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Abstract 

Purpose: This master's project is part of the 'seizure detection programme' of epilepsy center 
Kempenhaeghe. Parts of this scientific programme are carried out in close collaboration with 
the Technical University of Eindhoven. We have assessed the possibilities of accelerometry 
(ACM) for automatic detection of epileptic seizures in institutionalized, mentally retarded 
patients that suffer from severe forms of epilepsy. The eventual goal is to develop an au
tomatic detection algorithm for patterns that are observed during specific seizure events in 
ACM-recordings. To reach this goal we developed models that describe the ACM-output 
during epileptic seizures. 
Methods: We developed models that can describe the ACM-output during simple motor 
phenomena (myoclonic, tonic and clonic aspects of seizures). We have recorded over 2000 
seizures (videomonitoring, EEG, ECG and ACM). 60% of the seizures that occur in our 
target patient-population are simple motor phenomena. The models consist of a mechanical 
and a neurophysiological part. The neurophysiological part contains definitions of stimuli and 
muscle response during the different seizure types. The mechanical part is based on kinematic 
and kinetic relations for the lower arm modelled as a rigid body system. We tested if we could 
use the output of the models for detection of seizures. A patient specific template is created 
for myoclonic seizures, based on our model description. We tested a template-matching algo
rithm that calculates the normalized cross-correlation of the template with clinical data. 
Results and conclusions: We are able to describe basic characteristics of a myoclonic 
seizure with our model. The model is also suited to describe clonic ACM-patterns. Tonic 
patterns look completely different than the output of our model. We tested a simple algo
rithm, on 39 seizures, a sensitivity was reached of 79% and a PPV 49%. This is promising 
since our eventual goal is a sensitivity of 90% and PPV of 50%. In the future we wish to 
automatically calculate the optimal fit between the real data and the model and we need to 
find out how this approach can be used in other, more complex seizure types. 
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Samenvatting 

Doelstelling: Dit project is uitgevoerd in het kader van het onderzoeksprogramma 'aanvals
detectie' van epilepsiecentrum Kempenhaeghe. Delen van dit programma worden in nauwe 
samenwerking met de Technische universiteit Eindhoven uitgevoerd. We hebben onderzoek 
gedaan naar de bruikbaarheid van accelerometrie (ACM) voor het automatisch detecteren 
van epilepsie-aanvallen bij genstitutionaliseerde, veelal mentaal geretardeerde patienten met 
zeer ernstige vormen van epilepsie. Het uiteindelijke doel is een automatisch detectie algo
ritme dat patronen van epilepsie aanvallen in ACM-registraties kan detecteren. Om dit doel 
te bereiken zijn er in dit afstudeerproject modellen ontwikkeld van de ACM-output tijdens 
epileptische aanvallen. 
Methoden: We hebben modellen ontwikkeld die de ACM-output tijdens eenvoudige mo
torische aanvallen beschrijven (myoclonische, tonische en clonische aspecten van aanvallen). 
Er is een database beschikbaar met meer dan 2000 aanvallen (videomonitoring, EEG, ECG en 
ACM). 60% van de aanvallen die voorkomen in onze patientenpopulaties zijn eenvoudige mo
torische aanvallen. Onze modellen bestaan uit een neurofysiologisch deel en een mechanisch 
deel. Het neurofysiologische deel bestaat uit definities van stimuli tijdens de verschillende 
aanvalstypen en de responsie van de spieren hierop. Het mechanische deel is gebaseerd op 
kinematische en kinetische relaties voor de onderarm gemodelleerd als een star lichaam. De 
output van het model voor myoclonische aanvallen is getoetst voor het detecteren van aan
vallen. Een patient specifieke template is gecreerd aan de hand van ons model. We hebben 
een simpel algoritme getest dat de kruiscorrelatie uitrekent tussen echte data en de template. 
Resultaten en conclusie: Met ons model kunnen we de basiskarakteristieken van een my
oclonie redelijk beschrijven. Het model kan ook gebruikt worden voor clonische aanvallen. 
Tonische aanvallen zien er heel anders uit dan onze modeloutput. Een eenvoudig algoritme is 
getoetst op 39 aanvallen in een patient. Een sensitiviteit werd behaald van 79% en een PPV 
van 49%. Dit is veelbelovend, want ons uiteindelijke doel is een sensitiviteit van 90% en een 
PPV van 50% In de toekomst zal nog moeten worden onderzocht hoe het model optimaal en 
automatisch op de echte data kan worden gefit en hoe deze aanpak toepasbaar gemaakt kan 
worden voor andere complexere soorten aanvallen. 
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Chapter 1 

Introduction 

This master's project focusses on the detection of epileptic seizures using accelerometers. The 
project is done in collaboration with the department of clinical neurophysiology of epilepsy
center Kempenhaeghe. 
Epilepsy is a common disorder that expresses itself in seizures that temporarily impair brain 
function. Epileptic seizures vary in appearance and intensity. Sometimes seizures are so subtle 
that they can not be observed. But one can also drop on the floor in convulsions during an 
epileptic seizure. Epilepsy is a brain disorder that has a major impact at ones life. It affects 
among other things behavior, school performance, work and sleep. Epilepsy affects almost 
60 million people worldwide. Some of the people affected can be treated successfully with 
drug therapy (67%) or neurosurgical procedures (7-8%). Nevertheless there is still25% of the 
people affected that can not be treated by any available therapy [1]. In these cases information 
about seizure frequency and how the seizures affect ones life can be very important. 
In this introduction first some background information is given about the 'seizure detection 
programme', a scientific programme were this master's projects is embedded in. In this section 
it is made clear why seizure detection is important. In the second section the objectives of 
this thesis are stated and the introduction is concluded with an overview of the topics that 
are discussed in this thesis. 

1.1 Seizure detection programme 

At the epilepsy-center Kempenhaeghe there is a long-stay unit for patients who need long
term treatment and guidance. These patients are mentally handicapped and suffer from 
severe epilepsy. To improve the care of these patients, Kempenhaeghe started the seizure 
detection programme in 2001. Seizure detection is extremely important in the case of mentally 
retarded epilepsy patients for the following reasons, especially when it is taken into account 
that mentally retarded patients do not always report seizures by themselves: 

• Seizures can be the first in a series that has to be medically treated. 

• Seizures, even at a low frequency, can become a status epilepticus, this is either persis
tent seizure activity for a period of more than 30 minutes or repeated episodes of seizure 
activity without recovery in between. A status epilepticus can be life threatening, and 
medical intervention is required. 

• Seizure frequency can be used to titre anti-epileptic drugs. 

9 
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• Seizure detection can be a very useful tool in the management of the daily care. 

In short, seizure detection is important for diagnostic purposes but can also contribute to a 
warning system in order to get the right assistance in life threatening situations. The 'Golden 
Standard' for detecting epileptic seizures is the measurement of the electroencephalogram 
(EEG) in combination with videomonitoring. Currently, the EEG and the videos are ob
served by experienced analysts for detecting the seizures. Although the sensitivity of the 
EEG-signal for detecting epileptic seizures is high, BEG-monitoring is not practical and not 
comfortable for the patient. Besides, the analysis of the videos and the EEG-signals is very 
labor intensive. These are important reasons to search for alternative sensors that are easy 
to wear and can be used for automatic detection of epileptic seizures. 
It is known that many seizures express themselves by stereotype movement patterns or heart 
rate changes. Therefore in the seizure detection programme research is done to asses the 
possibilities and potential contribution of measurements of movement patterns and heart rate 
(HR) for automatic detection of epileptic seizures. To measure movement, accelerometers 
are used. Accelerometry (ACM) frequently is used to monitor daily activity in for example 
rehabilitation medicine [2]. The goal of these studies is to distinguish between different ac
tivities, like standing, sitting, lying, walking, running, e.a., based on ACM-recordings. To 
our knowledge, 3D ACM has not been used elsewhere for seizure detection. However, in the 
seizure detection programme a commercially available device was tested that consisted of one 
1D accelerometer, and is called 'seizure detector'. This device proved to be useless for seizure 
detection; there were too many false positives and false negatives. Preliminary results of 
Kempenhaeghe's seizure detection programme, however, showed the added clinical value of 
3D ACM to identify characteristic movement patterns [3]. Similarly it is proven that heart 
rate has added clinical value in seizure detection. HR is calculated from ECG-recordings. 
Specific changes of HR due to epileptic seizures have been reported by several authors [4, 5]. 
Also Kempenhaeghe has reported promising results in seizure detection using HR [6]. 
Table 1.1 gives an overview of the sensitivity, positive predictive value (PPV), patient com
fort and the complexity of the different signals. EEG is the most sensitive method, but also 
the most complex in processing and most incriminating for the patient. Accelerometers and 
ECG-electrodes are better wearable and less incriminating. All the methods have a good 
PPV, but EEG and ACM have a better PPV than ECG. 

Table 1.1: Sensitivity, positive predictive value, patient comfort and signal processing com
plexity of different methods. 

EEG ACM ECG 
Sensitivity1 +++ ++ + 
Positive predictive value:l + + +-
Patient Comfort0 - + + 
Complexity of signal processing4 -- - + 

1 '+ + + '= very good sensitivity, '++ ' = good sensitivity, '+ ' = moderate sensitivity 
2 '+' = good PPV, '+-' = moderate PPV 
3 

'-' = not comfortable, '+' = comfortable 
4 '+' = not complex, '- '= complex, '-- '= very complex 

The eventual goal of the 'seizure detection programme' is to develop a set of systems (EEG, 
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ACM, ECG) that ensure a reliable detection of epileptic seizures with a sensitivity of at least 
90% and a positive predictive value of 50%. From table 1.1 we can conclude that ACM and 
ECG are good candidates to use for seizure detection purposes as an alternative for EEG. 
This master's project focusses on the use of ACM in seizure detection, the next section elab
orates on this. 

1.2 Objectives for this thesis 

Kempenhaeghe has collected a set of data for the seizure detection programme. This database 
contains more than 2000 seizures (30 patients) and consists per patient of 36 hours of EEG
recordings and five days of videomonitoring, ACM on five positions (upper and lower limbs 
and chest) and ECG-recordings. Inclusion criteria for the patients were that they are mentally 
retarded, live in a long stay environment, suffer from severe epilepsy and have a minimum 
seizure frequency of 20 seizures a month. Figure 1.1 shows the setup that was used to collect 
the data. 

Videomonitoring 

EEG 
ECG 

Sx 3DACM 

Figure 1.1: Setup for data collection. The patients are videomonitored and EEG, EGG and 
acceleration at the limbs and chest are recorded. EEG is recorded for only 36 hours, the 
videomonitoring, the AGM- and EGG-recordings last for five days. 

The first results obtained by visual analysis of the first 14 patients show that 60% of the 
seizures that occur in our group of patients are accompanied by stereotype movement pat
terns. Figure 1.2 shows an example of characteristic patterns in the ACM-signal, that can be 
visually detected. The method of visual seizure detection is very labor-intensive and time con
suming. The amount of collected data is huge. Therefore in this stage it would be helpful if a 
reliable off-line detection algorithm for specific types of epileptic seizures in ACM-recordings 
could be created to assist the analysts. 
Hence, the goal of this master's project is to develop an automatic detection algorithm for the 
patterns that are observed during specific seizure events in the ACM-recordings. To reach 
this goal models of the anatomical structures involved in motor phenomena and the underlying 
physiological processes that generate the AGM-output are developed in order to characterize 
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10 minutes 

Figure 1. 2: Examples of specific seizure patterns that can be observed in A CM-data. This 
figure is taken from a poster that presented the first results of 3D ACM and detection of 
seizures, at the 5th European congress on epileptology in Madrid [3}. The picture shows a 
myoclonic seizure that evolves in tonic-clonic contractions. The definitions of these seizure 
types are given in Chapter 2. 

this ACM-output. The purpose of these models is to gain a better understanding of the 
patterns in the signal measured during different seizure types, and to come to a classifi
cation based on parameters that are characteristic for patterns caused by typical epileptic 
movements. When it is possible to discriminate between different patterns it is easier to 
think about a detection algorithm. The model then serves as a basis for signal processing 
strategies. It should be mentioned here that this model-based approach in the context of 
ACM-patterns and epileptic seizures is new. We created the model that we suggest in this 
thesis from scratch. The strategy of this thesis is that we study whether this modelling ap
proach is appropriate for reaching our eventual goal: detection of epileptic seizures. This 
thesis contains a first approach, and not all aspects are worked out thoroughly. We want to 
find out what the possibilities of our model for detecting motor seizures are. So that we can 
give an indication of the possibilities for the future. 
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1.3 Contents of this thesis 

First we focus on the classification and definition of seizure types. An overview is given 
about motor phenomena that occur during epileptic seizures and a selection is made of the 
phenomena that will be described by our mathematical model. Then Chapter 3 describes 
the physiological systems that are involved in causing movement of the arm, in order to get 
an understanding of the processes that need to be included in our model. Cortical control 
of motor function and the function of the musculoskeletal system are explained. Chapter 4 
explains theory about kinematics, to define the relations between time, positions, velocities 
and accelerations and kinetics to define the relations between force, shape and mass, and 
motion produced. 
Chapter 5 handles the basic principles of ACM and gives some examples of clinical data mea
sured during different seizure types. Then Chapter 6 explains the modelling approach. Based 
on the knowledge that is obtained about muscle physiology and innervation, assumptions 
are made for the muscle force input of the model. A rigid body model for the arm in two 
dimensions is formulated, using the kinematic and kinetic theories. Now epileptic movements 
can be simulated. We discuss the simulation results and make some recommendations for fu
ture work. In Chapter 7 we intended to evaluate the model that we developed for myoclonic 
seizures. We did a try out about detecting epileptic seizures with the model-output used as a 
template in a template matching algorithm. Furthermore it needs to be pointed out that the 
anatomical and medical terminology that is used in this report is explained in appendix A. 
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Chapter 2 

Epilepsy: classification and 
definition of seizures 

Epilepsy is a common neurological disorder that affects almost 60 million people worldwide [1]. 
The diagnosis of epilepsy is made by the occurrence of at least 2 unprovoked seizures. Seizures 
are the manifestation of abnormal hypersynchronous discharges of cortical neurons. The clin
ical signs or symptoms of seizures depend upon the location and extent of the propagation 
of the discharging cortical neurons. During an epileptic seizure one can lose consciousness, 
but also seizures without loss of consciousness occur. A seizure can express itself in local 
shocklike movements of one limb or one could experience sensorial sensations, like strange 
smells or aura's. The best known example of a seizure is a tonic-clonic seizure. During a 
tonic-clonic seizure the patient loses consciousness and can drop down to the floor. A phase 
of tetanic muscle contraction (tonic phase), is followed by a phase in which jerking of the 
body and limbs occur (clonic phase). 
Since there are many types of seizures, there is a need for some kind of classification. In 1981, 
the International League Against Epilepsy (ILAE) developed an international classification 
of epileptic seizures that divides seizures into 2 major classes: partial seizures and generalized 
seizures. Partial seizures begin in one focal area of the cerebral cortex, while generalized 
seizures have an onset recorded simultaneously in both cerebral hemispheres [7]. This clas
sification is based on clinical semiology and EEG-recordings. For this project we also need 
to chose an appropriate classification, so that we can work with clear definitions of epileptic 
seizures that are suitable for our project theme, accelerometry (ACM). We have to realize 
that with ACM we can only detect seizures that express themselves in typical movements 
or seizures that disturb normal movement patterns. In other words we want to categorize 
seizures that are accompanied by motor phenomena. The semiological seizure classification 
as stated by Luders [8], is based upon exclusively behavioral definitions. According to Lud
ers, seizures in which the main manifestations are motor phenomena are classified as motor 
seizures. Our own seizure classification that is stated in Section 2.1 is based on this classifi
cation. The next section goes into detail about motor seizures in general. However, in this 
thesis we limit ourselves to model only specific motor seizures. These selected seizure types 
are explained in the later sections of this chapter. 

15 
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2.1 Motor seizures 

Seizures in which the main symptoms are motor phenomena are classified as motor seizures. 
We divided these motor seizures into two major subgroups, simple motor seizures and complex 
motor seizures1 . In simple motor seizures, motor movements are relatively 'simple', unnat
ural and consist of movements similar to movements elicited by electrical stimulation of the 
primary motor areas (e.g. the twitching of a thumb). Complex motor seizures are seizures 
in which the movements are relatively complex and simulate natural movement, except that 
they are inappropriate for the situation. 
This thesis focusses on simple motor seizures. The main reason for this is that we believe that 
simple motor seizures consist of stable elementary movement patterns. The movements that 
are observed during simple motor seizures are the most likely movements to occur when there 
is a massive discharge in the motor cortex (during electrostimulation or epileptic seizures). 
This is determined by the neurophysiological structures of the motor cortex. 60% of the 
seizures that occur in our target group of patients are simple motor seizures. 
The movements during simple motor seizures tend to be stereotyped, and when movements 
are repetitive, they affect the same body segment[9]. Simple motor seizures can be subdi
vided into the following subtypes, depending on the duration of the muscle contraction, the 
frequency of movement repetition, and the muscles involved: 

• Myoclonic seizures 
Myoclonic seizures consist of short muscle contraction lasting less than 50 milliseconds 
[10]. Myoclonic seizures are most probably generated by activation of the primary motor 
area in the cortex by epileptic discharges. 

• Tonic seizures 
Tonic seizures consist of sustained muscle contractions, usually lasting more than 5 to 10 
seconds and lead to 'positioning' [8]. They are primarily generated by the supplementary 
motor area frontal in the brain [9]. 

• Clonic seizures 
Clonic seizures consist of repeated myoclonic contractions that regularly recur at a 
intervals between 0.2 and five times per second [9]. Clonic seizures are most probably 
generated by activation of the primary motor cortex. 

• Tonic-clonic seizures 
These seizures consist of an initial tonic phase during which the patient has the legs 
and arms in extension with the arms adducted and crossed in front of the body. The 
tonic phase only lasts for 5 to 10 seconds and is then followed by a slight tremor 
produced by rapid, small flexions of the arms at the elbows. The flexions of the arms 
increase progressively in amplitude as the repetition rate diminishes. Eventually, this 
evolves to clonic contraction (flexions at the elbow), initially of a frequency of 5Hz, and 
then progressively decreasing in frequency to one contraction every 1 to 3 seconds [9]. 
Finally the contractions disappear completely. The muscles included in the tonic and 
clonic phase should be essentially the same. 

1 To prevent confusion it should be mentioned here that the words 'simple' and 'complex' indicate the 
type of movement. According to most seizure classification standards 'simple\complex' generally means 'not 
accompanied by loss of consciousness\accompanied by loss of consciousness' 
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In this thesis we intend to characterize the ACM-output during myoclonic, clonic, tonic 
seizures. Tonic-clonic seizures are regarded as seizures that consist of a tonic and a clonic 
part. 

2. 2 Myoclonic seizures 

Myoclonus is a nonspecific term that describes a quick muscle jerk arising from disfunction of 
the central nervous system. There are many types of myoclonus. Certain types of myoclonus 
are fragments of epilepsy. Myoclonus can originate from spinal, brainstem (reticular) or cor
tical levels. Spinal and reticular myoclonus are usually regarded as nonepileptic in nature [9]. 
Cortical myoclonus, on the other hand, often has an epileptic basis. Its peripheral expression 
can span the entire spectrum from focal, to multifocal, to generalized myoclonus. From this 
point on the term 'myoclonus' or 'myoclonic seizure' in this thesis indicates 'cortical epilep
tic myoclonus'. There are three simple electrophysiological measures that help to identify 
epileptic myoclonus. 

1. The electromyographic burst length associated with the muscle jerk in epileptic my
oclonus is usually less than 50 ms, although it can occasionally be in the 50-100 ms 
range 

2. In epileptic myoclonus, muscles active in the same jerk are always activated synchronously. 

3. In epileptic myoclonus an EEG correlate can be identified. 

In cortical reflex myoclonus each myoclonic jerk typically involves only a few adjacent muscles, 
for example, only one antagonistic pair. Larger jerks with more muscles activated, can also 
be seen [10]. The genesis of cortical myoclonus is thought to be hyperexcitability of sensori
motorcortex, with each jerk representing the discharge of a small region of the motor-cortex 
that represents the movements involving. When the genesis of the myoclonus takes place in 
the primary motor cortex, flexor muscles are more active than extensor muscles. Also distal 
muscles are more affected than proximal muscles. Therefore, cortical myoclonus is character
ized by a subtle movement of the forearm, for instance, flexion of the elbow. Also more subtle 
myoclonia's occur that for example only affect the hand and fingers (especially the thumb). 
This stereotype expression is caused by the fact that the projection area of the motor cortex 
trough the pyramidal tract to these segments of the body is larger [11]. This larger area has 
developed during evolution. Primates needed to grasp things. Therefore flexion movements 
of the hand and arm are favored over extensions. 
When the genesis of the myoclonus takes place in the supplementary motor area, that lies 
in the frontal lobe of the brain, the myoclonus is more violent and also the shoulder-joint 
is involved in the movement. Focal or generalized myoclonus may be followed by increased 
muscle activity, hypotonia, or atonia. Myoclonic seizures can occur singly or in trains. The 
surface EEG shows a spike wave pattern which contains irregular and multiple spike compo
nents. In the case of myoclonic seizures the surface EEG reflects both excitatory (spike) and 
inhibitory (slow wave) components. Cortical activity during cortical myoclonus drives the 
muscle response which leads to an EMG burst synchronously in both agonist and antagonist 
muscle of the affected muscle group. The duration of this train of muscle action potentials is 
<100 ms and the frequency is ~ 50 Hz [12]. 
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2. 3 Clonic seizures 

Clonic seizures consist of repeated myoclonic contractions that regularly recur at a inter
vals between 0.2 and five times per second [9]. During a clonic seizure the affected parts 
of the body show repetitive jerking. Clonic seizures are a frequent epileptic phenomenon. 
However, the pathomechanism of this seizure type is unclear. Tetanic 50 Hz electrical stim
ulation of the motor strip in wake humans can elicit clonic muscle responses. Hamer [13] 
used cortical electrical stimulation to investigate the pathophysiology underlying the clonus 
generation. He also analyzed spontaneous focal clonic seizures in humans by registration of 
EEG in combination with surface EMG-recordings of muscles involved in the epileptic clonus 
[14]. Stimulation of the motor cortex with frequencies of 20 Hz or more elicited clonic muscle 
response. The rhythmic clonic muscle responses consisted of bursts of muscle action poten
tials which occurred synchronously in agonistic and antagonistic muscles and were separated 
by periods of complete muscle relaxation in all muscles despite continuous stimulation. Alter
nating contractions of agonistic and antagonistic muscles were never observed. The frequency 
of muscle action potentials within each burst followed the stimulation frequency. During the 
spontaneous clonic seizures (polys)pike-wave complexes were observed in the EEG (Figure 
2.1). These (poly)spike-wave complexes were coinciding with the appearance of clonic muscle 
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Figure 2.1: {Poly)spike-wave complexes that can occur in the EEG during clonic seizures 
[14}. 

activity. Here again the bursts of muscle action potentials occurred synchronously in ago
nistic and antagonistic muscles and were separated by periods of complete muscle relaxation 
in all muscles. Again, alternating contractions of agonistic and antagonistic muscles were 
never observed (Figure 2.2). The waveform of each (poly)spike-wave complex consisted of 2-6 
spikes recurring with a frequency of 12-45 Hz. The series of muscle action potentials follow 
the spikes, so they have the same characteristics. It is believed that the rhythmic arrest of 
motor activity during clonic seizures is caused by hyperpolarization of pyramidal tract cells 
[13, 14]. 

2.4 Tonic seizures 

Tonic seizures are brief ictal events usually less than 10 seconds in duration during which a 
sudden sustained contraction of multiple muscle groups is seen. The EEG shows diffuse low 
voltage, fast frequency (20-40 Hz) activity, which may show a gradual increase in amplitude 
with decreasing frequency (Figure 2.3). Hamer showed in his study [13], that increasing 
the intensity of stimulation at the same frequency converted an intermittent clonic muscle 
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Figure 2.2: EEG- and EMG-recordings of a focal clonic seizure. The rhythmic clonic muscle 
response consisted of bursts of muscle action potentials which occured synchronously in ago
nistic and antagonistic muscles and were separated by periods of complete relaxation of both 
muscles. The clonic muscle response exactly matched the cortical polyspike-wave complexes. 
The muscle action potentials followed the polyspikes and the muscle relaxation occurred during 
the EEG-wave [14] 

response to a continuous tonic muscle response. High intensity cortical stimuli appeared to 
overcome the recurrent cortical inhibition occurring during clonus. This indicates that during 
tonic seizures the level of epileptic activity in the brain is so high, that the cortical inhibition 
that occurs during a clonic seizure fails. 
In summary, we can say that a myoclonic seizure consists of one single muscle jerk, with a 
spike-wave as an EEG-correlate. The agonists and antagonists in the muscle groups involved 
contract and relax synchronously. A clonic seizure consists of repetitive muscle jerking and 
again there are (poly)spike-wave patterns as an EEG-correlate. Again, the agonists and 
antagonists in the muscle groups involved contract and relax synchronously. A tonic seizure 
consists of tetanic contraction of the muscles involved. The EEG shows low voltage, fast 
frequency activity. At this point the hypothesis is made that a myoclonic seizure is the 
basic phenomenon behind all these simple motor phenomena. Clonic and tonic seizures will 
be described as myoclonic seizures occurring at different frequencies. For tonic seizures the 



20 CHAPTER 2. EPILEPSY: CLASSIFICATION AND DEFINITION OF SEIZURES 

? j, 
li , J:)Gtl vV 

. ' 
1 $ 

Figure 2.3: EEG during tonic seizure: diffuse low voltage, fast frequency {20-40Hz) activity, 
which may show a gradual increase in amplitude with decreasing frequency [14}. 

hypothesis will only hold partially, tonic seizures with other mechanisms also exist [9]. 



Chapter 3 

Physiological systems involved in 
movement 

3.1 General overview 

In this master's thesis we want to characterize specific epileptic movements. In order to 
understand human movement, whether normal or abnormal 1

, it is necessary to explain the 
systems that are involved. Movement of the limbs results from the action of muscles and 
external forces, such as gravity, on the skeleton. The nervous system controls muscle con
tractions. It uses sensory information to let the muscles perform in an adequate way. In this 
project we have chosen to measure movement with accelerometers, so in fact we measure the 
acceleration that occurs during the movement. Figure 3.1 is a schematic overview of all the 
systems that are mentioned above. The next sections describe the elements of Figure 3.1. 

Motor neurons 

5ensory neurons 

Figure 3.1: The central nervous system (CNS) sends signals to the muscles. Consequently 
the muscles contract and apply force on the skeletal system. Applying force on the skeletal 
system can result in movement. The CNS also receives information about posture an move
ments, so voluntary movements can take place in a highly controlled fashion. The acceleration 
that occurs during a movement can be measured with an accelerometer. 

1in our case epileptic 
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Section 3.2 explains how the cortex controls movement and what this means for movements 
during epileptic seizures. Then the physiology of the muscle and how it reacts to innervation 
from the central nervous system is explained. Section 3.4 gives an overview of the anatomy 
of the skeletal system of the human arm. 

3.2 Cortical control of motor function 

This section discusses the control of the body's movements by the cerebral cortex. If we have 
some knowledge of the cortical control of normal movements and the specific areas of the 
cortex that are involved, we can gain a better insight in the different types of movements that 
are produced during epileptic seizures. 
The skeletal muscles can be controlled from many levels of the central nervous system: 

• the spinal cord level, 

• the lower brain level, 

• the cortical level. 

Each of these areas plays its own specific role. There are different types of movement and 
also different areas of the brain are involved controlling these types. Voluntary movements 
are skilled and purposeful movements, they are consciously planned movements. The motor 
cortex initiates these planned movements. There are also reflex movements that are rapid and 
stereotyped, involuntary movements. The brainstem and the spinal cord play an important 
role in controlling reflexes. Then there are rhythmic motor patterns like walking or chewing. 
These movements continue in reflex fashion, while initiation and termination are voluntary. 
For epileptic movements we are interested in the cerebral cortex, since by definition, epilepsy 
is a condition of the cortex. Figure 3.2 shows the functional areas of the cerebral cortex. 
Anterior to the central sulcus, is the motor cortex. The motor cortex is divided into three 
subareas, each of which has its own topographical representation of muscle groups and specific 
motor functions of the body: 

• the primary motor cortex, 

• the premotor area, 

• the supplementary motor area. 

Figure 3.2 also lists the topographical representations of the different muscle areas of the 
body in the primary motor cortex, beginning with the face and mouth area, the arm and the 
hand area, in the mid-portions of the primary motor cortex [15], the trunk, and the leg and 
the foot areas. This organization is demonstrated even more graphically in Figure 3.3. The 
motor homunculus indicates the area of the primary motor cortex controlling different muscle 
groups. 
The premotor area lies immediately anterior to the lateral portions of the primary motor 
cortex. The topographical organization is roughly the same as that of the primary motor cor
tex. Nerve signals generated in the premotor area cause patterns of movements that involve 
groups of muscles that perform specific tasks. The supplementary motor area has another 
topographical organization for control of motor function. It lies immediately superior to the 
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Figure 3.2: Motor functional areas of the cerebml cortex. Anterior to the centml sulcus lies 
the motor cortex that consists of the primary motor cortex, the premotor area and the supple
mentary motor area {15]. Movements during epileptic seizures in which the premotor area or 
the motor cortex are involved are more subtle than during seizures in which the supplementary 
motor area is involved. 

premotor area. Considerably stronger electrical stimuli are required in the supplementary 
motor area to cause muscle contraction to cause muscle contraction than in the other motor 
areas. When contractions are elicited they are often bilateral rather than unilateral. In gen
eral, this area functions in concert with the premotor areas to provide postural movements, 
fixation movements of the different segments of the body, positional movements of the head 
and eyes, as background for the finer control of the arms and hands by the premotor area 
and primary motor cortex. 
Now that we have this basic knowledge about the different areas of the motor cortex we can 
use this knowledge to explain movements that are the result of an epileptic seizure. During 
epileptic seizures there is excessive neuronal activity in parts or all of the brain. Movements 
during epileptic seizures in which the premotor area or the motor cortex are involved are 
more subtle (e.g. the twitching of a thumb) than during seizures in which the supplementary 
motor area is possibly involved. These movements can be violent and effect the entire body, 
but also strange posturing-movements occur. 
Motor signals can be transmitted directly from the cortex to the spinal cord through the cor
ticospinal tract and indirectly through multiple pathways through different brain structures. 
In general, the direct pathways are concerned more with discrete and detailed movements, 
especially of the distal segments of the limbs. 
The most important output pathway from the motor cortex is the corticospinal tract, also 
called the pyramidal tract (Figure 3.4). The corticospinal tract originates about 30 per cent 
from the primary motor cortex, 30 per cent from the premotor and supplementary motor 
areas, and 40 per cent from the somatic sensory areas posterior to the central sulcus. After 
leaving the cortex the corticospinal tract passes through the brain stem and spinal cord. The 
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Figure 3.3: Motor homunculus of the primary motor cortex. Degree of representation of the 
different muscles from the body in the primary motor cortex [15]. 

majority of the pyramidal fibers cross in the lower medulla to the other side and descend in 
the lateral corticospinal tracts of the cord, finally terminating principally on the interneurons 
in the intermediate regions of the cord gray matter but also a few on sensory relay neurons, 
and others directly on the anterior motor neurons that cause muscle contraction. The pyra
midal tract consists a.o. of nerve fibers that can transmit nerve impulses to the spinal cord 
at a velocity of about 70 m/s, the most rapid rate of transmission of any signals from the 
brain to the cord [15]. 
Signals travelling trough the pyramidal tract are dominantly responsible for movements that 
can occur during epileptic seizures. 

3.3 Function of skeletal muscle 

In this section we describe how the muscle reacts to signals from the CNS. We don't describe 
the anatomical structure of skeletal muscle. For information about this structure we refer 
to appendix C. Muscle contraction occurs by a sliding filament mechanism. Contraction of 
muscles is triggered by a membrane depolarization. This occurs when an action potential from 
a motor neuron reaches the motor endplate and triggers the release of a neurotransmitter, 
which in turn induces an action potential in the surface membrane of the muscle fiber. The 
action potential travels away from the endplate, exciting the entire muscle fiber membrane. 
Because excitation represents a voltage change across the surface of the muscle cells, it can 
be measured directly. The recording of this voltage change by an electrode is called the 
electromyogram (EMG). The response of skeletal muscle to excitation is contraction which 
results in the development of force or muscular tension. Thus, muscles operate by applying 
tension to their points of insertion into bones, and the bones in turn form various types of lever 
systems. An analysis of the lever system of the body depends on a discrete knowledge of the 
point of muscle insertion and the distance from the fulcrum of the lever as well as the length 
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Figure 3.4: Pyramidal tract: During epileptic seizures, signals travelling trough the pyrami
dal tract are dominantly responsible for stereotype movements that can occur during epileptic 
seizures [15}. 

of the lever arm and the position of the lever. A stimulated muscle produces force and will 
shorten, provided that shortening is not prevented by some external constraints. A shortening 
contraction is referred to as a concentric contraction. If the ends of the muscle are fixed rigidly 
during a contraction, the contraction is called isometric (i.e. there is no change in muscle, 
fibre, or sarcomere length). Finally, if the external force exceeds the isometric force capability 
of the contracting muscle, the muscle is forcibly stretched and the resulting contraction is 
called eccentric. During normal everyday movements, dynamic contractions probably occur 
at changing speeds and continuously varying force levels. Movements performed at constant 
speeds (concentrically or eccentrically) are referred to as isokinetic: contractions performed 
at a constant resistive force are referred to as isotonic. 

3.3.1 Muscle force control 

Muscles receive the commands for force production from nerves. A nerve is a bundle of 
axons. A single muscle nerve contains afferent and efferent axons. The afferent axons deliver 
information about the contractile status of the muscle to the central nervous system; the 
efferent axons deliver signals for contraction from the central nervous system to the muscle. 
The primary efferent pathways are called o:-motor neurones. Each a:-motor neurone innervates 
a number of muscle fibres. This functional unit is called a motor unit. A motor unit is the 
smallest control unit of a muscle, because all fibres belonging to the same motor neurone will 
always contract and relax in a synchronized manner. The force in a muscle can be increased 
in two ways: 

1. by increasing the active number of motor units, 

2. by increasing the frequency of stimulation to a motor unit. 

The forces produced by the individual motor units sum algebraically to the total muscle force. 
Therefore, the level of force can be controlled by activating or deactivating motor units. When 
a motor unit receives a single action potential from its motor neurone, the corresponding force 
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response is a single twitch. The duration of the twitch is constant in the same motor unit, but 
variable in different motor units. Some muscle fibers may complete a twitch response in 10 ms, 
others may require 200 ms [16]. Although there are individual differences, all muscle twitches 
have the same characteristic shape. The time course curve follows quite closely equation(3.1) 
[17]: 

t -t 

F(t) = F0 -e7 . 
T 

(3.1) 

Figure 3.5 A. shows this twitch response, r is the time for the tension to reach a maximum 
('twitch contraction time' in Figure 3.5 A.) and F0 is a constant for that given motor unit. 
The contraction timer is larger for the slow twitch fibers than for the fast twitch motor units, 
while Fo increases for the larger fast-twitch units. The average twitch duration is approxi
mately 200 ms in a purely slow-twitch fibred muscle. Therefore if such a muscle receives less 
than about five equally spaced stimulation pulses per second, it will show a series of individ
ual twitch responses. When the stimulation frequency exceeds about 5 Hz, a second pulse 
will stimulate the muscle before the force effect of the first pulse has completely subsided 
(Figure 3.5 B.). In this case the force begins to accumulate, and with increasing frequencies, 
the force response becomes larger in amplitude and smoother. For relatively low frequencies 
of motor unit stimulation (less than about 20 Hz for slow motor units, and less than about 
50 Hz for fast motor units), there will be some force relaxation between stimulation pulses. 
The corresponding force-time history of such contractions has force 'ripples' (Figure 3.5 C.). 
Such contractions are called unfused tetanic contractions. With increasing stimulation fre
quencies, the corresponding force-time traces become smoother until the force oscillations 
disappear; such contractions are referred to as fused tetanic contractions (Figure 3.5 D.). 
Sometimes contractions are referred to as submaximal, maximal, or supramaximal. During 
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Figure 3.5: Muscle response to different frequencies of stimulation: A. one single twitch, B. 
two pulses, accumulating force C. force 'ripples', D. tetanic contraction. 

voluntary contractions. During voluntary contractions, a maximal contraction corresponds 
to a maximal voluntary effort, and a submaximal contraction is any contraction which is 
less than maximal. During artificially elicited contractions of muscle, force production may 
exceed that which a a subject may produce voluntarily. Such artificial contractions are called 
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supramaximal. They may be achieved, for example, by employing a stimulation frequency of 
all motor units which cannot be achieved by voluntary effort. During epileptic seizures the 
contractions can be supramaximal. 

3.4 Anatomy of the skeletal system of the arm 

Eventually in this thesis we want to describe acceleration of the arm. Therefore we need to 
describe parts of the body in relation to each other. In that case there is a need for a reference 
position. In this thesis we use the anatomical position that is described in literature [18]. The 
anatomical position allows a standard way of documenting where one part of the body is in 
relation to another, regardless of whether the body is standing, lying down, or in any other 
position. A person in the anatomical position is standing erect with the head, eyes and toes 
pointing forward, feet together with arms by the side. The palms of the hands also point 
forward (Figure 3.6). 

Figure 3. 6: Anatomical reference position [1 9). A person in the anatomical position is stand
ing erect with the head, eyes and toes pointing forward, feet together with arms by the side. 
The palms of the hands are also point forward. 

We also need to know what arm movements are anatomically possible. The upper arm is one 
substantial piece of bone, the humerus. The shoulder, the proximal joint of the upper arm 
is the most movable joint in the human body. The shoulder has three degrees of freedom 
and can move in relation to three planes in space. Anatomic movements that are possible by 
the shoulder are anteflexion-retroflexion, adduction-abduction, and endorotation-exorotation. 
These movements are shown in Figure 3.7. The forearm consists of two pieces of bone next 
to each other, the radius and the ulna. The diameter of the two bones together stays ap
proximately the same over the entire length [21]. Proximal the ulna is thick and the radius 
thin, distal it's the other way round. The elbow-joint accomplishes a mechanical connection 
between the upper arm and the forearm. This connection makes it possible that the arm 
displaces its distal end (hand) far or less far of the body. The elbow consists of one joint 
cavity but it has two functional different units [18]. The elbow can pronate-supinate and 
flex-extense. These movements are shown in Figure 3.8. 
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Figure 3. 7: Shoulder movements {20). 
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Figure 3.8: Elbow movements {20}. 
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Chapter 4 

Kinematics and kinetics 

In this chapter an overview is presented of kinematics and kinetics of rigid bodies. It is 
necessary to explain these theories since they are used to formulate a general mechanical 
model of the skeletal system of the arm. In this thesis our model is used in two-dimensional 
planar movement but it can be extended for three-dimensional movements. 

4.1 Kinematics of rigid bodies 

In this section the kinematics of rigid bodies are explained. We investigate the existing re
lations between the time, the positions, the velocities and the accelerations of the various 
particles forming a rigid body. A rigid body is a combination of a large number of particles 
occupying fixed positions with respect to each other [22]. A rigid body cannot be stretched 
twisted or bent. By definition it has no flexibility whatsoever. This means that any two 
particles of a rigid body, no matter how complex its motion, remain at a constant distance 
from each other. We shall now consider the most general motion of a rigid body in space. 
Figure 4.1 shows a rigid body B before and after a motion through space. 

y' 

~ 
o' 

0 

Figure 4.1: Rigid body B before and after transformation F. 

We describe this motion with an operator, transformation F. 0, x, and y are positions of 
three particles of the rigid body. O' = F(O), x' = F(x), and y' = F(y) are the same three 
particles after the transformation. 
A short evidence is given that this transformation consists of a translation and a rotation. As 
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stated before we can say that for every x, y on the rigid body the distance llx- Yll between 
the particles remains equal during the transformation :F 

II:F(x)- :F(y) II = llx- Yll · ( 4.1) 

We can also take notice of: 

II:F(>.x)- :F(O)II = 11>-xll = 1>-lllxll = 1>-lllx- Oil= 1>-III:F(x)- :F(O)II (4.2) 

and, 

:F(x + y)- :F(O) = :F(x)- :F(O) + :F(y)- :F(O) . (4.3) 

Then A(x) = :F(x) - :F(O) is a linear operation since: 

A(>.x) = >.A(x) (4.4) 

and, 

A(x + y) = A(x) + A(y) . (4.5) 

On top of that one can see that A is an orthogonal operation: 

(4.6) 

since: 

II:F(x)- :F(y)ll = IIA(x)- A(y)ll = IIA(x- Y)ll = llx- Yll (4.7) 

and therefore, 

(A(x- y), A(x- y)) = ((x- y), AT A(x- y)) = (x- y, x- y) (4.8) 

for every x, yon the rigid body. This is only possible for AT A= I. The combination of lin
earity and orthogonality means that A is a reflection or a rotation. In the case of a reflection 
the original orientation is lost so A is a rotation. Now we can say for a rigid body movement 
that it consists of a translation and a rotation: 

:F(x) = :F(O) + A(x) (4.9) 
"--v-" "--v-" 

Translation Rotation 
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4.2 Rate of change of a vector with respect to a moving frame 

In this section we shall explain the rate of change of a general vector function Q(t) with 
respect to a moving frame of reference. The rate of change of a vector, as observed from a 
moving frame of reference {e1(t), e2(t), e3(t)} is, in general different from its rate of change 
as observed from a fixed frame of reference {E1, E2, E3}. However, if the moving frame is 
in translation, i.e., if the axes remain parallel to the axes of the fixed frame, the same unit 
vectors are used in both frames and the vector-quantity Q(t) has, at any given instant, the 
same components Q1(t), Q2(t), and Q3(t) in both frames [22]. Now consider again the vector 
function Q(t) compared to a time-dependent, moving frame ofreference { e1 (t), e2(t), e3(t)}: 

3 

Q(t) = L Qi(t)ei(t) (4.10) 
i=O 

Here Qi ( t) describes the vector-quantity Q in relation to the frame of reference that is valid at 
that time instant. The movement of the frame of reference can be described as a combination 
of translation and rotation. Therefore the following relation is valid for ei(t): 

I ei(t) = 0 + w(t) x ei(t) I (4.11) 

where w(t) is the angular velocity of the moving frame. Since both the vector quantity and 

the frame of reference are time dependent, we define 8~?) and d~?). It is important to realize 
that they are different and ought not to be confused in the further reading. 

aQ(t) = ~ { aQi(t)} e·(t) 
at L.....t at ' 

i=l 

(4.12) 

3 

dQ(t) = "'.:!._ { Qi(t)e·(t)} 
dt L.....t dt ' 

i=l 

(4.13) 

For better understanding we compare also, 

aQi(t) = lim Qi(t +h)- Qi(t) = lim Q(t +h) · ei(t +h)- Q(t) · ei(t) 
at h---+o h h---+o h 

(4.14) 

and 

3 

dQ(t) . Q(t +h)_ Q(t) . i~ Qi(t + h)ei(t +h)- Qi(t)ei(t) 
-d- = hm h = hm h (4.15) t h---+0 h---+0 

For the rate of change of vector function Q(t) we differentiate both sides of equation (4.10) 
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with respect to the time: 

~ t, [ B~(t) e;(t) + Q' (t)O; ( t)] 

= a~?) + t Qi(t)(w(t) X ei(t)) 
i=O 

(4.16) 

This leads to a general equation that consists again of a translational and a rotational part: 

~Q(t) = ~ +w(t) x Q (4.17) 

4.3 General motion of a rigid body with respect to a moving 
frame 

In this section we describe the general motion of a rigid body in space, using the general 
form for the rate of change of a vector function with respect to a moving frame of reference 
as stated in equation (4.17). We look at the specific vector quantities position x(t), velocity 
v(t), and acceleration a(t). For the expression of x(t) in the moving frame we substitute x(t) 
in equation (4.10): 

3 

x(t) = L xi(t)ei(t) (4.18) 
i=O 

The velocity v(t) is derived by differentiating x(t) with respect to time: 

(4.19) 

(4.20) 

This leads, as already stated in equation (4.17), to the following expression: 

0 ax(t) 
x(t) =at+ w(t) x x(t) (4.21) 
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So, also for the velocity v(t) can be stated that it consist of a velocity due to translation and 
a velocity due to the rotation. 

v(t) = vo + w(t) x x(t) 
'-..;-" '---v-" 

(4.22) 

velocity due to translation velocity due to rotation 

where v(t) is the velocity of the particle at position x(t), vo is the velocity due to translation 
of the particle at position 0. w(t) is the angular velocity ofthe body at the instant considered. 
w(t) is directed along the instantaneous axis of rotation [22]. The acceleration a(t)is derived 
by differentiating v(t) with respect to the time: 

a(t) = v(t) = x(t) = d
2

d:~t) ( 4.23) 

(4.24) 

d
2
x(t) [(J2x(t)] ( 8x(t)) . dt'2 = ---;§{2 + 2 w(t) x ---zit + w(t) x x(t) + w(t) x (w(t) x x(t)) (4.25) 

This expression consists of acceleration caused by translation, acceleration caused by rotation 
and a mixed term that is called Coriolis acceleration. 

x(t) = + a(t) x x + w(t) x (w(t) x x) + 2 ( w(t) x ~:) (4.26) 

Due to translation 
Due to rotation 

Coriolis acceleration 

Or, 

a(t) = a 0 + a(t) x x(t) + w(t) x (w(t) x x(t)) + 2(w(t) x vo) (4.27) 

where a(t) is the acceleration of the particle at position x(t), ao is the acceleration due to 
translation of the particle at position 0, and a(t) x x(t) +w(t) x (w(t) x x(t)) is the acceleration 
due to rotation. a(t) is the angular acceleration of the body at the instant considered and 
2(w(t) x vo) is the Coriolis acceleration. The direction of w(t) and of the instantaneous axis 
of rotation changes from one instant to the next. The angular acceleration a(t) therefore 
reflects the direction of w(t) as well as its change in magnitude and, in general, is not directed 
along the instantaneous axis of rotation [22]. 
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4.4 Kinetics of rigid bodies 

In this section we shall study the kinetics of rigid bodies, the relations existing between the 
forces acting on a rigid body, the shape and mass of the body, and the motion produced. 
Consider a rigid body B acted upon by several external forces F1, F2, F3, etc. (Figure 4.2). 

y 

Figure 4.2: Rigid body acted upon by several external forces. 

We may assume that the body is made of a large number of n particles of mass b..mi ( i = 
1, 2, ... , n). Considering first the motion of the mass center G of the body, we write 

~F=ma (4.28) 

where m is the mass of the body and a the acceleration of the mass center G. Turning now 
to the motion of the body relative to the a frame of reference located at the mass center G, 
we write 

~Me=He (4.29) 

where Me represents the moment resultant of the external forces, and He the rate of change 
of He, the angular momentum about G of the rigid body. The angular momentum of a rigid 
object is defined as the product of the moment of inertia and the angular velocity [22]. 

He=lw (4.30) 

I is the moment of inertia tensor. The moment of inertia depends on how the mass of the 
body is distributed in space. For a body of a given total mass, the greater the distance from 
the axis to the particles that make up the body, the greater the moment of inertia. 
When we write down the different components of equation (4.30) we get: 

Hy = -fyxWx + fyWy- fyzWz 

Hx = -fzxWx- fzyWy + fzWz 

(4.31) 

(4.32) 

(4.33) 

Together equation (4.28) and (4.29) express that the system of the external forces is equipol
lent to the system consisting of the vector ma attached at G and the couple of moment He, 
(Figure 4.3). These equations of motion apply in the most general case of a rigid body. 
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Figure 4.3: The system of the external forces is equipollent to the system consisting of the 
vector ma attached at G and the couple of moment He. 

4.4.1 Equations of motion in fixed axis rotation 

In this thesis we limit our analysis to the planar rotation of rigid bodies. If a rigid body is 
constrained to rotate around a point which is fixed in space, then the body is in pure rotation 
or fixed-axis rotation. We now introduce a rigid body that is rotating about the fixed point 
P around an axis in z-direction. The equations of motion can then be simplified by: 

L.Fy =may 

L.Mp = lpa 

(4.34) 

(4.35) 

(4.36) 

where lp is the moment of inertia about an axis through P, parallel to the z-axis . The 
moment of inertia is now a scalar instead of a 3x3 tensor. We can understand equation ( 4.36) 
by recalling the definition of the angular momentum He = lw. In planar motion Wx, Wy are 
zero. Also lxz and lyz are zero. In that case: 

He= lew (4.37) 

When we take the derivative of equation ( 4.37) we get: 

He= lea (4.38) 

this is the same as: 
(4.39) 

In our model we don't want to describe the moment about the mass center of the body (G), 
since most body segments do not rotate about their mass centers. They rotate about a joint 
end, axis P. In the case of pure rotation this equation of motion is then L.Mp = lpa. 
For a uniform slender rod of length L and mass M, rotating about an axis trough one end, 
perpendicular to the rod the moment of inertia is lp = (ML2)/3 [22]. 
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Chapter 5 

Accelerometry ( ACM) 

5.1 Basic principles on accelerometry 

ACM-signals are frequently used for the analysis of human movement and they contain infor
mation about postural changes and different movements [2]. In this project we want to use 
the accelerometers to distinguish between non-epileptic movements an epileptic movements. 
We desire a sensor that accurately registers the frequency and amplitude of the accelerations 
involved. In general, frequencies and amplitudes of accelerations during human movement 
are relatively low. During clonic seizures the frequencies are in the range of 4-10 Hz. The 
accelerometer used in this project is the ADXL202E from Analog devices. This is a two-axis 
accelerometer with digital output. It can measure acceleration with a full-scale range of at 
least± 2 g. This is the acceleration range experienced during normal human movement. The 
sensor element is a differential capacitor whose output is proportional to acceleration. Figure 
5.1 is a simplified version of the sensor structure the actual sensor has more unit cells for sens
ing acceleration. Springs provide a resistance against acceleration forces. Deflection of the 

.ANCHOR 

Figure 5.1: Simplified view of sensor under acceleration, an acceleration will deflect the beam 
and unbalance the differential capacitor, resulting in an output whose amplitude is proportional 
to acceleration [23). 

structure is measured using a differential capacitor that consists of independent fixed plates 
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z z 
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left hand right hand 

Figure 5.2: Positions of the sensors on the left and the right wrist as used in this project. 
Also the directions in which the measurement takes place are shown. 

and central plates attached to the moving mass. An acceleration will deflect the beam and 
unbalance the differential capacitor, resulting in an output whose amplitude is proportional 
to acceleration [23]. The differential capacitor sensor is composed of fixed plates and moving 
plates attached to the beam that moves in response to acceleration. Movement of the beam 
changes the differential capacitance, which is measured by the on chip circuitry. The output 
of an accelerometer attached to the human body consists of different components: 

• accelerations due to movements of the body, 

• gravitational acceleration, 

• accelerations produced by external sources, like vehicles, 

• accelerations due to bouncing of the sensor against other objects or against the body 
due to loose attachment [24]. 

Only the first two components are directly related to human body movement. The two other 
components that are not due to movement but in fact distort the signal, can be attenuated by 
filtering of the data (when the frequency range of the noise on accelerometer output is outside 
the frequency range of human body acceleration), and adequate attachment of the sensor. 
Gravitational acceleration may vary between -1 g and 1 g, depending on the orientation of the 
measured direction of the sensor in the gravitational field. This component is called the static 
component. The output due to body acceleration is called dynamic acceleration and depends 
on the type of activity performed, the part of the body where the accelerations are measured, 
and the direction in which the measurement is done. The acceleration can be toward or 
away from the face of the transducer; this is indicated by a reversal in sign of the signal. In 
most movements there is no guarantee that the acceleration vector acts at the right angles 
to the face of the force transducer. The acceleration vector has a component normal to the 
transducer and another component tangent to the transducer face. Thus the accelerometer 
measures the an component. Nothing is known about at unless a triaxial accelerometer is 
used. For the seizure detection programme, three-dimensional transducers are created by 
mounting two 2D-sensors at right angles to each other. One channel is not connected and 
thus we have created 3D accelerometers. Figure 5.2 shows the positions on the wrists of the 
sensors as they are used for the collection our clinical data. Also the directions in which the 
measurements take place are shown. 
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5.2 Typical ACM-patterns during motor seizures 

In this section some examples are shown of the typical patterns in the ACM-signals during 
simple motor seizures. The first example, shown in Figure 5.3 is the myoclonic seizure. It is 
more or less a twitch like contraction of an antagonistic muscle pair. Flexion is dominantly 
innervated over extension, so the arm flexes during the seizure. After the seizure the arm 
falls back. In most cases the arm bumps into an object or surface (chair, table, bed) since 
the movement is uncontrolled. This bumping results in a sharp peak in the ACM-signal that 
damps out. This peak is typical for a myoclonus but it actually occurs after the myoclonus. 
A myoclonus can be isolated but can also be followed by another myoclonus (Figure 5.4), a 
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Figure 5.3: Typical pattern in the ACM-signal that is observed during a myoclonus. There 
is a sudden shock-like movement of a short duration. The myoclonus is typically followed by 
a sharp peak, caused by the bumping of the arm into an object. This bumping is typically 
because the movement during the seizure is uncontrolled and it is therefore more likely that a 
collision occurs than in normal movements. These are the recordings of one three dimensional 
sensor, measured at the right wrist. Time on the x-axis is in seconds, the acceleration on the 
y-axis is in g. 

tonic seizure (Figure 5.5), or a tonic clonic seizure (Figure 5.6). During the tonic seizure the 
muscles are in tetanic contraction. This means that the acceleration is more or less constant, 
and the arm undergoes a change of posture. During the clonic phase the acceleration pattern 
contains higher frequencies due to the repetitive jerking of the arm. A myoclonus can affect 
only one limb, but it can also take place synchronously in more limbs. A generalized tonic
clonic seizure affects all the limbs synchronously. This is shown in Figure 5. 7. 
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Figure 5.4: Myoclonus, shortly followed by a second myoclonus. These are again the record
ings of a three dimensional sensor at the right wrist. Time on the x-axis is in seconds, the 
acceleration on the y-axis is in g. 
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Figure 5. 5: Myoclonus followed by a typical tonic seizure pattern. During the tonic seizure 
the muscles are in tetanic contraction. This means that the acceleration is more or less 
constant, and the arm undergoes a change of posture. Time on the x-axis is in seconds, the 
acceleration on the y-axis is in g. 
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Figure 5. 6: Myoclonus followed by a typical tonic-clonic seizure pattern. During the clonic 
phase the acceleration pattern contains higher frequencies due to the repetitive jerking of the 
arm. Time on the x-axis is in seconds, the acceleration on the y-axis is in g. 
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Figure 5. 7: Generalized tonic clonic seizure. There are repetitive series tonic-clonic con
tractions. The contractions affect the whole body synchronously. These are the recordings of 
three dimensional sensors on the left wrist, the right ankle and the chest. Time on the x-axis 
is in seconds, the acceleration on the y-axis is in g. 
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Chapter 6 

Modelling motor phenomena 

This chapter formulates models of the anatomical structures involved in motor phenomena 
and the underlying physiological processes that generate the ACM-output measured during 
simple motor phenomena: the cortical myoclonus, the clonic seizure and the tonic seizure. 
The eventual goal of this project is seizure detection. We have chosen for this model-based 
approach since we believe this approach will eventually lead to a solid detection of seizures. 
The scientific interest is that we also gain a better understanding of the patterns that are 
observed in the ACM-recordings. The idea of this model-based approach is depicted in Fig
ure 6.1. Our ideal for the future, is to come to a classification based on parameters that are 

' Phy•iolo~l Patient specific database: 
History 
Type of epilepsy 
Physical characteristics 
... 

Clinical data Detection algorithm 

Seizure detection output: 
Candidate seizures 

Figure 6.1: The idea of this model-based approach is that we can characterize the A CM
output during seizures and that we can determine specific parameter values that determine 
whether a movement is epileptic or non-epileptic. The model uses patient specific information 
and needs to be tuned for every patient. The information from the modelled seizures can be 
used in an detection algorithm to indicate candidate seizures. 

characteristic for patterns caused by typical epileptic movements and non-epileptic patterns. 
These parameters are derived from a model. The model uses patient specific information 
like seizure types and physical characteristics and needs to be tuned for every patient. The 
information from the modelled seizures can be used in a detection algorithm. The output of 
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this algorithm indicates whether a pattern in the clinical data is a candidate seizure event. 
This model-approach in the context of ACM-patterns and epileptic seizures is new. We cre
ated the model that we suggest in this thesis from scratch. The strategy of this thesis is 
that we study whether this modelling approach is appropriate for reaching our eventual goal: 
detection of epileptic seizures. We carried out an initial study, and not all aspects are worked 
out thoroughly. We wanted to find out what the possibilities of our model for other motor 
seizures are. So that we can give a proper indication of the possibilities for the future. 
Now we have explained why we want to use a model in this project, we introduce the model 
itself. The proposed model is a mathematical dynamic model. As pointed out in Chapter 3, 
the system that we want to describe in our model, consist of a mechanical part and a neuro
physiological part. Epileptic seizures affects the CNS and consequently muscle contraction. 
The characteristics of the mechanical system are always preserved and can be described with 
theory from Chapter 4. With this theory we can also make the link between the applied 
force and the measured ACM-signal. We decided to model only epileptic movements of the 
lower arm. The first section in this chapter states the important reasons for this restriction. 
The second section describes the assumptions that are made about the neuronal input to the 
muscle during the seizures and the reactions of the muscles to these inputs. Based on these 
assumptions representing inputs are formulated for the mechanical model. Section 6.3 deals 
with the kinematic and kinetic relations for a mechanical system representing the lower arm. 
Finally the calculations are explained that are necessary to convert the muscle force into an 
acceleration signal. The chapter is concluded with simulation results and a comparison be
tween the simulations and the real clinical data. The comparisons with tonic an clonic seizure 
events are merely qualitatively. 

6.1 Model Restrictions 

Before we start modelling we need to think about the eventual goal of our model and determine 
restrictions that can make our task easier. The goal of this master's thesis is to develop 
models of the ACM-output during simple motor seizures, in order to characterize the ACM
output and to develop an automatic detection algorithm for the patterns that are observed in 
the ACM-signal during these specific seizure events. So, with our model we want to describe 
simplified versions of simple motor seizures that still incorporate the main characteristics. We 
already restricted ourselves to model only simple motor phenomena. A simple motor seizure 
can affect different muscle groups varying from the face to the hand, the entire arms and 
the legs. In a patient with simple motor seizures often the same body segments are affected 
during every seizure. In Chapter 2 we stated the hypothesis that the myoclonus is the basic 
phenomenon behind all the simple motor phenomena. So first we focus on myoclonic seizures. 
Then the model for myoclonic seizures can be extended to describe tonic and clonic seizures. 
As we recall from Chapter 2, myoclonic seizures are brief ictal events characterized by a sudden 
synchronous contraction of one or many muscle groups. The duration of the contraction is a 
fraction of a second, the intensity can vary per seizure. During cortical myoclonus the working 
resultant muscle force is in the flexion direction. This clinical observation can be explained by 
the fact that flexors are dominantly innervated over extensors by the pyramidal tract [11, 15]. 
So during myoclonus both flexor and extension muscles are activated but the force produced 
by the flexors is dominant over the force produced by the extensors and this results in an 
resultant force in flexion direction. This dominant flexion during the excitatory phase is also 
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observed in videorecordings of myoclonic seizures. Not only flexion is dominantly innervated 
over extension, also the distal segments of the limb are more affected than the proximal ones, 
and arm movements are dominant over leg movements. Video observations confirm that 
myoclonic seizures very often express themselves as short abrupt flexions involving only the 
lower arm. It is also frequently observed that a seizure starts with myoclonic jerking in one 
arm followed by a spread of tonic, clonic or tonic-clonic contractions towards the other arm, 
the trunk and the legs. Based on the above statements and observations we decided to include 
only the forearm in our model for simple motor seizures. This means that our modelled motor 
seizures are 2D planar rotations. 

6.2 Effect of epileptic activity on muscle contraction 

In the following section we want to describe how epileptic activity in the brain affects muscle 
contraction. For information of muscle contraction in the time, the electromyogram (EMG) 
would be a useful information source. In this project the EMG is not measured, but the 
subjects are videomonitored throughout the datarecordings. These video's provide important 
information about posture and movement. For the definition of the input force during a 
myoclonus, information from these videorecordings and literature [10, 8, 9, 12, 13, 14] is 
used. During epileptic seizures, there is excessive activity in the brain. This results a.o. in 
sequences of action potentials that descend through the corticospinal tract and affect the 
skeletal muscles. Normal movements are controlled by the CNS, so that they are smooth 
and target directed but during seizures this control function is disturbed and the muscles 
are activated by sudden excessive trains of action potentials and the movements are sudden, 
jerky, and not target directed. Herein lies the key to modelling muscle force during epileptic 
seizures. It would be very difficult to model the fine tuned muscle force development during 
normal movements, but during epileptic seizures there is no control. 
In literature [16, 25], there are many complicated muscle models. Most of these models go 
deeply into the muscle's structure and physiology. The results are mostly simulations of 
isometric contractions. These models are not very appropriate for this project. Our goal is 
to detect epileptic seizures and model ACM-output. To use such an extensive model would 
go far beyond the scope of this master's project. In this project we chose to use a simple 
approximation for the muscle force in time. We base this simplification on the fact that there 
is a massive synchronous activation of all the muscles involved in the movement. Especially 
this synchronicity is a key feature that can be used for modelling muscle force during seizures. 
During a seizure the muscles are much more stimulated than under normal circumstances. 
One burst of epileptic activity can cause a sudden jerk of a limb. We already discussed that 
during a myoclonic seizure the resultant muscle moment is in the flexion direction. So the 
muscle force during a myoclonic seizure is something massive in one direction. We chose 
to use equation (3.1), from Chapter 3, we recall the response of a motor unit to one single 
stimulation pulse: 

I F(t) = Fo~e~ I (6.1) 

Of course the entire muscle consists of many motor units. During the myoclonus they are 
all activated synchronously. So in fact, the impulse responses of all the motor units should 
be added together. The contraction time T for muscles in the arm are in the range of 16-
68 ms for the triceps and in the range of 16-85 ms [17]. For simplicity we now assume that 
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the impulse response of all the activated motor units together can then be approximated 
by: F(t) = Fsum-!re -:,_t, with Fsum the weighted sum of all the Fa's of all the different motor 
units, and T a general time constant for al the units together. An advantage of the use of 
this impulse response is that we can simulate physiological-like muscle responses to different 
types of stimuli as described in Figure 3.5. As described in Chapter 2 the EEG that can 
be observed during simple motor seizures has certain characteristics that correlate to the 
pattern of action potentials that travel to the muscles. Myoclonic seizures are associated 
with (poly)spike-wave discharges, clonic seizures with repeated (poly)spike-wave discharges 
and tonic seizure with high frequency discharges [9]. It is believed that during the spike 
part of the spike-wave discharge, trains of action potentials are send down to the motor 
units and the muscles contract in reaction to this stimulation [12, 13, 14]. The agonists and 
antagonists in the muscle groups involved contract synchronously. During the wave part there 
is an inhibition and no action potentials are descending to the motor units. This results of 
complete relaxation of all the muscles involved. Thus, this alternating periods stimulation 
and rest actually cause the repetitive jerking movements during the seizures [9, 13, 14]. A 
myoclonus is just one sequence of such a repetitive movement. During tonic seizures action 
potentials are descending continuously, there is no inhibition period, the muscles are in tetanic 
contraction [14]. Table 6.1 shows for each seizure type the corresponding EEG correlate, 
the descending trains of action potentials and the resulting muscle contraction. Table 6.2 

Table 6.1: This table shows per simple motor seizure the EEG correlate, the corresponding 
descending action potentials and the muscle response to these pulses. 

Seizure type EEG correlate Innervation Muscle contraction 
Myoclonic (poly)spike wave pattern pulse train single jerk 

~ ~ II II 
Clonic repetitive (poly)spike wave repetitive pulse trains repetitive jerking 

~ II II II II II II uu 
Tonic high frequency EEG continuous pulses tetanic contraction 

NWVVVVWM 11111111111 i 

summarizes the characteristics of the trains of action potentials during different seizure types, 
that were presented in Chapter 2. Since we have schematically described the nerve action 
potentials series that innervate motor units during the different seizure types, the next step 
is to characterize the response of a muscle to this innervation pattern. Figure 6.2 shows a 
simulated response of a muscle to a myoclonic stimulation. The myoclonic stimulation was 
a pulse train that lasts for 80 ms and a stimulation frequency of 50 Hz. The stimulation
frequency is so high that there is almost no relaxation between two stimuli. Therefore, also 
this curve can be approximated with equation (6.1). We can conclude from this simulation, 
that it is not necessary to characterize the entire train of action potentials (frequency and 
duration) during a myoclonic seizure and also during the contraction phase of a clonic seizure. 
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Table 6.2: Characteristics of stimuli trains during different seizure types. 
seizure type frequency pulse train duration single pulse train 

myoclonic seizure 50 Hz <100 ms 
clonic seizure 12-45Hz <200 ms 
tonic seizure 20-40Hz 8-28 s 

The effect of this train can be captured in equation (6.1), by adapting the values ofT and 
Fa in an appropriate way. These parameters could then seizure dependent and may be 
characteristic per seizure type. Figure 6.3 shows an example of the response of a muscle to 
clonic and tonic stimulation. The clonic pattern shows periods of relaxation and the tonic 
pattern shows tetanic muscle contraction. 

reaction of muscle to train of action potentials (stimulation frequency 50 Hz, duration 80 ms: 
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Figure 6.2: Simulated response of muscle to one single train of action potentials during a 
myoclonic seizure. The muscle briefly contracts. 

6.3 Mechanical model of the skeletal system of the arm 

Chapter 4 described the kinematics and kinetics of rigid body systems. In this chapter, these 
theories are used to describe the acceleration that can be measured during simple motor 
seizures. We already restricted us to take into account, only the lower part of the arm and 
the elbow joint. This means that from this point on the skeletal system of the lower arm is 
represented by a rigid slender rod (forearm and the hand). The hand isn't modelled separately 
since we want to calculate the acceleration at the wrist. We have to beware of the sensor 
position, it is chosen in such a way that the 'palm' of the hand is on top and the sensor 
is at the underside of the rigid body. This has consequences for the sign of the measured 
acceleration. The pronate-supinate movement is in first instance neglected. We think the 
most dominant element in a seizure is the flexion of the elbow. The elbow is modelled as a 
hinge joint that is fixed at its position. This means that the movement of the wrist will be 
described as a pure rotation around the elbow axis, as a two-dimensional planar movement. 
We incorporated in our model one antagonistic muscle pair. Figure 6.4 shows the rigid body 
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reaction of muscle to trains of action potentials (frequency trains 4 Hz) reaction of muscle to sustained train of action potentials (tetanic contraction) 
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Figure 6.3: A. Simulated response of muscle to repetitive trains of action potentials during a 
clonic seizure. The muscle contracts and relaxes repeatedly. B. Simulated response of muscle 
to a sustained train of action potentials during a tonic seizure. The muscle is in tetanic 
contraction. 

that now represents the lower arm and the hand. The box is the fixed accelerometer, that 
measures acceleration components in the normal (An) and tangential (At) direction. The 
forces that act on the rigid body are the agonist muscle force (Fa9 ), the antagonist muscle 
force (Fant) the gravity force (F9 ) and the joint reaction force (Fj ). (} represents the position 
of the elbow. L is the length of the rigid rod. 

6.3.1 Kinematic relations for the rigid body system 

For a pure rotation the kinematic relation for position is now 1 : 

x(t) = Re1(t) (6.2) 

with R, the distance of the elbow to the accelerometer. Using equations ( 6.2) and ( 4.17), we 
can derive 

v(t) = wRe2(t) 

Using equations (6.2) and (4.25), we can derive 

a(t) = o:Re2(t)- w2 Re1(t) 

(6.3) 

(6.4) 

This means that during a pure rotation, dynamic acceleration in the normal direction (An) 
equals -w2 R, this is also the dynamic component measured by the sensor in this direction. 
The acceleration in tangential direction (At) equals o:R. Since the sensor was at the downside 
of our rigid body, the dynamic component measured by the sensor equals -o:R. On top of 
this the sensors measure the gravitational acceleration. 

6.3.2 Kinetic relations for the rigid body system 

The equations of motion for our system in 2D planar rotation are: 

(6.5) 

1 In a moving frame of reference! 



6.3. MECHANICAL MODEL OF THE SKELETAL SYSTEM OF THE ARM 49 

Figure 6.4: Schematic overview of the restricted model. The elbow (on the left side) now 
has a fixed position and the only movement possible is rotation. The rigid rod represents the 
lower arm and the hand together. The small box is the fixed accelerometer. () represents the 
position of the elbow. L is the length of the rigid rod. The forces that act on the rigid body 
are the agonist muscle force (Fa9 ), the antagonist muscle force (Fant) the gravity force (F9 ) 

and the joint reaction force (Fj). 

~M=Ia 

(6.6) 

(6.7) 

where m is the mass of the rigid body and I is the mass moment of inertia about a parallel 
z-axis through the fixed rotating point. For a rigid rod, of length L, rotating around one 
end, the moment of inertia is constant and equal to !JmL2

. For the lower arm of a standard 
person of 1.70 m and 70 kg,the mass and the length of the lower arm including the hand are 
respectively 1.54 kg and 0.43 m. The moment of inertia is then 0.096 Kgm2 (obtained from 

anthropometric data [17]). 

6.3.3 Calculating ACM-output 

The mechanical system in our model, acquires muscle force, and external forces in time for 
input and returns simulated accelerations as output. The kinematic and kinetic relations 
as described above are used to calculate this acceleration. The parameters that have to be 
defined are the rigid body characteristics. These rigid body parameters are: 

• the distance of the elbow joint to the accelerometers, R, 

• the mass of the lower arm, marm, 

• the moment of inertia of the lower arm, I, 

• the moment arms of muscle forces, dag and dant, 

• the moment arm of the gravity force, d9 • 
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All these parameters, except dag and dant, can be expressed in terms of full body length 
(BL) and full body mass (BM) using anthropometric data [17]. In that case R::::::: 0.146BL, 
marm ::::::: 0.022BM and d 9 ::::::: 0.254!BL. For dag and dant we used average values from 
literature [26]. The arm's position is characterized by the variable B. When () = 0, the arm 
is in reference position and hanging alongside the body. In the mechanical system used, the 
only external force is the force of gravity, and this force depends on (). For every (), both 
components of the force of gravity can be calculated. When there is an input force, the sum 
of all moments can be calculated by multiplying all the tangential components of the acting 
forces with their moment arms. The joint reaction force Fj, acts on the fulcrum and does not 
contribute to the sum of moments. 

(6.8) 

Since the output we are interested in is a, we rewrite equation ( 6.8). Filling our rigid body 
parameter in this ordinary differential equation leads to: 

( ) 
Fagj_ · dag- Fant.l · dant- marm · g · sin(B(t)) · d 9 a t = --"-----"--------,

1
------.;___;.--'-'----"- (6.9) 

Figure 6.5 shows a block diagram representing this differential equation. Because the arm has 

Jlil 

e 

Figure 6.5: Block diagmm representing equation 6.9. The output of the system contains of 
a, w, and (). These variables are necessary to calculate the static and dynamic accelemtion 
that is measured by the accelerometers. 

anatomical constraints for its motion range, the system also has constraints. The elbow can 
move between () = 0° and () = 145°. When ()is approaching these values, there is an abrupt 
damping, so () = 0 and w = 0. For solving the differential equation we need initial values. In 
our case we assume that when the simulation starts, the system is in equilibrium (this means 
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that the sum of all moments is zero), sow= 0 and that B has a constant known value Bo. Since 
equation (6.9) can not so easy be solved analytically, we solve it numerically. Since we want 
to simulate sampled data, we can rewrite the continuous differential equation to a discrete 
difference equation and by using the begin values iteratively calculate o:, w, and B. When o:, 
w, and B are calculated, the ACM-output needs to be calculated. This output consists of a 
static and a dynamic part. In our two-dimensional case, we had the sensors An and At. As 
explained in Section 6.3.1, the dynamic accelerations measured by An and At are respectively 
-w2R, and -o:R. The static accelerations are respectively g · cos(B) and -g · sin(B). The 
measured output of a sensor is the sum of the static and the dynamic component. 

I An = -w2 R + g · cos( B) I 

J At= -o:R- g ·sin( B) J 

(6.10) 

(6.11) 

The relations that are described in this section are combined in a Matlab-file that calculates 
the ACM-output during different seizure types (myoclonus .min appendix D). This m.file uses 
functions seizure input. m and muscletwi tch. m to calculate the muscle force in time during 
the seizures. The function seizureinput .m calculates sequences of muscle action potentials 
that travel to the muscles. The function muscletwi tch. m calculates the muscles response to 
these stimuli. In the main file two classes of parameters have to be defined, seizure parameters 
and rigid body parameters. The rigid body parameters were already listed at the beginning 
of this subsection. The seizure parameters are besides T and Fo for agonist and antagonist 
muscles that are mentioned in Section 6.2, the point in time that the seizure starts mo, 
the seizure type2 st , seizure duration sd and the duration of a relaxation period after the 
seizure rd. The seizure type determines whether the innervation pattern is represented by one 
single pulse (myoclonic), repetitive pulses with frequencies between 0.2 Hz and 5Hz (clonic), 
or repetitive pulses with frequencies between 20Hz and 40 Hz (tonic). 

6.4 Simulation results 

The idea of our model is summarized in Figure 6.6. Stimuli are applied to our simple model 
for muscle force and this muscle force is applied to the mechanical system and the acceleration 
can be calculated. Figure 6.6 shows some examples of simulations and real data in the case of 
myoclonic, clonic and tonic seizures. This section discusses some simulation results in more 
detail. The simulations are also compared to real data. 

6.4.1 Example: Myoclonic seizure 

We can simulate 2D myoclonic seizures that consists of a pure rotation of one rigid body 
segment representing the lower arm. Figure 6.7 shows an example of a simulated 2D myoclonus 
together with the position of the arm in time B. Since during a myoclonic seizure the agonist 
muscles are dominant over antagonist muscles, we only simulated agonistic muscle force (We 
took a value of zero for Foantagonist)· The input for the muscles was one single twitch as a 
simplified version for the high frequency action potentials that are travelling to the muscles 
in real life. The muscle force in time is represented by function 6.1. We took T = 0.04 s 
and Foagonist=600 N. These values are physiologically realistic and the simulation has an 

2 1 = myoclonic seizure, 2 = clonic seizure, and 3 = tonic seizure 
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Figure 6.6: Schematic overview of the model: S(t) represents the innervation patterns during 
different seizure types F(t) represents the resultant muscle force acting on the mechanical rigid 
body system, a(t) represents the calculated acceleration signal. 

acceleration pattern that has its amplitude in the range of the patterns observed during real 
myoclonic seizures. Also the position of the arm in time, B(t) is realistic for a myoclonic 
seizure when we compare it to video images. We included a collision in our model. This is 
a frequently observed phenomenon during myoclonic seizures. During a myoclonus flexion is 
dominant over extension. This is reflected in the ACM-pattern in the tangential direction 
(At)· The dynamical component of At is first negative since the acceleration is in the opposite 
direction of the sensor's measurement-direction. Then there is a deceleration when the arm 
is moving towards the highest position, At is positive because of the sensor's measurement
direction. Then the arm starts moving back, At is still positive since the arm is acceleration, 
but in the measurement-direction. The simulation ends with a huge deceleration (negative) 
because the arm bumps into an object and stops. The dynamic component is the most 
dominant component of the movement pattern in At, the contribution of the change in static 
acceleration during the seizure is negligible in comparison to the dynamic component. But the 
static component adds a DC-component of ± - 1 g. The static component is more important 
in the normal direction (An)· The static and the dynamic components are in the same order 
of magnitude. They are both in the same direction, away from the measurement-direction 
of the sensor. We compared simulated myoclonic seizures with real clinical data. Figure 
6.8 is an example of such a comparison. We compared the signals in the time domain as 
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Simulated acceleration during myoclonic seizure: different components 
---1 - total output 

I • · · · static output ·--------------- - - dynamic output 
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Figure 6. 7: Simulated 2D myoclonus and elbow angle in time, T = 0.04 s and Foagonist= 

600 N. An abrupt damping when the arm hits an object is also included since this is frequently 
observed during myoclonic seizures. 

wel as in the frequency domain. We have to realize that the actual recorded data is in 3 
dimensions. Elbow flexions can only be in 2 dimensions for anatomical reasons. In Chapter 
5 we explained how the 3D sensor are positioned on the upper limbs. The acceleration in 
normal direction that is represented in our 2D situation by An can be directly compared 
to the acceleration in the z-direction in Figure 5.2. Both the sensors in x- and y-direction 
measure components of the acceleration in tangential direction (At)· For the example that 
we show in Figure 6.8 we selected a myoclonic seizure that had a dominant component in 
the y-direction. To quantify the difference in the time domain, we calculated the root mean 
square error. The results are depicted in Figure 6.9 We see that the simulated An and At 
have some features in common with the real data, but there are also substantial differences. 
Especially in the actual flexion phase the simulated At differs from the real data. Figure 6.9 
shows an indication of this difference. The part of the figure that is between the vertical 
lines is the part corresponding to the myoclonus. We see that the rms-curve for At is quite 
high during the flexion period. The spectrum of the real data in this direction is broader and 
smaller in amplitude. The simulated data has a dominant peak at 2.7 Hz, but this peak is 
not present in the real data. As already mentioned before, we have to take into account that 
the real data is recorded with a 3D sensor. The real myoclonic seizure is not exactly in the 
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Figure 6.8: Comparison of a simulated myoclonic seizure with real clinical data. The with 
the myoclonic part of the data corresponding power spectral density plots are also depicted. 
The clinical data was filtered with a cutoff-frequency of 16 Hz. 
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Figure 6.g: RMS error between simulated myoclonus and real data. 

direction of the sensor that we indicate with At. So the total power of the real myoclonus 
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is divided over 2 sensors. Furthermore, during the beginning phase of the myoclonic seizure 
there is also a slight supination observed in de video-images. We didn't include this in the 
model since we expected that the flexion movement would be the most dominant. This is also 
a possible explanation of the difference in during flexion phase. An and the passive extension 
phase of At on the other hand, do have common features with the real data. When we look at 
the rms-curves we see very low values for An and the second part of At. Also the accelerations 
that are simulated are realistic and in the same range as the real recorded ones. The frequency 
spectra of An have both a peak at 0.8 Hz. We stop here with our comparison. We carried out 
this manually comparison so we would have an indication whether it is possible to describe 
the basic characteristics of a myoclonic seizure with our model. Based on the above results 
we conclude this is possible. Nevertheless, there are some remarks on the approach that have 
to be pointed out here so that the model can be used more efficiently in the future . 

• The parameters T and Fo were set manually in this comparison. The eventual goal is to 
automatically calculate the optimal fit. This will be a recommendation for the future. 

• We now included 2 dimensions in our model. Elbow movements only take place in two 
dimensions, but the rigid body can be positioned in a way in space that all 3 sensors 
measure acceleration. This aspect of our model needs improvement in the future. 

• The model needs to be evaluated in data from multiple patients. 

6.4.2 Example: Clonic seizure 

We stated the hypothesis that a clonic seizure is a repetitive myoclonic seizure. We have to 
realize that the trains of action potentials that travel to the muscle are slightly different in 
frequency and duration. Also the seizure is in a more advanced stage during a clonic seizure 
than during a myoclonic seizure. This has influence in the choice of the parameters T and 
Fo. What is also interesting to realize is that during a clonic seizure there is are repetitive 
sequences of flexion followed by extension, but agonist and antagonist are synchronously 
innervated. But the real acceleration pattern observed demands an alternating positive and 
negative netto muscle moment. We already found in literature that the pathomechanism of 
clonic seizures is unclear. How is it possible to get alternating positive and negative muscle 
moment when agonist and antagonist are innervated synchronously? Based on findings of 
our model we can give a possible explanation: Agonist muscles have different values for their 
contraction time then antagonist muscles. We came up with this possible solution, trying to 
simulate clonic contractions. We found that clonic contractions are only possible under two 
conditions: 

1. antagonist muscles have lower values forT than agonist muscles, Tantagonist < Tagonist, 

2. antagonists apply more force than agonists, Foantagonist > Foagonist· 

From literature [17] it is known that these conditions are real life characteristics of agonistic 
muscle pairs. The biceps muscle has on average a larger value for T, than the triceps. Also 
is the triceps capable to develop more force than the biceps muscle since it has a larger 
diameter [26]. The seizure is in an advanced stage and the pyramidal tract is less dominant 
than before. Thus, it is possible to get a larger contribution of the antagonist muscles to 
the muscle moment. So we can say our hypothesis is partially true, we can simulate the 
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clonic patterns as repetitive myoclonia's, only the values for Tagonist, Tantagonist, Foagonist, and 
Foantagonist are different. Figure 6.10 is a qualitative comparison between a fragment of a 
simulated clonic seizure and real clinical data. Again, here we have to mention that the real 
data is 3D and our simulation is in 2D. We depicted all the three sensors here. We see similar 
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Figure 6.10: fragment of simulated 2D clonic seizure, compared with 3D clinical data. There 
are similar waveforms. 

waveforms in the tangential directions Ax, Ay and At, and the normal directions Az and 
An. The only conclusion that we can make here is that it is possible to simulate clonic-like 
patterns with our model. In the future research needs to be done, to determine the value of 
these simulations in the detection of epileptic seizures. 

6.4.3 Example: Tonic seizure 

During a tonic seizure stimulation frequency is so high that the muscles go in a tetanic 
contraction state (tonic contraction). Figure 6.11 shows a simulated tonic seizure. We also 
depicted a real tonic seizure. The model in the current state is not sufficient to simulate a 
tonic like pattern. We believe this can be ascribed to representation of the neuronal input 
that we made. We simulated the tonic response to a pulse train with a constant frequency. 
In reality this frequency is decreasing in time [14]. In the future research needs to be done, to 
determine whether it is possible to adapt our model in order to simulate tonic ACM-patterns. 

6.5 Conclusions for modelling motor phenomena 

In this thesis we achieved a first approach of modelling simple motor phenomena. We are able 
to describe basic characteristics of a myoclonic seizure with our model. We demonstrated that 
our model is also suited to describe characteristics of clonic ACM-patterns. Tonic patterns 
look completely different than the output of our model. Based on the results that are presented 
in this chapter we came up with a number of issues that can be investigated in future work: 

• In this initial study we manually fitted the model for myoclonic seizures to real data. 
The eventual goal is to automatically calculate the optimal fit. 
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Figure 6.11: simulated 2D tonic seizure, compared with 3D clinical data. 

• We included 2 dimensions in our model. Elbow movements only take place in two 
dimensions, but the rigid body can be positioned in a way in space that all 3 sensors 
measure acceleration. This aspect of our model needs improvement. 

• The model for clonic seizures needs to be investigated more thoroughly, to determine 
its value for seizure detection. 

• The model for tonic seizures needs to be adapted in such a way that it does has common 
characteristics with real seizures. 

• The approach needs to be evaluated in data from multiple patients. 

• We need to find out how this approach can be used in other, more complex seizure 

types. 
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Chapter 7 

Seizure detection 

In the previous chapter we have shown that due to the model-based approach it is possible 
to gain a better understanding of the measured ACM-output during seizures. We even antic
ipated on possible explanations for pathophysiological phenomena. The eventual goal of this 
project was seizure detection. We tested the value of our model using it as a template for 
seizure detection in real patient data. We determined whether the morphology of the signal 
correlates with a modelled myoclonic seizure. This is a possible way of using the model for 
detecting epileptic seizures. We need to point out here that this evaluation of the model is in 
a very premature state. 

7.1 Template matching by cross-correlation 

The correlation between two signals (cross-correlation) is a standard approach to feature 
detection. Correlation in 1D is defined by the following equation 

N/2 

CC(t) = L f(t + k)g(k) . (7.1) 

k=-N/2 

Correlation is used as a measure for the degree of similarity between data sets. One application 
of correlation is to perform template matching. The idea is to find the position where a best 
match exists between a small pattern (template) and a set of patterns in a larger signal. 
A disadvantage of using 7.1 for template matching is that the template g is constant, but 
the value of f will be varying. The value of CC will be varying and will not give a correct 
indication of the match at different points in time. This problem can be solved by using 
normalized cross-correlation CCn 

(7.2) 

The value of this coefficient is 1 when there is a perfect match between the signal and the 
template. A value of -1 would indicate a perfect antimatch. 

59 



60 CHAPTER 7. SEIZURE DETECTION 

7.2 Detection of seizures: first results 

7.2.1 Detection based on cross-correlation 

We have set up an experiment: for one patient the model for a myoclonic seizure is fitted 
to one myoclonic seizure of the data, then the output of the model is used as a template to 
detect all the other myoclonic seizures in the data. The model is manually fitted to the real 
data. We have to realize that this is not the optimal way to fit the model to the real data 
in the future research needs to be done to automatically calculate the optimal fit and the 
corresponding parameters T and Fa. The manual fit is shown in Figure 7.1. We constructed 
two templates, one for the normal direction and one for the tangential direction. These 
templates are also depicted in Figure 7.1. The templates consist of 45 samples. We decided 
to make the template as small as possible, since we also want to separately detect myoclonic 
seizures that come rapidly after each other. The correlation of the original myoclonus that 
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Figure 7.1: Fit between real data and simulated myoclonus, T = 0.04, Po 
simulation is used to derive templates from the model. 

600 . This 

was used with the modelled myoclonus is 0.8 in At and 0.7 in An. The data of this patient 
contains 39 other seizures that were visually detected by the analysts. The correlation of 
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the other seizures with the template that was derived from one randomly chosen seizure is 
relatively high. Therefore, we did a simple test with a detection algorithm that selects a 
candidate seizure when the correlation with both the An and At templates crosses a preset 
threshold. Figure 7.2 shows a schematic representation of this simple algorithm. In Figure 

template 
derived from model 

clinical d ata 
crosscorrelation threshold candidate seizures 

Figure 7.2: Representation of simple detection algorithm. Templates are derived from the 
model. The correlation of this template with real clinical data is calculated. A threshold is set 
to select candidate seizures. 

7.3 an example of the normalized cross-correlation of a part of the data with the templates 
is depicted. The candidate seizures that are marked are actually true myoclonic seizures. 

Normalized croscorrelation between templates and clinical data 

Figure 7.3: Normalized cross-correlation of a part of the data with templates derived from 
our model. Candidate seizures are marked. 
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We calculated values for sensitivity and positive predictive value (PPV) for a few values of 
the thresholds. Sensitivity is the fraction of seizures correctly identified as a candidate seizure 
by the test. Positive predictive value is the fraction of candidate seizures that actually are 
seizures. The eventual goal of Kempenhaeghe's 'seizure detection programme' is to reach a 
sensitivity of 90% and a PPV of 50%. 
The results of the algorithm for different values of the thresholds are depicted in table 7.1. 
The threshold for the correlation in tangential direction CCt was always 0.25, the threshold 
for the correlation in normal direction CCn was changed in every trial. The sensitivity of 

Table 7.1: Results of simple algorithm for different values of threshold at CCn, the threshold 
for the correlation in tangential direction CCt was always 0.25. The total number of seizures 
in the test set was 39 (= a). 

CCn Correct detected seizures ( = b) False alarms ( = c) Sensitivity = ~ PPV = b-t 
0.15 33 167 0.85 0.17 
0.2 32 166 0.82 0.16 
0.3 28 140 0.71 0.17 
0.5 6 54 0.15 0.10 

our simple algorithm is quite good, the eventual goal in the seizure detection programme is 
90%. We reached 85% setting the threshold at 0.15. This detection algorithm is based on 
one parameter only, the correlation with the template. Many false alarms are slow changes 
of posture of the arm. This is actually a same kind of movement in space but the duration 
is much longer. We can filter these false alarms out since these posture changes have a much 
lower frequency than a myoclonic seizure. So in a second try out we included two parameters: 
the normalized correlation and a second parameter based on the frequency of the movement 
pattern. 

7.2.2 Detection based on additional parameter 

We performed a second trial: seizure candidates that come out of the first selection will 
undergo an additional computation. In this way real myoclonic seizures are distinguished 
from slower changes of posture of the arm. We adapted the method described by Bussmann 
[2], for distinguishing static and dynamic activities. In this study Bussmann applied a series of 
filters to ACM-data in order to distinguish between static activities (sitting, lying, standing) 
and dynamic activities (walking, running, climbing stairs). A change of posture was in this 
study also classified as a static activity. The static-dynamic detector scheme as proposed by 
Bussmann is depicted schematically in Figure 7.4. 

The acceleration signal is high-pass filtered (HP, 0.05 Hz), rectified (R), and subsequently 
low-pass filtered (LP, 0.1 Hz), resulting in an HPRLP signal. The high-pass filter will eliminate 
the current offset of the signal. Rectification and low-pass filtering at a cut-off frequency of 
approximately 0.1 Hz will yield a measure for the average signal deviation from the mean, 
and is therefore a measure of time variation. The static or dynamic nature of activities can 
be discriminated by applying a threshold to the resulting signal. If the signal is above the 
threshold the activity is detected as being dynamic, while those below are classified as static. 
Bussmann set the threshold in a way that small movements within static activities are not 
detected as dynamic. Our goal is to detect myoclonic seizure events, so from the dynamic 
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Figure 7.4: Detector of the static or dynamic nature of activities. The signal asens of an uni
axial accelerometer is high-pass filtered (HPF), rectified en low-pass filtered (LPF) to obtain 
a signal that is a measure of the time variation in the signal as ens. This detector is proposed 
by Bussmann {2]. 

Table 7.2: results of algorithm combined with a threshold for frequency. 
CCn Correct detected seizures False alarms Sensitivity PPV 
0.15 31 32 0.79 0.49 
0.2 29 32 0.74 0.48 
0.3 26 31 0.66 0.46 
0.5 6 10 0.15 0.375 

periods in our signals we want to detect only the myoclonic patterns. For this selection we 
use our template-matching algorithm as described in Section 7.2.1. As we can see in table 
7.1 with this algorithm we get too many false alarms that are actually changes of postures, 
patterns that the filter series of Bussmann would classify as a static event. The filter settings 
as they are proposed by Bussmann are not useful. Myoclonic seizures are also classified as 
static events since they are small movements in duration. We adapted the filter settings in a 
way that changes of posture will not be classified as myoclonic seizures. The settings for the 
high pass filter we kept the same, but the low pass filter got a cut-off frequency of 2 Hz. The 
majority of the signals that are measured during myoclonic seizures contain predominantly 
frequencies that are higher than 2 Hz. 
Using this additional selection, we got a new set of candidate seizures. The results are better, 
since we filtered the changes of posture out. We got an maximal sensitivity of 79% at a PPV 
of 49%. This is really getting close to our target. 

7.2.3 Discussion and conclusion of simple detection test 

The results of our trial are promising with a sensitivity of 79% and a PPV of 49%. We have 
to realize that this was a simple test and much research needs to be done in the future. A 
number of issues have to be investigated. 

• We manually fitted the model to real data. In the future we wish to automatically 
calculate the optimal fit. 

• This test was carried out on the data of only one patient. This patient suffers from 
exclusively myoclonic seizures. In the future we also have to test how well this approach 
works in other patients. 
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• Another result from this study is that it gives an indication that it is not necessary to 
use 5 3D accelerometers, to detect simple motor seizures. This means improvement of 
the patient's comfort. We have to investigate what the optimal number of sensors is. 



··--------------------------------------------------------------------------------------

Chapter 8 

Discussion and conclusion 

The eventual goal of this master's project was to develop an automatic detection algorithm 
for the patterns that are observed during specific seizure events in the ACM-recordings. To 
reach this goal models of the anatomical structures involved in motor phenomena and the 
underlying physiological processes that generate the ACM-output were developed in order 
to characterize this ACM-output. This approach was totally new in this context of seizure 
detection. We presented in this thesis a first approach of modelling simple motor phenomena. 
With this first concept of a model we are able to describe basic characteristics of a myoclonic 
seizure. We also demonstrated that our model is suited to describe characteristics of clonic 
ACM-patterns. Tonic patterns look completely different than the output of our model. For 
the myoclonic seizures we tested a simple detection algorithm. The results of this trial are 
promising with a sensitivity of 79% and a PPV of 49%. We have to realize that this was 
a simple test and more research needs to be done before a complete automatic detection 
algorithm can be realized. Nevertheless, we can say that our results indicate that our model
based approach is useful in the context of seizure detection. We believe that this thesis 
contains a basis were future research can continue on. We realize that much research needs 
to be done in the future. A number of issues have to be investigated: 

• In this initial study we manually fitted the model for myoclonic seizures to real data. 
The eventual goal is to automatically calculate the optimal fit. 

• We included 2 dimensions in our model. Elbow movements only take place in two 
dimensions, but the rigid body can be positioned in a way in space that all 3 sensors 
measure acceleration. This aspect of our model needs improvement. 

• The model for clonic seizures needs to be investigated more thoroughly, to determine 
its value for seizure detection. 

• The model for tonic seizures needs to be adapted in such a way that it does has common 
characteristics with real seizures. 

• The evaluation test we carried out included the data of only one patient. This patient 
suffers from exclusively myoclonic seizures. In the future we also have to test how well 
this approach works in other patients. 

• An additional result from this study is that it gives an indication that it is not necessary 
to use 5 3D accelerometers, to detect simple motor seizures. This means improvement 
of the patient's comfort. We have to investigate what is the optimal number of sensors. 
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• We need to find out how this approach can be used in other, more complex seizure 
types. 



Appendix A 

Glossary 

A.l Anatomical terminology 

• Anterior The front surface of the body or structure, the term is also used to describe 
the relationship of structures in the body. 

• Posterior The back surface of the body and towards the back of the body. 

• Medial Towards the middle of the body. 

• Lateral Away from the middle of the body. 

• Proximal Towards the point of attachment of the limb to the body. 

• Distal Further away from the trunk. 

• Flexion The bending of a joint in an anterior direction so as to approximate the parts 
it connects. 

• Extension To straighten, diminish or extinguish the angle formed by flexion or return 
to the anatomical position from the flexed state. In the anatomical position, most joints 
are extended. 

• Abduction To draw away laterally from the median plane of the body. 

• Adduction To draw towards the median plane of the body. 

• Rotation Rotation is to turn or revolve around the long axis of the moving structure. 
Rotation may be towards the median plane of the body ( endorotation) or away from 
the median plane of the body (exorotation). 

• Pronation To rotate the forearm medially so that the palm of the hand faces posteri
orly. 

• Supination To rotate the forearm laterally so that the palm of the hand faces anteriorly 
as in the anatomical position. 
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A.2 Seizure terminology 

• Focal seizure Seizure with a focal onset 

• Generalized seizure Seizure with a generalized onset 

• Motor seizure Seizure in which the main manifestation are motor phenomena 

• Myoclonic seizures Myoclonic seizures consist of short muscle contraction lasting less 
than 50 milliseconds. 

• Tonic seizures Tonic seizures consist of sustained muscle contractions, usually lasting 
more than 5 to 10 seconds and lead to 'positioning'. 

• Clonic seizures Clonic seizures consist of repeated myoclonic contractions that regu
larly recur at a intervals between 0.2 and five times per second. 
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Symbols and Abbreviations 

B.l 

a 
0: 

v 
w 

X 

() 

t 
f 
F 

I 
m 

B.2 

Symbols 

acceleration [~] 
angular acceleration [~] 
velocity [7] 
angular velocity [r~d] 

displacement [m] 
angular displacement [rad] 
time [s] 
frequency [Hz] 
force [N] 
moment of inertia [kg:n2l 
mass [kg] 

Abbreviations 

accelerometry 
central nervous system 
electrocardiogram 
electroencephalogram 
electromyogram 
heart rate 
positive predictive value 

ACM 
CNS 
ECG 
EEG 
EMG 
HR 
PPV 
At 
An 
Ax 
Ay 
Az 

acceleration measured in tangential direction 
acceleration measured in normal direction 
acceleration measured in x-direction 
acceleration measured in y-direction 
acceleration measured in z-direction 
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Appendix C 

Anatomical structure of skeletal 
muscle 

Skeletal muscle, is characterized by a hierarchy of smaller and smaller parallel units. A 
skeletal muscle consists of a bundle of fibres running the length of the muscle. Each fibre 
is a single cell with many nuclei. Each fibre is itself a bundle of smaller myofibrils arranged 
longitudinally. Figure C.1 shows the organization of skeletal muscle, demonstrating that all 
skeletal muscles are made of numerous fibers ranging from 10 - 80 micrometers in diameter 
[15]. Each of these fibers in turn is made up of successively smaller subunits, also shown 
in Figure C.l. In most muscles, the fibers extend the entire length of the muscle; except 
for about 2 per cent of the fibers, each is innervated by only one nerve ending, located near 
the middle of the fiber. The sarcolemma is the cell membrane of the muscle fiber. Each 
muscle fiber contains several hundred to several thousand myofibrils. Each myofibril in turn 
has, lying side by side, about 1500 myosin filaments and 3000 actin filaments, which are 
large polymerized protein molecules that are responsible for muscle contraction. These are 
represented diagrammatically in Figure C.l. The thick filaments in the diagrams are myosin 
and the thin filaments are actin. 
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Figure C.1: Organization of skeletal muscle from the gross to the molecular level {15) 



Appendix D 

Matlab files for simulating 
ACM-output 

D.l m.file Myoclonus 

%myoclonus.m 100 Hz samplefreq 
%Planar 2D movement lower arm, pure rotation 

%SEIZURE PARAMETERS 
%m0 time myoclonus starts 
%F constant that determines maximum muscle force agonist 
%T twitch contraction time agonist 
%F2 constant that determines maximum muscle force agonist 
%T2 twitch contraction time antagonist 
%st seizure type (1:myoclonic, 2:clonic, 3:tonic) 
%sd seizure duration 
%rd duration relaxation period after seizure 

%RIGID BODY PARAMETERS 
%r length lower arm 
%ma mass lower arm 
%I moment of inertia lower arm 

%dr moment arm resultant muscle force 

%dz moment arm gravity force 
%BL total body length 
%BW total body weight 

%CALCULATED VARIABLES 
time basis 
angle between resting position (theta 
angular velocity 
angular acceleration 

0) arm and current position 
%time 
%theta 
%omega 
%alfa 
%Fflex 
%Fexte 

force caused by contraction flexor muscles 
force caused by contraction extensor muscles 
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%Fz 
%Mr 
%Mz 
%ax 
%ay 
%gx 
%gy 
%Ax 
%Ay 

clear 
close 

APPENDIX D. MATLAB FILES FOR SIMULATING ACM-OUTPUT 

gravitational force 
moment caused by contraction muscles 
moment caused by gravitational force 

all 
all 

centripetal component acceleration caused by movement 
tangential component acceleration caused by movement 
centripetal component acceleration caused by gravity 
tangential component acceleration caused by gravity 
centripetal component total measured acceleration 
tangential component total measured acceleration 

%define seizure parameters 
mO 627; 
T 0.03; 
T2 
F 
F2 
st 
sd 
rd 

0.03; 
620; 
0; 
1;%(1:myoclonic, 2:clonic, 3:tonic) 
1; 
0.05; 

%define body length, weight 
BL=1.75; 
BW=75; 

%define Rigid Body parameters 
%calculated using anthropometric data 
r=0.146 * BL; 
ma=0.022 * BW; 
I=1/3 *rna* ( 0.254 * BL ).-2; 
dz=( 0.254 * BL )/2; 
%from literature 
dr=0.035; 

%define simulation duration 
te=20; 

%define timebasis 
time=linspace(O,te,100*te); 

%define start position arm 
theta=[]; 
theta(1)=0.45*pi; 



-------------------------------------------------------------------------------------------------

D.l. M.FILE MYOCLONUS 

%define omega 
omega=[]; 
omega(1)=0; 

%define alf a 
alfa= [] ; 

%define muscle force during seizure 
[agforce,antagforce]=muscletwitch(seizureinput(st,sd),rd,F,F2,T,T2); 
Fflex=zeros(1,length(time)); 
Fflex(mO:mO+length(agforce)-1)=agforce; 
Fexte=zeros(1,length(time)); 
Fexte(mO:mO+length(antagforce)-1)=antagforce; 

%define Fz, Mr and Mz and calculate new theta, alfa and omega 
for i=1:length(Fflex)-1; 

%calculate normal muscle tone before and after myoclonus 
if i<mO 
Fflex(i)=ma*9.81*sin(theta(i))*dz/dr; 
Fexte(i)=O; 
omega(i)=O; 
end 
if i==mO 
Fflex(mO)=agforce(1)+ma*9.81*sin(theta(i))*dz/dr; 
Fexte(m0)=antagforce(1); 
end 
if i>mO+length(agforce) 
Fflex(i)=ma*9.81*sin(theta(i))*dz/dr; 
Fexte(i)=O; 
omega(i)=O; 
end 

Fz(i)=-ma*9.81*sin(theta(i)); 
Mb(i)=Fflex(i)*dr; 
Mt(i)=Fexte(i)*dr; 
Mz(i)=Fz(i)*dz; 

%sum of all moments 
M(i)=Mb(i)-Mt(i)+Mz(i); 
alfa(i+1)=M(i)/I; 

omega(i+1)=omega(i)+alfa(i+1)/100; 

theta(i+1)=theta(i)+omega(i+1)/100; 

if theta(i+1) >= 145*pi/180 
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end 

-----------------------------

APPENDIX D. MATLAB FILES FOR SIMULATING ACM-OUTPUT 

theta(i+1)= 145*pi/180; 
omega(i+1)= (theta(i+1)-theta(i))*100; 
alfa(i+1)=(omega(i+1)-omega(i))*100; 
M(i+1)=alfa(i+1).*I; 

%abrupt damping due to collision 
if theta(i+1) <theta(1) &i>mO 

theta(i+1)= theta(1); 

end 

omega(i+1)= (theta(i+1)-theta(i))*100; 
alfa(i+1)=(omega(i+1)-omega(i))*100; 
M(i+1)=alfa(i+1).*I; 

end 
%dynamic components acceleration measured by accelerometer 
ay=-alfa.*r; 
az=-omega.-2.*r; 
%static components acceleration measured by accelerometer 
gy=-9.81*sin(theta); 
gz=9.81*cos(theta); 
Ay=(ay+gy)/9.81; 
Az=(az+gz)/9.81; 

D.2 m.file muscletwitch 

function [agforce,antagforce]=muscletwitch(seizureinput,relaxation_duration,F,F2,T,T2) 
time=linspace(O,length(seizureinput)/100,length(seizureinput)); 
ag=F.*((time)./T).*exp(-(time)./T); 
antag=F2.*((time)./T2).*exp(-(time)./T2); 

agforce=conv(seizureinput,ag); 
agforce=agforce(1:length(time)+relaxation_duration*100); 
antagforce=conv(seizureinput,antag); 
antagforce=antagforce(1:length(time)+relaxation_duration*100); 

D.3 m.file seizureinput 

function [seizureinput]=seizureinput(seizure_type,seizure_duration); 

seizureinput=zeros(1,seizure_duration*100); 

if seizure_type==1%'myoclonic' 
seizureinput(1)=1; 

elseif seizure_type==2%'clonic' 
f=round(4.8*rand(1)+0.2) 



D.3. M.FILE SEIZUREINPUT 

for i=1:seizure_duration*f 
seizureinput(i+i*round(100/f))=1; 

end 
elseif seizure_type==3%'tonic' 

f=round(20*rand(1)+20) 
for i=1:seizure_duration*f 

seizureinput(i+i*round(100/f))=1; 
end 
end 

77 



78 APPENDIX D. MATLAB FILES FOR SIMULATING ACM-OUTPUT 



Bibliography 

[1] H. Witte, L.D. Iasemidis, and B. Litt. Special issue on epileptic seizure prediction. IEEE 
Transactions on Biomedical Engineering, 50:537-539, 2003. 

[2] J. Bussmann. Ambulatory monitoring of mobility-related activities in rehabilitation 
medicine. PhD thesis, Erasmus University Rotterdam, 1998. 

[3] F. Janssen, P. Griep, J. Arends, F. Tan, P. Bijkerk, A. Aarts, and B. Vledder. 3-d ac
celerometry and detection of seizures. first results. 5th European congress on epileptology, 
Madrid 2002. 

[4] M. Zijlmans, D. Flanagan, and J. Gotman. Heart rate changes and ecg abnormalities 
during epileptic seizures: prevalence and definition of an objective clinical sign. Epilepsia, 
43:847-54, 2002. 

[5] Epstein M.A., Sperling M.R., and 0 Connor M.J. Cardiac rhythm during temporal lobe 
seizures. Neurology, 42:50-53, 1992. 

[6] W v Elmpt et al. Seizure detection with heart rate: A first approach. In preparation. 

[7] J.E. Cavazos. Seizures and epilepsy: Overview and classification. www.emedicine.com I 
neuro I topic415.htm, 2002. 

[8] H. Luders. Semilogical seizure classification. Epilepsia, 39(9):1006-1013, 1998. 

[9] H. Luders. Epileptic Seizures, Pathophysiology and Clinical Semiology. Churchill Living
stone, New York, 2000. 

[10] M. Hallett. Myoclonus: Relation to epilepsy. Epilepsia, 26:S67-S77, 1998. 

[11] P.E. Voorhoeve. Physiologie van het centrale zenuwstelsel en de zintuigen. N.V. Noord
Hollandsche Uitgeversmaatschappij, Amsterdam, 1968. 

[12] P. Brown and C.D. Marsden. Rhytmic cortical and muscle discharge in cortical my
oclonus. Brain, 119:1307-1316, 1996. 

[13] H.M. Hamer, H.O. Luders, F. Rosenow, and I Najm. Focal clonus elicited by electrical 
stimulation of the motor cortex in humans. Epilepsy Research, 51:155-166, 2002. 

[14] H.M. Hamer and H.O. Luders et al. Electrophysiology of focal clonic seizures in humans: 
a study using subdural and depth electrodes. Brain, 126:547-555, 2003. 

79 



80 BIBLIOGRAPHY 

[15] J.E. Hall A.C. Guyton. Textbook of Medical Physiology. W.B. Saunders Company, 
Philadelphia, 1996. 

[16] M. Epstein and W. Herzog. Theoretical models of skeletal muscles, biological and math
ematical considerations. Wiley, Chichester, 1998. 

[17] D.A. Winter. Biomechanics and motor control of human movement. Wiley-Interscience, 
Chichester, 1990. 

[18] J.A. Kapandji. Bewegingsleer : aan de hand van tekeningen van de werking van de 
menselijke gewrichten. Bohn, Scheltema & Holkema, Utrecht, 1984. 

[19] http:// physio-net .com/ reference/ glossary/ mise/ anatomicalposition.htm. 

[20] D. Chaffin and G.Andersson. Occupational biomechanics. Wiley-Interscience, Chichester, 
1991. 

[21] R.H. Rozendal. Inleiding in de kinesiologie van de mens. Robijns, Houten, 1996. 

[22] F.P Beer and E. Russell Johnston Jr. Vector mechanics for engineers : statics and 
dynamics. McGraw-Hill, London, 5th edition, 1988. 

[23] Analog Devices. Data Sheets ADXL202E, 2000. 

[24] C. Bouten. Assessment of daily physical activity by registration of body movement. PhD 
thesis, Technical University Eindhoven, 1995. 

[25] J.M. Winters. Multiple muscle systems : biomechanics and movement organization. 
Springer, 1990. 

[26] H. Veeger. Parameters for modeling the upper extremity. J. Biomechanics, 30:647-652, 
1997. 


