate the relationship between these twordess.
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The aim of the present study was to investigatethidrethe behavioral performance of
epileptic patients would be similar to that of zdghrenic patients, previously assessed by the
same task by Bruzzet al., 2007 (see also above). Briefly, the previous studgchizophrenia
investigated the mechanisms underlying mental sitrari of biological and non-biological
movements. Subjects had to either simulate meraltg overtly reproduce previously executed or
observed movements of both types. Duration of #dspectively real movement was compared to
the duration of the either simulated or re-enactedement. Healthy controls showed a very high
timing precision when simulating biological andteosg distortion when simulating non-biological
movements. Schizophrenic subjects, however, showeedpposite.

Given this double dissociation, authors concludédt tprocesses underlying mental
simulation of biological and non-biological movent®eare separate from each other. Performance
of both subject groups was almost perfect for mttvement types, when movements had to be re-
enacted. This second finding confirmed that pefoapattention and memory for movements were
not the reason for the distorted timing performadoeng mental simulation. The simulation of
biological motion in schizophrenic patients coutdimpaired as a consequence of a dysfunction of
forward models (Fritlet al.,2000). Forward models are crucial for predicting sensory effects of
actions (Wolperet al.,1995) and allow healthy subjects to precisely imadpiological movements
(Jeannerod, 1995).

A dysfunction of forward models has also been sstggeto be responsible for one main
positive symptom in paranoid schizophrenia, thaisieh of agency, namely, the belief that self-
produced movements are caused by external forcesthmr persons (Frith & Done, 1989;
Blakemoreet al.,2002).This erroneous attribution of agency coulcekelained by the inability to
match the perceived sensory effects of the own mewe to the predicted effects.

Given this possible implication of disturbed forddamodels in the explanation of one main
psychotic symptom in schizophrenia, | hypothesiztb@t that forward models are also
malfunctioning in epilepsy. This should result im#ar performance of epileptic patients in the
described behavioral task, previously performedh withizophrenic patients. However, we expected
a variation of patients’ performance over the gpitecycle, as psychotic episodes are reported to
be more frequent in the post-ictal and interictahges of this cycle (Adachi, 2000; Perrine &
Kiolbasa, 1995; Umbrichet al., 1995). Considering this possibility | conducted tiehavioral task

daily during a longitudinal study, hence includelgdifferent phases of the epileptic cycle.

22



Patients

MATERIALSAND METHODS
PREDICTION
7. Implementation of Permutation Entropy (PE) oals&EEG data.

Three patients (2 males and 1 female) sufferingnfidrug-resistant focal epilepsy undergoing

longterm computerized video-EEG recording for prg®al evaluation were studied. All patients

underwent awake and sleep EEG recording for cheniaation of interictal epileptiform

abnormalities, and 1,5/3 T brain Magnetic resonantaging (MRI) or Computed tomography

(CT). Clinical features and interictal/ictal EEGtaaof the patients are illustrated in Table 1.

Identification of the epileptogenic zone was basedhe clinical and EEG features of the seizures,

and on evaluation of MRI data. Informed consent alatsined from all patients after the purpose of

the study was explained.

Table 1. Clinical features of the patients

Patient 1(17/M) Patient 2 (47/F) Patient 3(36/M)
Age [years] at the epilepsy onset 9 14 20
Seizure frequency Daily 3-4/Month Weekly

Interictal scalp-EEG

Left temporal spikes
associated with slow
waves

Right anterior temporal
spikes associated with
theta activity

Right frontal spikes associated
with theta activity

Ictal semiology

Psychomotor arrest, 10ss
of consciousness,
right upper limb dystonia,
left upper limb gestural
automatism

Epigastric sensation or
fear, spitting, loss of
consciousness, eye and
head deviation on the
right, secondary
generalization

Mild head deviation on the right
loss of consciousness, left uppé
limb automatisms

Ictal EEG pattern

Diffuse desynchronizati
followed by diffuse or
predominant on the left
hemisphere high
amplitude slow rhythmic
activity

DEEG flattening followed
by rhythmic spike activity
in the right temporal
leads, then bilateral
spread

Diffuse EEG flattening followed
by irregular diffuse spike-wave
activity

Brain MRI/CT

MRI: dysplasia of the left
mesio-temporal lobe
extended to the ipsilateral
insular cortex

MRI: dysplasia of the
right amygdale

and right hippocampus
hypertrophied

CT: anterior hippocampu
and temporal pole lesion

MRI not performed because of
metal clips in the liver level

CT: right frontal post-traumatic
smalacic lesion

Results of seizure video-EEG
recording

Left mesio-temporal
seizures with possible
spread to frontal regions

Right antero-mesial
temporal lobe seizures

No seizure recorded

Neurological examination

Unremarkable

Unremarkable

Unremarkable
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EEG data

A standard bipolar montage with 18 Ag/AgCI elecesdvas used. Signals were amplified,
band-pass filtered (0.1K-70 Hz), sampled at 2004&thz] stored on a video-EEG system (Telefactor
Corporation, West Conshohocken, Pennsylvania, US#eo-EEG recording was performed only
during daytime, from about 8 a.m. until 7 p.m. e evening. Patient P1 was recorded over 8 days
(total of 61 h and 4 seizures), P2 over 2 daysl(twt14 h and 2 seizures), and P3 over 5 dayal (tot
of 40 h, without seizures). Video EEG data wergéawed by two epileptologists to detect epileptic
seizures. Staging of the different vigilance statas performed over the whole recording according
to the criteria reported by Drust al.,2003 illustrated in Table 2. Data of patient P3av@cluded

only to study dependency of PE on vigilance sie)o seizures were present in the dataset.

Table 2. EEG featur es of behavioral states

BEHAVIORAL STATE CRITERIA
DESIGNATION
Awake with eyes open Attenuation of alpha-thetagased

EMG and other movement artefacts

Awake with eyes closed Posterior alpha or thetéhrhy

Drowsiness Diffuse alpha-theta, slow eye

movements, loss of alpha-theta, V-wayes

Stage 2 NREM Spindles, K-complexes, <20% 2 Hz delta
Stage 3 or ANREM >20% 2Hz delta of 75uV
REM Low voltage mixed frequency fast,

sawtooth waves
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Data Analysis

Original sample frequency was reduced from 20068®® Hz by maintaining every third
sample in order to limite the mutual informatiorE Was calculated over time using a moving
window technique (window size 15 sec). The sigrfatach time window and each separate EEG

channel was analyzed as one scalar time series={xt}., T, with T=1000.

These time series were embedded nedimensional space:X[X;, X+L,...,%+m1L], with m
being the embedding dimension dnbeing the time lag. For all valuestdhe real values of
Xe=[Xt, Xe+Ls--- X+(m1)L] Were arranged in an increasing ordef[Xe -1 < X+ 2-1L < ... Xe+gm-1)L]-
Hence, each vector 6 uniquely mapped onte=[j1,j2, . . . jm], wherer is one ofm! possible
permutations of the vector [1,2,m), If each of then! permutation is considered as a symbol, then
this procedure allows the mapping of the origir@ittuous time series onto a symbolic sequence
(Bandt & Pompe, 2002). The frequency of each ptesgibrmutatiorr, as obtained during the

sorting process of all vectors,Xvas calculated as#)( Permutation entropy was calculated as

H(m)=- X p(z) In p(z),

where the sum runs over ail permutationst of orderm. As H(m) can maximally reach Ing), the
permutation entropy was normalized asrn(m!).

Hence, possible values are:<OH(m)/In(m!) < 1. Permutation Entropy is a measure of
regularity in the time series (Bandt &Pompe, 2002)e upper bound (i.e. Hij=In(m!)) is attained,
when all ml possible permutations appear with the same pibtyaknstead, with increasing
regularity (i.e. probabilities for different pernatibnsz becoming more different from each other)
H(m) decreases. The embedding dimensiowas chosen of order 4, and the time lag.. Small
values ofm may not be able to reflect regularities of highedter. For practical purposes, Bandt &
Pompe recommended = 3, .., 7. Increasingh may lead to memory restrictions due to the large
number ofm! possible permutations. Heme=4 was chosen empirically. Larger values=b, 6, 7)
didn’t reveal significant differences on visual @stigation of the resulting PE profiles.
Subsequently, it was tested the possibility to sifgsinstances of the resulting PE values as
belonging to the preictal phase (positive class)tamrthe interictal phase (negative class), by

comparing PE values to a certain threshold.
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The quality of a decision model based on a threktcrimination can be evaluated by the
percentage of PE values resulting from a preidtalsp and being attributed correctly to this phase
(sensitivity and the percentage of PE values resulting agtiaim an interictal phase, but being
misattributed to the preictal phaseqpecificity. However, the threshold for such a binary claessif
system can be chosen arbitrarily at any level enrtinge of amplitudes, which the PE measure can
assume. A Receiver Operating Characteristic (RQ@)ecis a graphical plot of the sensitivitg.

(1 — specificity for a binary classifier system as its discrimioatthreshold is varied (cf., paragh.
3.1, Fig. 2 a, b).

ROC curves were calculated for both hypotheses,REe amplitudes either decrease or
increase in the preictal phases compared to tbadtdl phases.

Under the hypothesis of preictal decrease, for gadsible threshold (steps of 0.01) in the range
from 0 to 1, the percentage of preictal time windowith PE amplitudes below threshold ,
indicating sensitivity, and the percentage of iictat time windows with PE amplitudes below
threshold, indicating 1-specificity, were calcuthteBy plotting for each tested threshold the
sensitivity vs. 1-specificity, a series of points resulted, detaing the profile of the ROC curve
(Fig. 2b). Sensitivity and specificity for the ompe hypothesis (i.e., preictal increase) and the
corresponding ROC curve were calculated in a simfdlshion by reverting threshold dependencies.
The area under the ROC curve (AUC) as a measuwsepzrability of pre- and interictal amplitude
distributions was determined.

The more different the AUC value from 0.5 and theser to 0 or 1 (depending on the tested
hypothesis), the better the separability of the disiributions.However, only AUC values larger
than 0.5 indicate validity of the chosen hypothdss. measures in preictal phase being either
larger or smaller than threshold), while valuesobeD.5 would support the opposite hypothesis.
The duration of the delay between the first charnigake brain state and the onset of a seizure are
still under discussion. However, the separatiorwbet preictal and interictal phases is one
necessary precondition to perform ROC analysisortiter to define the duration for the preictal
phase leading to the best results, ROC analysigpesisrmed for a range of durations lasting from
5 minutes before seizure onset to the maximumwalibby the minimal distance of two subsequent
seizures.

The duration was varied in steps of 2.5 minutesiwithis range. Periods, lasting 40 min
from onset of seizures, were excluded from anglyas the postictal EEG signal may be
consistently different either from interictal angbjetal signalsReassuming, for each EEG channel,
each hypothesis (i.e. preictal increase or decreddeE values), and each of the hypothesized

preictal phase durations, the AUC value was caledlaFurthermore, for each EEG channel, that
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hypothesis and that duration of preictal phase wdetermined, which lead to the maximal AUC
value. In addition, it was controlled for a possiblependency of PE on vigilance state. The mean
PE amplitude over all channels was calculated &mheime window. Then, the linear correlation
between PE amplitude and vigilance state, detemdnaisereported above according to Dratyal.,

2003 was calculated.

Fig. 2 Amplitude distribution of PE for interictal and preictal phases
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Fig 2 (a) Amplitude distribution of PE for interictal (grdine) and preictal (black line) phase as resulforg
one channel of patient P(b) ROC curve, indicating separability of amplitudstdbutions shown in panel
a. The hypothesis, used for calculation, was mktzcrease. A ROC curve equal to the diagonay (gre)
would indicate for all possible thresholds the sgmebability for true and false alarms (i.e. datactof
preictal state). Thus, as the ROC curve becoméselift from the diagonal, the separability becotredter.
The AUC value can be taken as a measure for tfferelice. The more different the AUC value from 0.5
and the more close to 0 or 1 (depending on theddstpothesis), the better the separability.
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6.1  Statistical evaluation of PE for predictability séizures.

Fig. 2 shows the distribution of PE amplitude ie-pand postictal phase (panel a) as well as
the AUC curve (panel b) for one selected channé&latient 1.
AUC values were calculated for both hypothesese&tal increase or decrease of PE values. The
maximal AUC values were yielded for all seizuresd &or all EEG channels under the assumption
of a preictal decrease in PE (Fig. 3a). This wamkytrue for both patients with recorded seizures
(Patients 1 and 2).

The calculation of AUC values was repeated for edwmnel, varying the duration of the
assumed preictal phase. In this way the duratiaditheg to the best AUC value was determined.
In both patients (Patient 1 and Patient 2) thegatduns were similar between the different EEG
channels (Patient 1: minimum=30 min, median=32.8, maximum=45 min, Patient 2: median=15
min, minimum=15 min, maximum=20 min]. By comparitigg maximum AUC values obtained for
the different channels of each patient, the medmaximum and minimum AUC values were
respectively 0.771, 0.861, 0.574 for Patient 2@8d5, 0.85, 0.654 for Patient 1.
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7.2 Mental imagery task.

Participants

Schizophrenics and healthy controls

It has been investigated mental simulation in aatlen context, recruiting 10 right-handed
(according to the Edinburgh Inventory, Oldfield,719 paranoid schizophrenic patients (diagnosis
according to the DSM-IV TR criteria, APA, 200@om the Department of Neurological Sciences,
(University of Bologna, Italy) and 10 matched hiegltolunteers (5 women and 5 men, mean age
(xSD) 28.7+2.63, range 26-32; mean education |&¥8D) 16.3+4.06), with normal or corrected-
to-normal visual acuity in both eyes. None of tlealthy participantead neurological, psychiatric,
or other medical problems. All subjects were ndivéhe purposes of the experimenftormation
about the experimental hypothesis was provided aiftgr the experiment was completed.
Participants gaveeir written informed consent for their particijattin the study.

Before the beginning of the study, schizophrenittepés underwent a clinical assessment
using a battery of neuropsychological tes#AlS, (Wechsler, 1955); Scale for Assessment of
Negative Symptoms (SANS) (Andreasen, 1983); ScateAlssessment of Positive Symptoms
(SAPS) (Andreasen, 1984), Wisconsin Card Sortingt,T@Heaton, Chelune, Talley, Kay, &
Curtiss, 1993); Beck Depression Inventory (BDI) ¢BeWard, Mendelson, Mock, & Erbaugh,
1961); Profile of Mood States (POMS) (McNair, Lo&, Droppleman, 1971), Brief Psychiatric
Rating Scale (BPRS) (Overall & Gorham,1962); GloBakessment of Function (GAF) (APA,
DSM IV-TR, 2000); Birmingham Object Recognition Bay (BORB) (Riddoch & Humphreys,
1993). A summary of patients’ data is given in EaBl
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Table 3. Descriptive variables of paranoid schizophrenic patients

Age (SD) 31.4 £4.11, range (27-41)
Sex Malesn=5

Femalesn=5

Handedness Right n =10
Leftn=0
Ambidexstral n = 0
Education (yr) 10.6 + 2.55
Age at onset (xSD) <18yrn=2,17
>18yrn=8,23.88+1.73
Duration of illness (xSD) 8.9 + 4.28, range 8%
Dose (mg/day) of atypical antipsychotics Rispenigln = 3 (1.5-6.0)

Olanzapine n = 1 (7.5-30)

Clozapine n = 3 (40-160)

Quetiapine n = 3 (200-800)
Intelligence measures (WAIS-R) Verbal 1Q 99.6.6%

Performance 1Q 100.4 +1.58

Full-scale 1Q 100 + 4.69
Wisconsin Card Sorting Test (perseverative er®@) 0.92

Beck Depression Inventory (BDI) 11.6 £0.52

Negative Symptoms (SANS total scores) 53.5 +,687ge (45-60)
Positive Symptoms (SAPS total scores) 17.5 +,6a%e (10-28)
POMS 19.1+1.97

BPRS (Brief Psychiatric Rating Scale) 25+ 2

Global Assessment of Function (DSM-IV TR) 74.6.x2
Birmingham Object Recognition Battery 249 +2.28

The main demographic and clinical details of pasg€n = 10) involved in the experiment are reporkéith
mean + standard deviation values.
Note: There is no information in the literature possible effects of medications on tasks similathtzse used in the

present work
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Thepilot study with epileptic patients

Five patients were recruited affect by differentrioof epilepsy at the Unity of Monitoring
Epilepsy (Dep.of Neurologial Sciences, UniversityBologna, Italy).

The local ethics committee at University of Bologritaly approved the procedures in
accordance with the ethical standards of the 198ddbation of Helsinki. All patients were entered
into the study after providing informed consent rappd by local Institutional Review Board
(University of Bologna, Italy).

Performance of all patients was assessed in féi@reint phased) preictal phase (within 24 hours
before seizure onsat) two postictal phases, respectively 24 hours {padtl) and 72 hours after
seizure onset (postictal 2), aiid interictal phase, period between postictal plederegoing and
preictal phase of next following seizure.

All patients were in good physical health, detemdirby a physical examination and laboratory
evaluation including a complete blood count, glec@nd hepatic enzymes, renal and thyroid
analyses.

Medication level of anticonvulsive drugs was constaver all four phases, in which the experiment
was conducted. There is no information on possffiects of medications on our experiment. No

subjects showed psychogenic seizures.

7.3 The longitudinal study: predicting epilepticzsges by a mental imagery task.

Epileptic Patients

Due to the promising results (see section Resulty @btained in the pilot study with
epileptic patients, | decide to performe a longitadl study. Four patients from the Department of
Neurological Sciences - Bellaria Hospital Universif Bologna (Italy) were recruited by a cluster
sampling technique. All were females and right-lehdccording to the assessments made with the
Edimburgh Inventory (Oldfield, 1971), with onsetdaguration of iliness respectively before 18 yr,
(11+1.41), (15+8.49) and education, 9.5+2.12).

- Patient s1 (32ys): Right temporal lobe with amti dysplasia, (polytherapy:
Carbamazepine+Topiramate: 400; 100 mg)

- Patient s2 (29yr): Right temporal lobe with et dysplasia. (polytherapy: Topiramate
Phenytoin+Levetiracetam: 100mg + 900+ 200 mg).
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- Patient s3 (31ys): Extratemporal lobe EpilepgSgneralized, with focus on the left lobe,
(politherapy: Gabapentin+Lamotrigine: 900mg+200mg).
- Patient s4 (38 ys) idiopathic secondary geregdli seizures focus on the right; (middling

cared, in monotherapy: Carbamazepine).

Medication level of anticonvulsive drugs was constaver all four phases, in which the
experiment was conducted. There is no informatianpossible effects of medications on our
experiment. Before the beginning of the studygglleptics underwent a clinical assessment and a
neuropsychological assessment reported in Tabile8der to ascertain that all patients were able to
understand the task. No subjects showed psychogeizigres.

The local ethics committee at University of Bologitaly approved the procedures in accordance
with the ethical standards of the 1983 DeclaratibHelsinki.

All patients were entered into the study after jimg informed consent approved by local
Institutional Review Board (University of Bologrigaly). All patients were in good physical health,
determined by a physical examination and laborageajuation including a complete blood count,
glucose and hepatic enzymes, renal and thyroid/sesl Each subject was observed over a period
of 29 days. The experimental task was undertakeryeday at the same time (s1 16:00; s2: 19:00;
s3: 14:00; s4.13:00), excluding weekends and hgdidahis period included 17 recording days and
6 seizures for s2; 18 recording days and 11 sesziares1; 18 recording days and 8 seizures for s3,

and 17 recording days and 7 seizures for s4.
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Table 3. Neur opsychological assessment

TEST

PATIENTS

INTELLIGENCE MEASURES (WAIS-R)

Verbal 1Q

100.6 (+4.60)

Performance 1Q

102.6 (+3.58)

Full-scale 1Q 102 (+4)
WISCONSIN CARD SORTING TEST, 3.29 (x0.76)
perseverative errors
BECK DEPRESSION INVENTORY 9.86 (+1.07)

POMS

17.43 (+1.51)

BPRS (brief psychiatric rating scale)

23.86 (£1.07)

Global Assessment of Function (DSM-IV-TR

77.29 (+4.60)

Birmingham Object Recognition battery

25.14 (£2.27)

It has been reported scoring and standard deviafD) of all patients underwent by

neuropsychological assessment.

Procedure

Subjects were required to mark on a calendar atdyrday, hour and behavioral situation
in which seizures occurred. Hence, subjects cootdbe kept totally naive about the aim of the
study. They were just told that the aim was to #tigate time estimation across epileptic phases.
However, nothing was told about the working hypstbdi.e.: the expected difference among the
experimental conditions and phases of epileptitegyc
The procedure was approved by the local ettocsmittee at the University of Bologna, Italy, and

was in accordance with the ethical standafdbe 1983 Declaration of Helsinki.

Subjects were seated in front of a laptop. The ex@nter was sitting on the right side of the

subject for the whole duration of the experimeng .
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Task

At the beginning of each experimental trial, sutgewere either shown a parabolic
movement of a disk on a computer screen (non-bicddgnovement; NB), or they had to execute a
comparable parabolic movement with their own arrd mdex finger (biological movement self,
BS), or to look at the experimenter performing sachovement (biological movement other, BO).
In case of the non-biological movement, the diskrteter 1.8 cm) started at the lower margin of
the screen and moved up and down following a pdiabm@jectory. The horizontal and vertical
coordinatesX andy; units in cm) of the centre of the disk on theeser (screen size: 33cm x 21cm)
were calculated as a function of timg (

X =16.5 + 6.6sin[z(t)]
and
y = 16.8 - 15.8sin[z(t]]

with z(t) = (2-d)x / 2d; andd being the movement duration. The duration wasedaaimong

trials within a range of 6 to 10 seconds. Tangérgocity v(t) was calculated as:
v(t) = (r /d) {43.6cos[z(t)]+1002.8sin[z(t)jcos[z(t)f }°°

Start and stop positions were symmetrically toléfieand right of the screen. Direction was
randomly changed and balanced across trials. Aatala resulted to be maximal at the start and
decreased to zero as the disk reached 52% of ixénmtahheight on the parabolic trajectory. In
continuation the disk decelerated slightly, tillr#ached the maximum height. For the period of
downward movement, the acceleration profile waemresd. Acceleration changed smoothly over
all the movement time, making it feasible to théjeat to re-enact the non-biological movement
with the index finger (see below).

Further, the profile of tangential velocity reachmdximum at the rising and falling edges of
the parabolic trajectory. A local minimum was reaattat the highest point of the trajectory (40% of
maximum velocity). Hence, the velocity decreasddhly as the curvature of the trajectory
increased, making the dynamics more similar todlaisa biological movement.

For biological movements, subjects were asked tiopa smooth movements without abrupt speed
changes and to spontaneously vary the duratiomef tnovements between 6 and 10 seconds,

corresponding to the range of durations of the bioiegical movements. Also the experimenter
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varied the duration of his movements in the samgaaBefore starting the biological movement,
the agent (i.e.: experimenter or subject) had 1d down a key of the keyboard with his/her right
index finger. Movements had to be started spontasigdoy releasing the key, and moving the
index finger in a parabolic trajectory up and dowrpress a second key, symmetrically located at
the other side of the keyboard.

The fact that the experimenter was sitting at thktrside of the subject, and using his right
hand, ensured that subjects could see the expeengemdex finger easily during the movement.
Training for each movement type was conducted kefkiarting the experiment, in order to
familiarize subjects with the task. At the begimniof the experiment, the keyboard was covered,
leaving free only the two keys reserved for thetstad stop of the movements. Similar to the non-
biological condition, the direction was randomlyaalged and balanced over trials. At the beginning
of each trial, movement direction was indicatedahyarrow in the center of the screen. Durations of
biological movements were measured from the relefdke start key to the pressing of the stop
key.

In the second part of each trial, subjects were@s& either imagine (i) or overtly re-enact
(r) the very same movement once agaws(r = response mode), indicating its start and sStdipen
subjects had to re-enact the movement, they haddahe same keys as were used before (in the
biological condition), or the keys correspondinghe start/stop position of the disk on the screen
(in the non-biological condition). The disk trajest had to be reproduced with the tip of the index
finger moving in the air. In order to indicate thtart and stop of the imagined movements, subjects
had to use the keys in the same manner as durngetbnactment, but with the difference that the
left and right index fingers were used to operdie start and the stop key, respectively. Thus
subjects did not have to lift and move hand anéxrithger from the start to the stop key (like they
did during overt re-enactment).

Instead, both hands rested in a stable positioih tinet completion of simulation process.
Each of the six resulting conditions (i.e.: NBi, iB8BOi, NBr, BSr, BOr) was repeated in ten
randomly ordered trials.
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Fig. 3 Theexperimental setup and the different experimental situations

movement type

biological other biological self non-biological

response mode

imagery re-enactment

Fig 3. Schematic drawing of the experimental setup and the different experimental situations. Subjects

(S) sat in front of a laptop with the experimer(t€) to their right. In the first part of each trigubjects had

to observe or execute one of three different movesmémovement type, upper three panels) and
immediately after to either imagine or re-enactubey same movement (response mode, lower two ganel
Biological other Demonstration of the movement by the experimeriés index finger is on the start key
and the dashed line indicates the movement's toajeto the stop keyBiological self Execution of the
movement by the subjedilon-biological Observation of a disk movement on the scrémagery Mental
simulation of the previously observed or executeasv@ment. The subjects used both index fingers to
indicate start and stoRe-enactmenRe-enactment of the previously observed/execmedement.
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Statistical Analysis for pilot study

Correspondence between the durations of the pexfexecuted and the related imagined
movements were measured by the mean proportiora @MPE) calculated in each condition of
each experimental session and all phases for eabfecs and compared respectively with

schizophrenics’ performance.

Statistical Analysis for longitudinal study

As different types of epilepsy affected patients,amalyzed data for each subject separately.
Correspondence between the durations of the pextemecuted and the related imagined
movements was measured by the mean proportionad @WPE) calculated in each condition of
each experimental session. A regression analyssspegormed to determine possible correlations
between absolute MPE values and temporal distahdbeotest sessions from the respectively
preceding and succeeding seizure. The preictalpmstictal delay of each behavioral test was
defined as the time intervals between the admatistn of the test and the onset of the preceding
seizure (postictal delay of test) as well as theebf the subsequent seizure (preictal distance of

test).
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8.

CONTROL

Control of epileptic seizures by meansletirofeedback: the experimental set up

SCP self regulation

For three (C.B, D.M., C.V.) of four patients affedtby epilepsy (described in detail, in
paragraph 6.2 in Table 3) 30 training sessions westablished, subdivided into a three-
week phase of 20 sessions and a two-week phade s#skions, respectively. Each session
consisted of 145 trials and lasted about 90min. Wwephases were separated by an eight-
week phase during which the people were instruttiquractice at home the strategies they
had learned during the first training phase. Duargaining session, the patient' SCPs were
recorded at the vertex (Cz), referred to as thesaeepotential of the two mastoid electrodes
measured separately. The time constant was sdistoMean EEG amplitudes over 500ms
intervals sliding with a 100ms moving average wpresented as a moving cursor on a
computer screen over a period of 8s in each frtay were corrected on-line for blinks and
verti. Each trial began with the presentation @& tbtter "A" or "B", chosen in a pseudo-
randomized order, that served as a discriminaiiyeas informing the subject whether the
cortical potential should be changed to a negdti&&) or positive ("B") polarity compared
to baseline (first 500 ms of each trial) (Fig.4B).
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Fig. 4 The BCI system

Fig. 4 (A) Basic design and operation of any BCI system. &gyifrom the brain are acquired by
electrodes on the scalp, the cortical surfacesaonfwithin the brain and are processed to extiaetisic
signal features (e.g., amplitudes of evoked pantbr sensorimotor cortex rhythms, firing rates of
cortical neurons) that reflect the user’s inteBf). Features are translated into commando that tepera

device. (drawings from Wikipedia Web Site

Rightward movements of the feedback cursor indicaie SCP change in the required
direction, and leftward movement changes in theosje direction (i.e. a positive SCP
shift, when negativity was required, or vice vergdler 8 s, the letter and feedback signal
disappeared, indicating the end of the trial. httid intervals varied randomly between 2s
and 5s. To assist the transfer of the acquiredreglilation skill to every day life, "transfer
trials" were employed where the participants wemarpted by the letters "A" and "B" but

received no feedback .
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RESULTS

9. PE as a suitable measure for detectionafi@s in vigilance states.

Since median AUC values diverge significantly fréhb (i.e. the value obtained when
distributions are non-separable), results of RO@lyais indicate an efficacy of PE in seizure
prediction. Interestingly, however, the correlatimetween PE and vigilance state was found to be
significant in all three patients [Patient 1: rh0:6771 p<0.001; Patient 2: rho=-0.426<0.001;

P3: rho=-0.6187p<0.001]. Fig. 5¢c shows for one day EEG recordin@afient 1 the profile of PE
and the corresponding vigilance states. In thigrégit can be observed that the seizure occurred
when PE amplitude was consistently low; howeves, \alues of PE amplitude corresponded also
to low levels of vigilance, as the simultaneousleation of the vigilance states shows. Seizures
tended to occur at the transition from low to higleeels of vigilance. These evidences suggest that
in our patients PE could reliably detect oscilla§®f vigilance and transitions from one statento t
other. Regarding seizure anticipation, PE did movige false prediction, however, at present our

data do not allow to demonstrate a specific sefitgitof PE for this task.

Fig. 5 Best AUC values determined for each channel of patient P1 under both hypotheses
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Fig. 5(A) Best AUC values determined for each channel diepa P1 under both hypotheses: preictal
decrease [black bars] and preictal increase [gaag]of PE. B) Best AUC values for patient P2, visualized
like in panel a. €) Time profiles of PE amplitude and vigilance stasé®wn for one day recording of
patient P1. Black line represents the time profitePE, while vigilance states are indicated by dirie
different colours. Horizontal steps between différeigilance states are arbitrarily chosen to iatéctheir
depth. The gray vertical line indicates the on$etne seizure.

40



9.1 Mental simulation task for seizure prediction

Motor imagery task with Paranoid schizophrenics

The results applying motor imagery task in schizeplts and healthy subjects are the
followings Strong effects of movement type (healtbybjects:F(2,9) = 63.442,p < .001;
schizophrenicsk(2,9) = 92.550p < 0.001) and response mode (healthy subjé¢is9)= 386.598,

p < .001; schizophrenic§i(1,9)= 175.994p < .001), as well as a strong interaction betweath b
factors (healthy subject$i(2,9)= 87.778,p < .001; schizophrenics$(2,9)= 106.578,p < .001)
were present in both groups (Fi§). Post hoc testing (Bonferroni; = 1%) in schizophrenic
patients, showed no difference between the BSitlam@®Oi condition, but in both conditions MPEs
were significantly larger than in all other condits (NBi, NBr, BSr, BOr, in all casgs< .001).
For healthy subjects, instead, MPEs were signiflgdarger in condition NBi compared to all other
conditions (in all caseg < .001), whereas all other comparisons were mpiifstant. Comparisons
between group revealed significant differences=(1%) in all three conditions, in which the
movements had to be imagined. Whereas in the NBditon, the MPEs were larger in healthy
subjects {(10.4) = -15.531p = .001), in the biological movement conditions, B&d BOi, MPEs

were larger in schizophrenic subjects (B§.7) = 10.816p = 0.001; BOi:t(9.9)= 10.547,p =
.001).

Fig. 6 Mean proportional errorsin healthy subjects and schizophrenics

100 - Schizophrenics Healthy controls

80
60 -
40+

20

Mean proportional error [%]

=
T ——

NBi BSi BOi NBr BSr BOr NBi BSi BOi NBr BSr BOr

Fig. 6 Mean proportional errors in healthy subjects sctiizophrenics. It has beshown both means and
s.e. m. for all conditions. NBi: non-biological, agined; BSi: biological self, imagined; BOi: biolog|
other, imagined; NBr: non-biological, re-enacte&rBbiological self, re-enacted; BOr: biologicahet, re-
enacted
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The pilot study with epileptic patients

Performance of epileptic patients changed overdifferent phases. In the non-biological
movement condition, the error was larger in theriatal as in the preictal phase (Fig. 7A; Table 3)
while for the biological movement condition the opjte was found. The errors in both biological
movement conditions were again smaller in the ptatphase 2 compared to the preictal phase.
Intriguingly, in epileptic patients the effects @apled on the patients’ history. In the preictalggha
the found effects were similar to that in schizapiic patients, whereas in the interictal phase
effects corresponded to that in healthy controlg).fFA, B). The errors in both biological
movement conditions were again smaller in the ptatphase 2 compared to the preictal phase.
Intriguingly, the comparison between healthy sulsiend epileptics showed the biggest differences
for all three-movement conditions in the preictabpe (Table 4). In contrast, comparison between
schizophrenics and epileptics revealed differerdrsrin all conditions in the interictal phase, but

no differences either for the error or for theirighility in the preictal phase.

Table 3. Comparison of mean proportional error and standard deviation (SD) between different

movement conditions and within the same subject groups and phasesin epileptics.

_ Mean error Mean SD
Subj ect groupd
NB vs BSNB vs BOBS vs BONB vs BSNB vs BOBS vs BO
Hls. <0.001 *4<0.001 **0.868 <0.001 *#<0.001 *P.225
Schiz. <0.001 *4<0.001 **0.499 <0.001 **<0.001 *.832

Ep.interict  [0.385 0.424 0.795 0.226 0.759 0.118
Ep. preict 0.009 ** 10.0097 **0.878 0.004 **| 0.004 **| 0.77

Ep. post 1 0.289 0.516 0.382 0.14 0.192 0.009¢6 **
Ep. post 2 0.067 0.06 0.967 0.213 0.311 0.077

Paired two-tailed t-test was used. Abbreviation®: Mon-biological movement; BS: biological
movement, self; BO: biological movement, other; :Hiealthy subjects; Schiz: schizophrenics; Ep:
Epileptics; interict: interictal phase; preict: ptal phase; post 1: postictal phase 1; post 2iggakphase 2.
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Fig. 7 Mean proportional errors and mean standard deviations in the different movement conditions,
and subject groups.
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5]
S 40%
(]
€
20% -
0% 1 N e
healthy schizoph.  ep.interict  ep.preict.  ep.postictl ep.postict2
B
0.7 1
0648 non-biol. M biol. self
0.5 1
O biol. other
? 041
2 031
0.2 1
0.1
0 I
healthies schizoph. ep.interict ep.preict ep.postict 1 ep.postict 2

Fig. 7(A) Mean proportional errors and (B) mean standardatiens in the different movement conditions,
and subject groups: healthy controls, schizophsgemicd epileptics in four different phases of epmlep
(interictal, preictal, postictal 1 and 2).
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Table 4. Comparison of mean proportional error and standard deviation (SD) between
different subject groups and phasesin epileptics.

_ Mean error Mean SD

Comparisons
NB BS BO NB BS BO

Hls. vs Schiz. <0.001 **<0.001 **<0.001 *40.068 [<0.001 **4<0.001 *4
HIs. vs Ep. interict 0.046 * |0.095 0.018*| 0.864| 0.031% 0.0197
Hls. vsEp. preict <0.001 **0.006 ** |0.008 **|0.002 *0.003 ** |0.004 **
Hls. vsEp. post 1 0.146 0.132 0.069 0.038* 0.001 1* 0.002 t*
Hls. vsEp. post 2 0.093 [<0.001 *40.049 * [0.116 [<0.001 **<0.001 *A

Schiz. vs Ep. interict 0.03* <0.001 **<0.001 *40.434 |0.041 * |<0.001 *
Schiz. vsEp. preict 0.277 0.392 0.872 0.308| 0.382 0.289
Schiz. vsEp. post 1 0.047 * 10.048 * | 0.058 0.023 0.321 0.038

Schiz. vs Ep. post 2 0.057 |<0.00%*<0.001 *40.072 |0.005 **| 0.001 **
Ep. interict vsEp.preict 0.013 * [0.012* |0.01* | 0.151 | 0.052 0.003 *
Ep. interict vsEp. post 1§0.114 | 0.244 | 0.148 0.089| 0.248 | 0.009[**
Ep. interict vsEp. post 20.087 |0.277 | 0.756 0.186| 0.874| 0.04*
Ep. preict vsEp. post 1 |0.06 0.029 * | 0.151 0.027 * 0.028 % 0.408

Ep. preict vsEp. post 2 [0.064 |0.008 **| 0.013 * [ 0.074 | 0.033* 0.031 1

Two-tailed heteroschedastic t-test was used fondsmt group comparisons and two-tailed t-test for

repeated measures for comparisons between diffepéieptic phases. Abbreviations like in table 3.
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The longitudinal study: Reliability of the motoragery task for prediction of seizures motor

imagery task

For each patient the means of all MPE values riegultom all test sessions in the different
experimental conditions are reported in table % fidnges of temporal distances of the test sessions
from the next preceding/succeding seizure are atelicas well. Correlations were found in subject
1 between the distance of test sessions to theesditwy seizure and MPEs resulting for conditions
NB (F (1,16)=33.74;p<0.01; 3=0.82) and BO K (1,16)=5.18;p=0.04; 3=-0.49). Likewise, in
patient s2 a correlation was found between theadigt of test sessions to the succeeding seizure
and MPE values, but only in condition NB (1,15) =8.43;p=0.01;[3=0.6). No correlations were
found both in patients s3 and s4. For the botheptdj s1 and s2 MPEs were plotted against the
preictal delay of test (Fig. 9). These graphs skimat MPEs in condition NB were smaller in both
patients when the behavioral test was closer taditacoming seizure. Moreover, in patient s1,
MPEs were bigger in the condition BO when the beral/test was closer to the next seizure (Fig.
8A). Although the latter finding could be shownle statistically significant only in condition BO,
the same tendency seemed to be present also iitioar®8iS (Fig. 8A).

A further inspection of the MPE values in the caioti NB revealed for the two patients s1
and s2 a clear separation of the ranges spann®&tPigy values resulting from test sessions being
close to a forthcoming seizure and values beingsorea with bigger distance to the next following
seizure. A threshold in the two graphs in figurmd@cates this segregation. However, test sessions
were always conducted at the same time of the daly feequency of seizure occurrence was
particularly high for certain phases of the cireadcycle. Hence, there was a gap of some hours
between the population of small MPEs and that mjdaMPEs. Consequently, the duration of the
preictal phase associated with reduced MPEs incthadition NB could not be determined
definitively. Nevertheless, the gap between the papulations of MPEs allowed deducing that the
preictal phase lasts at least 8 hours in patierdrsl 3.25 hours in patient s2. The means were
calculated separately for all MPE values fallinghivi this minimum preictal phase and those being

measured outside this phase (see table 5).
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Table 5. MPE valuesresulting from all test sessions (ALL) in thedifferent experimental conditions.

o PHASE NB BS BO AFTER SEIZURE (h) BEFORE SEIZURE (h)
ALL 13.46 (3.92)29.32 (5.95) | 38.03 (7.13) 16 - 304.5 (18; 72.5117. 3.8 — 264 (18; 55.5; 13.1)
> PREICTAL 0.98 (0.19)| 38.29(8.63) 53.09 (9.0p) 16.304.5 (11;59.3;17.9) 3.8—8 (11;6.7; 2)
INTER-/POSTICTAL [33.08 (2.66)15.21 (2.95) | 14.37 (2.17) 16 — 208.5 (7; 98.8; B7|330 — 264 (7; 132.1; 49.9
ALL 15.61 (2.39)16.69 (4.21) | 33.62 (3.61) 10 — 143(17; 57.2; 13.9)0.5 — 104 (17; 39.7; 9.6
> PREICTAL 2.46 (0.74)| 30.07 (10.129.19 (4.96) 10 — 82 (5; 57.7; 25.8) 0.5 - 3.251(8; 0.6)
INTER-/POSTICTAL [21.09 (1.55)11.11 (3.38) | 35.47 (4.70 10 — 143 (12; 57; 16.4) 3 -104 (12; 55.7; 16.1)
> ALL P2.35 (5.21)44.07 (8.64) | 47.55 (9.78) 18 — 209 (18; 71.5; 16.)8 - 189.5 (18; 52.6; 12.41)
> ALL 35.48 (4.80)42.02 (13.88)41.13 (12.18) 9 — 95 (18; 45.3; 10.7) 1100 (18; 44.4; 10)5)

All conditions (columns NB, BS, BO) were averaged éach patient (S1, S2, S3, S4). Standard errers a
indicated in brackets. In addition, for patients &8l S2, means were calculated for MPE valuestiegul
from test sessions within preictal phase (PREICTARY interictal/postictal phases (INTER-/POSTICTAL)
Range of temporal distances of test sessions fnenpteceding (AFTER SEIZURE) and succeeding seizure
(BEFORE SEIZURE) are indicated in hours (h). Indieds, the number of test sessions, as well as mean
and standard error of temporal distance of tesices to seizures are indicated
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Fig. 8 MPE values of patient sl and patient s2 plotted against the temporal distance of test sessions

from next forthcoming seizure (preictal distance).
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Fig. 8. MPE values of patient s1 and patient s2 plottednatiahe temporal distance of test sessions from
next forthcoming seizure (preictal distance). Thodds indicate the segregation between small/IMEBE

values being measured with short/long distanchémext upcoming seizure.
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9.2Modulation of slow cortical potentials in epilepsy.

Analysis of electroencephalogram data

The percentage of SCP shifts in the correct pglgpercentage of correct responses) served as
performance measure for SCP selfregulation. Theceffize of the SCP differentiation provided an
additional measure defined by the difference ofrttemn potential during all trials from the task to
produce a positive potential shift and the meaallofiegativity tasked trials normalized to the SD.
While the percentage of correct responses exprabgeprecision of the potential shifts in the
desired direction, the effect size expresses tlidgyato create different potentials. Usually both
measures are highly correlated (r > 0.9). One samy#sts (one-tailed) were performed on the
percentage of correct responses to test for theng tmgnificantly greater than 50%. The SCP

shifts were tested for being greater or smallem thero depending on the expected polarity.

Fig. 9. Task-specific grand average of eectroencephalogram (EEG) and the corresponding blood
oxygen level-dependent (BOL D) activation maps.

The grand average of the EEG signal over all tridls
all subjects is shown for the feedback electrode (€
mastoids) in one of the 3 patients trained. Fivesds

of a trial are depicted separately for each tasiditimn.
Each condition contains about 900 trials of unfite
EEG. The ‘no-task’ reveals no significant slow wave

—mganaty || Changes as expected. Due to the task presentatibe a
-101 —_hy ’| beginning of the trial a contingent negative vaoiat
= e ' i (CNV) of about 10 IV emerged until the feedback
g Ot f"f\' -!.;_’#wlw e ;W‘ started. After t_he imperative aqdltory signal (atend
= Al 4 CNV M. |scP regutatien zero) the patients were required to produce a self-
E qoliad Ny Il controlled potential shift of 13 IV between the
= 5 AR AR negativity and positivita task. The correspondir@LB®
30 T ‘.| activation patterns are illustrated in the fourilsaRed
0 1 2 3 4 areas indicate higher BOLD activation in the task v
Time [s] the no-task condition. The riverse contrast is clegiiin

blue. The left two brains illustrate the A scan athi
represents the preparatory interval of the triaksmghthe
CNV is seen in the neuroelectric response. Thet righ
two brains represent the BOLD response during
feedback of the B scans.

The upper brains contain only trials with the neggt
task whereas the lower graphs show the brain regpon
for the positivity task. (from Hinterberget al. 2003).
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Fig. 10 Slow cortical potential during training of self-regulation

Final training sessions in the 3 patients

Patients
N
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‘ﬁ Effect of size B % correct respones on line ‘

Fig. 10 Slow cortical potential during training of self-tdgtion The individual participants’ SCP regulation
performance. On the last training day the averaga® correct response rate was 77.3% for the whole
group € 2, 067 =4.4, p< 0.01, one tailed). The average effect size of Sk differentiation between the
negativity and positivity task served as an altéveameasure for the SCP regulation skill. The teaihing
session resulted in a significant mean effect sfZ&77 over all three subjects,(t¢ p< 0.01).

As can be seen in the table 6 abovw seizure rate changed between baseline and émont

follow-up phase (only in the patient s1 was notn#igant), but there was a decrease both in

patients s2 and s3.

Table 6. Number of seizures for month in the three patients (s1, s2, s3). Pre, during the 6 month
period before the beginning the NF treatment; pdsting the 6 month-follow-up phase.

Patients| Pre |post
S1 18 16
2 7
S3 6 0

In this two patients s2 and s3, there was a siamti decrease of the overall seizure rate (Wilcoxon
test with raw data, all tests were two taileplx 0.032;t test with logarithmic data:= 4.03, p =
0.051, as well as the rate of simple partial seyVilcoxon test with raw data:= 0.044;t test

with logarithmic datat = 2.75,p = 0.023).
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Personality variables

As compared with the baseline phase, all patiefier areatment were less depressive
(MMPI scale:p = 0.077; Beck Depression Inventory,= 0.098). Further, at the end of the
therapeutic program, all patients were better ableise relaxation for coping with stregs £
0.046), and less able to recognize similaritiesvben the actual stress situations and those that
already occurred in the pagt € 0.54). Similarly, the tendency t@Xtrapunitive responses to stress
significantly decreased € 3.11, p = 0.042) in patient s1 and s3 only, ilegdo a marginally
significant Patients x Time interactioR(B8.72, 82.42) = 2.3 = 0.063).

Reported strategies

All of three participants reported using thoughtsl anental imagery to control their brain
responses. For the negativity task motor imageiynagination of several emotional situations was
reported most frequently. Most subjects reportediutbe of relaxing imagery for creating positive
SCP shifts.
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DISCUSSION AND CONCLUSION

10. Better Prediction Could Mean Better Controlrdgpileptic Seizures

Aim of my research was to establish whether PEssreitive method for seizure-prediction
and for the detection of fluctuation of vigilancéates. The ROC analysis showed a good
separability of interictal and preictal phasesboth patients, suggesting that PE could be seasitiv
to EEG maodifications, not visible on visual inspent that might occur well in advance respect to
the EEG and clinical onset of seizures. Howeveg, dimultaneous assessment of the changes in
vigilance showed that: a) all seizures occurredssociation with the transition of vigilance states
b) PE was quite sensitive in detecting vigilanaetilations, independently by the occurrence of
seizures. Hence, the good separability betweengme-interictal phases might depend exclusively
on the coincidence of epileptic seizure onset withansition from a state of low vigilance to aeta
of increased vigilance. Since all our seizures oech during vigilance transitions, it could be
suspected that PE in our cases detected simpljanas instead of changes in seizure onsets.
Therefore, at variance with a recent report (Sehettal.,2006), PE algorithm did not provide false
negatives; indeed, what emerged from our analgsihat PE seems to be sufficient specific to
discriminate fluctuations of vigilance; its capdlilto identify preictal states cannot be definitel
ruled out, since in our patients we did not obtagzures onsets independent from vigilance
transitions. Changes in EEG dynamics in the prestite, preceding seizure onset by minutes or
hours, have been reported (Lehnertz & Elger, 19@8Van Quyenret al., 2001, Litt & Echauz,
2002). Moreover, sleep is largely reported to matiukpileptic EEG activity and epileptic seizures
occurrence (Billiard, 1982; Crespel et al., 19%8wever, the issue of the relationships between
preictal EEG changes and vigilance transitionsbieen rarely addressed. In fact it might be that
preictal EEG variations are associated more oftem texpected with fluctuations of alertness,
drowsiness or even sleep.

In addition, in previous studies, it is possiblattinclusion criteria that excluded a certain
amount of seizures and interictal EEG data, andréguired a stable level of vigilance might have
introduced several biases that render difficulestablish the reliability of the different algortis
in a clinical setting. In a study combining anadysf the preictal state by similarity measure and
visual inspection of EEG to detect seizure onsdt@ranges of vigilance, it has been reported that
preictal EEG modifications, identified by the se&yrediction algorithm, were visually detectable

in about 79% of electroclinical seizures (Navasta@l.,2005); however, 81,5 % of preictal dynamic
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changes were correlated with vigilance transitiars behaviour modifications; in addition,
sometimes, fluctuations of the dynamics were noessarily followed by seizures.

This quite striking relationship between preictaits and vigilance changes was interpreted
postulating that the preictal state might be reld@tephysiologic variations: as in reflex epilepsie
(Lopes da Silveet al., 2003), a diffuse physiologic change, such as @avige transition may
induce a dynamic change that might trigger the sodzhset of the ictal state.

According to this hypothesis, preictal physiologariations might represent a “facilitating
state”, in which the probability that a seizure neggur is higher. If this interpretation were prdve
to be correct, it could be helpful to reliably detéhigher probability states for seizure occur@nc
(such as changes of vigilance), although withoirdpable to accurately predict the seizure onset.

The study suggests that PE could satisfy this rement. In addition, the dependency of PE

on vigilance states is an original finding, not aésed for other algorithms reported in the
literature.
In fact, most of the algorithms used, do not spedliy distinguish pathologic from physiologic
preictal variations, and the lack of data on thecdijxity of these methods limit their clinical
applicability to the patients. It should be highlgsirable that seizure prediction strategies shoeld
insensitive to circadian physiologic changes.

In conclusion, PE is suggested as a strong toolassify vigilance states in an automated
and objective way. However, at present, the depmyef PE on the vigilance state restricts its
possible application for seizure prediction andifeitwork has to be done to clarify the origin of PE

changes in the preictal phase.
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10.1 A common behavioral side of paranoid schizepia and temporal lobe epilepsy:

Could motor imagery be a key for seizures predicio

The behavioral test employed in the longitudinaldgt revealed the presence of phase
dependent changes in mental simulation of bioldgicel non-biological movements in the two
RTLE patients. This phase dependency makes efacteularly reliable, as there is no possibility
to explain findings by the effects of anti-epileptirugs. The same dose of drugs was assumed each
day and always at the same time. In both RTLE pegigming precision during simulation of non-
biological movements increased in the temporalniigiof a forthcoming seizure (both in patients
sl and s2), while the timing precision during siatioin of biological movements decreases near to
the upcoming seizure (only in patient sl1). As |emty reported (Bruzzoet al, 2007),
schizophrenic patients showed large errors in thenes task, when simulating biological
movements. However, they were almost perfect aguifggantly better than healthy subjects, when
simulating non-biological movements. Hence, whemgaring to these recent findings, the two
studied RTLE patients showed a strong similarityht® behavioral performance of schizophrenic
patients in the preictal phase, while being moneilar to healthy subjects in the interictal phase.
This similarity was particularly evident for thembiological movement condition.

Although no phase dependent changes could be foutite two patients, s3 and s4, it is
interesting to note that in these two subjectstitheg errors were on average remarkable large in
the biological movement conditions (mean MPE > 40%ll cases, see Table 5). This means that,
similar to schizophrenic patients, the timing psem was reduced in simulation of biological
movements, but in a phase-independent way. A letioa between the MPE magnitude and the
temporal distance to the preceding seizure coutdoadound in any of the patients. This finding
could have been due to the fact that sessions ware case closer then 9 hours to the preceding
seizure. This in turn could have been due to tke tfat sessions were scheduled everyday at the
same time, while seizures didn’t occur with the egrobability over the cycle of the day.

The differences found between the patients coulddbe to the different types of their
epilepsy. Both, phase dependent changes in penfmerand very precise timing in simulating non-
biological movements were found only in the twojeats with RTLE, but not in the patients with
generalized epilepsy and with idiopathic epilepSiiese differences between types of epilepsy
should be studied more in detail in future studezsuiting a bigger sample of subjects.

Also, varying the time of test administration ovke day or even repeating it several times

over the day should test the presence of postib&hges in performance.
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However, this study shows certain similarities kbadw the performance of all tested epileptic
patients and that of schizophrenic patients, testeahy recent study (Bruzzet al., 2007). The
increased timing error during motor imagery in épdeptic patients could be explained similarly as
in the schizophrenic patients by disturbed forwaatels for the simulation of the effects of motor
plans (Jeannerod, 1995). This finding could algular the presence of symptoms like illusions of
agency (Blakemoret al,2002; Frithet al., 2000; Frith & Done, 1989) during psychotic episs in
epilepsy (Sachdev, 1989; Taylor, 2003; Trimble, Z9Wmbricht et al., 1995). Even more
intriguing is the finding of enhanced timing precis during simulation of non-biological
movements in the preictal phase in the two RTLEep#dt. Already in the recent study on
schizophrenia, an enhanced precision during mesirtallation of non-biological movements was
found.

The recurrence of this effect in epileptic patiemtswhich the tendency of having psychotic
episodes is an often reported finding (Sachdev9198ylor, 2003; Trimble, 197 Umbrichtet al.,
1995), suggests that these effect reflects chaimgbsin state being important for the genesis of
psychotic symptoms. Further, the performance imihebiological movement condition was more

predictive for an impending seizure then changekerother conditions.

10.2 Seizure reduction by SCPs Neurofeeback

The hypothesis of a large decrease of number afises succeeding the application of SCPs
self-regulation training in all three patients Hasen tested in the second part of my research
project. This hypothesis was only partially suppedrt Firstly, the achievement of statistically
significant SCP control during the first trainingssions by none of the patients indicates their
particular difficulties in SCP self-regulation. Therresponding ability was significantly enhanced
during training (linear trendp = 0.04). For patient sl the seizure rate did mainge between the
baseline phase and the follow-up in the RES grbupthere was a decrease in patients s2 and s3.
No difference was found in the magnitude of seizieerement after treatment between the SCP
and the waiting list patients. Anyway the optingstésult on patients s 2 and s3 may indicate that,
even though the SCPs training did not surpasseahediug therapy, SCPs self-regulation treatment
can be recommended for patients who have exceslgeeffects or do not respond to medication.
Negative side effects do not exist in psychophygial treatment methods such as the one used.
Moreover, the changes in cognitive and personakiyables observed in the course of treatment
could explain the positive dynamics of seizurepatient s2 and s3. The decrease of depressive

tendencies, the shift of control attributions frpowerful others" toward more internality, and the
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increasing ability for relaxation response in sresnditions all indicate positive changes in the
patients' psychologic state. It may be suggested tthey are the result of positive therapeutic
interactions, which were, albeit in quite differefirms, realized in all three groups. Other

psychological changes differed between patients.

These differences could be explained by (a) mood parsonality changes reflecting
differential placebo effects; or (b) differencestie initial prebaseline level of the corresponding
variables. If (a) is correct, larger before-to-afthanges in placebo variables such as positive
expectations would be observed in all patientss Tfas not the case, though. The option (b) may
be correct for the external locus of control vaeakAlthough all patients demonstrated similar
tendencies to more internality, less chance, amdegal others control over time, these changes
were more manifested in patients s2 and s3. To srire) this psychological improvement and
increased emotional stability were only an unspedf-product of the attention experienced in a
treatment regimen using positive interaction witle ttherapists; they were not related to the
reduction of seizures. Therefore, the differentkhical effect seems to be independent of the

dynamics of the psychological variables.

10.3 Running the future: full self-management ot ses.

The results obtained by the behavioral paradigmeldged by Bruzzeet al., 2007, for
seizure prediction in RTLE patients, encouragesigeeof a simplified form based only on the non-
biological condition. With this simplification thest could easily be applied by the patient, withou
any supervision, in order to assess the risk auseioccurrence within hours in advance. Due to its
simplicity and briefness, the test could be appéeedn repeatedly over the day and in the case of an
alarm the subject would have enough time to coantahe underlying changes in brain state or to
avoid dangerous situations.

Future research, recruiting larger samples of ptdieand including different types of

epilepsy, should assess the value of the testiaurgeforecasting in different types of epilepsy.
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10. 4 Summary and outlook.

In this thesis | firstly report that, the changdsP& occur during the preictal phase and at
seizure onset coincided with changes in vigilarteges restricting in this way, its possible use for
seizure prediction on scalp EEG data extremelyneeit is encouraging for an automated
classification of vigilance states.

Secondly, using a novel mental imagery paradignpanranoid schizophrenics in comperison of a
healthy control group, | give strong evidences floe existence of dissociation #ming of
biological and non-biological movements. Furhtgrplging the same task on a small sampleof
epileptic patients, | describe a severe impairnahinterval timing for biological movements,
similarly in paranoid schizophrenic patients clgseéfore a seizure coming (preictal-state) only.
Nevertheless, | note that interval timing for ndakbgical movements is extremely precise in the
two patients’ groups. | interprete deficits in rtedrimagery as a consequence of impaired forward
models.

Finally, the novel behavioural paradigm describedhiese pages being able to detect a transitory
similarity in performance between epileptic patenbefore a seizure and in paranoid
schizophrenics, emerges for the first time as mblkd a seizures prediction method on a purely

behavioural level.
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