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ABSTRACT

When anti-epileptic drugs fail, and epilepsy surgery is found unfeasible or
ineffective, there remains a group of at least 25% of children with epilepsy in whom seizure
control cannot be achieved. Vagus nerve stimulation (VNS) is an adjunctive treatment for
medically refractory epilepsy. It is performed with an implantable, multi-programmable pulse
generator that delivers current electrical stimulation to the vagus nerve for the purpose of
suppressing and reducing the frequency and/or severity of epileptic seizures. Ketogenic diet
(KD) is a high fat, low carbohydrate and low protein diet that has been used for childhood
therapy resistant epilepsy since the 1920s. It was developed to mimic the ketotic state of
starvation.

The general aim of this thesis was to evaluate effects of VNS on epileptiform
activity, delta power and sleep characteristics and to correlate these to clinical aspects on
seizure frequency, seizure severity, behaviour, mood and QOL in children with therapy
resistant epilepsy. Initially, and after three and nine months of VNS-treatment, 15 children
were investigated. Sleep characteristics and clinical correlations were also evaluated after
three and 12 months in 18 children with KD. A diary of seizure frequency and the National
Hospital Seizure Severity Scale (NHS3) were collected.

In the first study (paper 1) cognitive functioning was recorded, a visual analogue
scale for validating QOL, Child Behaviour Checklist (CBCL) for quantifying behaviour
problems, Dodrill Mood Analogue Scale and Birleson Depression Self-Rating Scale were
used. Six of fifteen children showed a 50% or more reduction in seizure frequency; one of
these became seizure-free. Two children had a 25-50% seizure reduction. Two children
showed increased seizure frequency. In 13 of 15 children there was an improvement in NHS3.
The parents reported shorter duration of seizure and recovery phase. There were no changes in
cognitive functioning. Twelve children showed an improvement in QOL. Eleven of these also
improved in seizure severity and mood and five also in depressive parameters.

In the second study (paper II) 24 hour ambulatory EEG monitorings for spike
detection were used. This study shows that VNS reduces interictal epileptiform discharges
(IEDs), especially in rapid eye movement (REM) sleep and delta sleep, and the number of
electrographic seizures. It also shows a concordance between reduction in IEDs and
electrographic seizures. There was no correlation between the extent of improvement in
clinical data and the degree of spike reduction.

In the third and forth study (paper III and IV) children with VNS and KD were

examined with ambulatory polysomnographic recordings. Sleep parameters, and in VNS,



movement times (MTs), used to account for arousals were estimated. Our findings indicate
that VNS counteracts known adverse effects of epilepsy on sleep and increases slow wave
sleep. This possibly contributes to the reported improvement in well-being. We also see an
increase in MTs. This arousal effect seems to be of minor importance for QOL and could
possibly be related to the antiepileptic mechanisms in VNS. KD decreases night sleep and
improves sleep quality. The improvement in sleep quality, with increased REM sleep, seems
to contribute to the improvement in QOL.

In the fifth study (paper V) the 24 hour ambulatory EEG monitorings were used to
study immediate effects of VNS stimulation on epileptiform activity, arousals and background
frequency in EEG. The findings lend no support to earlier studies suggesting immediate VNS
stimulation related changes in IEDs. There were no VNS related changes in background EEG
frequency despite the significant increase in the number of MTs immediately related to the
VNS stimulation periods. These findings indicate that the effects of VNS on seizures and total

amount of [EDs cannot be explained by an immediate effect on arousal.

Key words: Epilepsy, vagus nerve stimulation, EEG, seizure frequency, spike detection, children, quality of life,

mood, sleep, REM, slow wave sleep, delta power, ketogenic diet, attention, behaviour.
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INTRODUCTION

History

Since ancient times the terms epileptic seizure and epilepsy have been used. It derives
from the Greek epilambanein, to seize or to attack. The oldest document in which an epileptic
seizure is described is from Mesopotamia (2200 B.C.). Hippocrates (460 B.C.) referred to the
disease as the “sacred disease”. Herodotus (450 B.C.) used the term "major disease”. Galenos
(130-200) was the first to classify epilepsy in different forms depending on the origin. Tissot
(1728-1797) stated that all forms of epilepsy derived from the brain and some had their origin
in a brain injury or disease and some were idiopathic. Hughlings Jackson (1835-1911)
established a neuropathological basis for the epilepsies. He suggested that seizures were
caused by “occasional sudden excessive rapid and local discharges of grey matter” and that
generalized convulsions resulted from invasion of normal brain tissue by seizure activity
initiated in the abnormal focus. He related the seizure semiology with the origin or start of a
seizure. The development of the electroencephalogram (EEG) by Berger (1873-1941) and the
first human EEG in 1924, confirmed Jackson’s theory that electrical activity in the brain
derives from the grey matter. It made it possible to differentiate epilepsy from other
conditions residing in the brain [35].

In ancient times, epilepsy was thought to be inflicted by the Gods. Hippocrates claimed
that epilepsy should be treated with diet and drugs and not magic. Sir Charles Locock
reported in 1857 the efficacy of bromide in 14 out of 15 cases of hysterical epilepsy related to
the time of menses. This replaced many antique remedies for seizure disorders. In 1912
Hauptmann incidentally observed the effect of Phenobarbital in epilepsy. Phenytoin was the
first antiepileptic drug (AED) tested in animal models. Merritt and Putnam reported the
clinical efficacy of phenytoin in epilepsy in 1938. Since then a great number of new
compounds have been introduced [8].

Fasting as a treatment of epilepsy was described in the Bible and in texts from the
Middle Ages. Hippocrates wrote that modifications of diet were required to treat epilepsy.
Erasistratus in 300 BC wrote that one inclining to epilepsy should be made to fast without
mercy and be put on short rations. In 1911 the first modern use of fasting in epilepsy in
medical literature was reported by Guelpa and Marie in France, and in 1921, Geyelin reported
to the American Medical Association the successful treatment of epilepsy by fasting in up to
25 days, by dr. Conklin. In 1924 the ketogenic diet (KD) was designed to mimic starvation at
the Mayo Clinic [97].

In the sixteenth and the seventeenth century physicians described the use of a ligature

around the limb in which a seizure commences to arrest its progress. When Odier showed that
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ligatures are equally efficacious in arresting seizures caused by organic brain disease, the
hypothesis that seizures originate from the limb itself was reviewed. Gowers attributed these
findings to a raised resistance in the sensory and motor nerve cells in the brain that correspond
with the limb involved. In the beginning of the nineteenths century Gowers reported several
other ways of which sensory stimulation could prevent seizures from spreading e.g. pinching
of the skin and inhalation of ammonia [17]. Almost a hundred years later Ranja and Lona
demonstrated that afferent sensory stimuli could abort epileptic paroxysms in human [81]. In
1888 Corning performed the first primitive transcutaneous stimulation over the vagus nerve
and observed a decrease in seizures [55]. Vagus nerve stimulation (VNS) was, however,
forgotten as an antiseizure therapy until Zabara in 1972 demonstrated the effect of VNS in
chemically induced seizures in dogs [111]. This led Terry et al to design a stimulator with
flexible, intermittent parameters and an appropriate electrode that was used in an encouraging
clinical study in epilepsy [100]. That peripheral stimulation of the vagus nerve can affect the
brain and cause changes in EEG patterns in animal has been described since the 1930s [10,
22, 113].

The modern era of epilepsy surgery was introduced in 1886 by sir Victor Horsley. In the
1930s Penfield in Montreal developed epilepsy surgery activity and this became a model for
other centres in USA and Europe [35]. Epilepsy surgery is an important treatment in a

selected group of patients with pharmacologically therapy resistant epilepsy.

Definitions

Epilepsy is not one single disorder. It is a very heterogenous condition and current
research indicates that epileptic seizures have multi-factorial etiologies. This includes a
combination of genetic factors. In some children a known genetic factor such as a
channelopathy, in others the predisposition for the generation of seizures, seizure severity or
seizure frequency in addition to a structural abnormality e.g. malformation of cortical or
vascular development, tumor, trauma, hypoxic-ischemic brain injury or CNS-infection. The
prevalence of children with active epilepsy in Europe is 4.5-5 per 1000. The incidence rate is
70 per 100000 [29]. The cumulative risk of epilepsy until the age of 15 years is about 1%
[92]. About 70% of the children can be successfully treated with one or more anti epileptic
drugs (AED). Despite adequate antiepileptic treatment 30% of the children continue to have
seizures or experience unacceptable pharmacological side effects [52]. For these children with
therapy resistant epilepsy surgery for epilepsy has become a realistic therapeutic option with
the aim of controlling seizures and preventing secondary epilepsy related damage. Resective
surgery is a curative treatment when the epileptogenic zone can be identified. In a substantial

number of children the epileptogenic zone cannot be identified or is located in a functional
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brain area. Additional new AED will lead to seizure freedom in maximum 7% [53]. KD and
electrical stimulation of the vagus nerve are efficacious treatments for children who are

unsuitable candidates for resective surgery or who have experienced insufficient benefit of

epilepsy surgery.

Co morbidity

In children with therapy resistant epilepsy at least two of three children have
concomitant disabilities. The most frequent is mental retardation, followed by cerebral paresis
and neuropsychological disturbances. Of the 65% with mental retardation and epilepsy about
40% have cerebral paresis and 24% neuropsychological disturbances [56, 98, 99]. Of children
with therapy resistant epilepsy, and known brain lesion 58% have neuropsychological
disturbances. This should be compared with 29% in children with well-controlled epilepsy
and 7% in children with other chronic disorders [26].

Epilepsy as a progressive disorder

A number of studies and case reports give supportive evidence that epilepsy in general
may be a progressive disorder in childhood [9, 15, 16, 54]. Risk factors for developmental
delay that have been identified include early onset, severe seizure disorder with a high seizure
frequency, polytherapy and extensive pathologic substrates [32, 102, 105]. The effects of
frequent seizures on the developing brain which result in clinical evidence of brain damage
and significant mental handicap, often in an already vulnerable brain with known co
morbidity, present a clinical problem not only in treatment and care taking strategies but also
in finding possible assessments for evaluating cognition, attention, mood, quality of life,

depression etc in these severely handicapped children [95, 96].

Electro-encephalogram (EEG)

The electrical potentials that are recorded on the scalp reflect the overall synaptic
activity of the neurons in the underlying regions of the brain, particularly the cerebral cortex.

The electrodes are placed according to the international ten-twenty system of electrode
placement. The name of the system derives from measurements made at intervals of 10 or 20
per cent of the total distance between four landmarks (nasion, external occipital protuberance,
left and right preauricular points). The normal EEG pattern is characterized by a background
a-activity of 8-13 Hz derived from changes in postsynaptic potentials of pyramidal neurons

and their dendrites in the cortex with projections from thalamus. This rhythmic activity is
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blocked or desynchronised by different stimuli, i.e. noise and light. The background EEG also
contains other activity frequencies in the § (>13 Hz), 0 (4-7 Hz) and 8 (<4 Hz) band. In
children, as compared with adults, the EEG pattern is dominated by a larger amount of
frequencies in the 0- and d-band. In the encephalopathic or dysfunctional brain slow activities
dominate. Another expression of this neuronal dysfunction is the incidence of
hypersynchronous neuronal discharges, interictal epileptiform activity (spikes, sharp waves
and spike-wave complexes). Epileptic seizures are initiated by a sudden onset of abnormally
increased or hypersynchronous neuronal activity occluding the normal function and usually
recruiting adjacent or more distal cortical areas into an abnormal discharge behaviour.
Immediately following an epileptic seizure slow activities dominate. Duration of this postictal
depression often depends on the severity and length of the epileptic seizure. AED can also
change EEG activity [7, 37, 45].

EEG-stadium
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Figure 1. Example of a hypnogram, i.e. a sleep profile showing the alterations
between the sleep stages during the night. Below: The polygraphic records during
wakefulness and four stages of sleep: sleep stage 1, sleep stage 2, slow wave sleep
(sleep stage 3+4), REM sleep. Tracings from top: Cardiac activity (EKG), muscle
tension (EMG), eye movements (EOG) and cerebral activity (EEG). Jonsson, Klinisk
Fysiologi, Liber AB, 2005.

Sleep

Until the 1950s it was assumed that sleep was a homogeneous or unitary phenomenon,

which was the opposite of wakefulness. Already in 1936, Aserinsky and Kleitman described
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the relationship between dreaming and a low voltage EEG pattern. In 1952 they discovered
sleep periods with rapid, conjugated movements of the eyes, rapid eye movement [10].
During the following years the main types of sleep, that alternate rhythmically during the
night, were described by Dement, Kleitman and Jouvet. One important step in the
development of sleep research was the consensus of terminology, techniques and scoring of
sleep that took concrete form in the manual edited by Rechtschaffen and Kales 1968 [82, 93].
At birth the amount of REM sleep and non REM sleep are about equal. The amount of REM
sleep gradually decreases to 20-25%. Cycles of REM sleep are initially approximately of 45
minutes duration and gradually lengthen to 90 minutes by the age of five years. By three
months K-complexes and sleep spindles are detectable. By six months a circadian rhythm in
the sleep pattern becomes detectable. The total amount of sleep gradually decreases with age
to reach about 10 hours in preadolescence. Environmental factors often have a significant
impact on sleep in childhood [39, 46, 70, 74].

The Polysomnography (PSG) or somnopolygraphy is the simultaneous acquisition and
coordinated analysis of two electrodes of an EEG, eye movements (electro-oculogram, EOG)
and muscle tone (electro-myogram, EMG) [19]. Four stages of non REM sleep are recognized
on conventional EEG criteria, these are categorized by frequency and amplitude and the
presence of sleep-spindles and K-complexes, EOG and EMG [69] (Figure 1). Non REM sleep
provides time for restorative processes. Cell division and protein synthesis are increased and
anabolic processes and hormone excretion are favored. The characteristic electrophysiological
features of REM sleep are fast desynchronized EEG frequencies, loss of EMG activity and
presence of rapid eye movements. During REM sleep information obtained during
wakefulness appears to be reprocessed and integrated into existing neural templates. The high
proportion of the sleeping time occupied by REM sleep in neonates may reflect the
neurodevelopmental needs of this age [23, 48]. The current methods of categorizing sleep into
one or other state by conventional electrophysiological criteria probably give a false sense of
rigidity to the constantly changing functional processes within the brain. The mechanisms
responsible for generating non REM sleep and REM sleep are different, but both converge on
the thalamus, which interacts reciprocally with the cerebral cortex to determine sleep or
wakefulness. The drive to enter sleep increases with the duration since the end of the previous
sleep episode. This intrinsic homeostatic drive appears to control non REM sleep. On the first
night after sleep deprivation non REM sleep rebound appears. The threshold of entering REM
sleep is under the control of an ultradian rhythm with 90 minutes cycle. This is not generated
by sleep but increases with REM sleep deprivation. The suprachiasmatic nulei (SCN) with
fibres to the ventro-lateral preoptic nucleus (VLPO) of the hypothalamus are closely involved
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in the circadian sleep-wake control, temperature regulation and hormone secretion [18, 86,
87].

Patients with frequent or medically intractable seizures have multiple sleep
abnormalities including increased latency to sleep onset, increased number and duration of
awakenings, decreased sleep efficiency, increased number of stage shifts and decreased or
fragmented REM sleep [65, 101].

Vagus Nerve Stimulation (VNS)

Vagus nerve stimulation is delivered via the Neuro Cybernetic Prosthesis (NCP)
System, Cyberonics, Inc. The NCP is an implantable, multi-programmable pulse generator
with a bipolar lead, two stimulating electrodes and an anchor. The generator is seven
millimetres thick, 50 millimetres in diameter, and it weighs 24 grams. The battery lifetime is
between six and 11 years depending on the stimulation parameters. The VNS delivers current
electrical stimulation to the vagus nerve for the purpose of stimulating the afferent nerve
fibres and suppressing and reducing the frequency and/or severity of epileptic seizures. The
VNS can be programmed externally with stimulation parameters appropriate to individual
patients. It can also be activated by a handheld magnet. The VNS is implanted subcutaneously
below the clavicle on the left side. The electrode coils are placed around the vagus nerve and

the connecting lead is tunnelled to the generator. (Figure 2) [40, 88, 100].

Figure 2.

The pulse generator with a bi-
polar lead, two electrodes and
an anchor. Photo Cyberonics.
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The vagus nerve lies within the carotid sheath between the carotid artery and the jugular
vein. It is a mixed cervical nerve. Unmyelinated narrow-calibre C-fibres predominate over
faster conducting, myelinated inter-mediate-calibre B-fibres and thicker A-fibres. VNS seems
to excite the myelinated A- and B-fibres. In a study from Krahl et al VNS attenuated seizures
equally well, whether or not vagal C-fibres had been destroyed [50]. The vagal efferents are
parasympathetic projections to the heart, lungs, stomach, intestines, liver, pancreas and
kidneys. These efferents originate in the preganglionic neurons. The vagus nerves are
asymmetric with regards to cardiac innervation. The left vagus nerve carries most of the
parasympathetic fibres that less densely innervate the heart. Measurements of cardiac rhythm
with Holter monitoring, of respiratory function with pulmonary function test and of
gastrointestinal parasympathetic effects with serum gastrin levels show little vagal activity
during VNS [33]. We did Holter monitoring initially and after three months of VNS in the
first ten children in our study, without any measurable changes in heart rate variability
(unpublished). Each vagus nerve contains efferents that innervate the vocal cords and other
skeletal muscles in the larynx and pharynx. Vocalization is commonly altered by VNS and
stridor typically occurs during each train of stimulation. Swallowing can be affected, with
anecdotal reports of aspiration at assisted feeding during VNS [60].

Afferents compose about 80% of the fibres in the cervical portion of the vagus. They
project from the jugular and nodose ganglia to cortical and sub-cortical networks via the
solitary tract and the nucleus of the solitary tract. From here there are widespread connections
to many parts of the brain that are relevant for epileptic processes, wakefulness and sleep,
such as the temporal lobe with the amygdala and hippocampus, thalamus and hypothalamus,
the reticular formatio, and locus coeruleus [12], dorsal raphe nuclei (DR) and the ventrolateral
preoptic nucleus (VLPO) (Figure 4). However, which systems that in particular are involved
in these areas are unclear. The LC is the major source of norepinephrine in most of the brain
and the DR provides widespread serotonergic innervation. Both norepinephrine, epinephrine
and serotonin changes exert known antiseizure effects. Thalamus as a generator and
modulator of cerebral activity has effects on EEG and epileptiform activity. Cortex, especially
the amygdala-hippocampal-entorhinal cortex loop of the limbic system is site for complex
partial seizures. The VLPO, LC and DR are strongly implicated in mood as well as in sleep
regulation [42, 85, 91].

There have been no controlled trials of VNS in children. However the EO4 study, a
prospective open safety study of VNS did include 60 children aged 3-18 years. After three
months of stimulation the median reduction in the number of seizures was 23%, after six
months 42%, after 12 months 34% and after 18 months 42% [68]. Another study with 95
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children was a six-centre study. The average seizure reduction at three months was 36% and
at six months 44.7% [41].

Figure 3. Ascending vagal
projections.

VLPO, Ventrolateral preoptic
nucleus; DR, Dorsal Raphe
nuclei; LC, Locus Coeruleus LC
(From Vagus Nerve Stimulation,

Schachter S and Schmidt D (eds),

Fig. 1.3p. 9, 2001)

Vagus nerve

Ketogenic Diet (KD)

KD is a high fat, low carbohydrate and low protein diet. It has been used for childhood
therapy resistant epilepsy since the 1920s and was developed to mimic the ketotic state of
starvation [97]. A standard approach to KD treatment includes a two-year diet period and a
six to 12 months wean. Children are started on a 4:1 ratio, implying four grams of fat to one
gram of combined protein and carbohydrate. The children also receive the recommended daily
intake of vitamins and minerals, and supplementation of calcium and carnitine [30, 58].
Fasting and fall in blood glucose reduce plasma insulin production and stimulate lipolysis and
production of fatty acids. Fasting is also up-regulating the MCT-1, monocarboxylic transport
system of ketone bodies to the brain. Ketone bodies can pass directly into the neuronal
mitochondria. Once in the mitochondria, beta-hydroxybutyrate is converted to acetoacetate
and acetoacetate-CoA for the energy production of ATP in the Kreb’s-cycle.

Efficacy and safety have been demonstrated in several studies. At least 50% of children
with therapy resistant epilepsy achieve more than 50% reduction in seizure frequency [31,
71]. The reported improvement in attention, cognition and behaviour seems to be unrelated to
the level of attained seizure control [80]. The basis for the improvement in both seizure

control and behaviour is still unclear. There are different theories of the anti epileptic
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mechanisms of KD and there is not one single mechanism of action. Increased cerebral energy
reserves with decreased ictal excitability, decreased rate of glutamate transamination to
aspartate and, possibly, enhancement in the rate of glutamate decarboxylation to GABA, may
be some of the effects. Caloric restriction, the ketone bodies per se, amino acid flux,
neuropeptide Y, galanin, norepinephrine and the polyunsaturated fatty acids are all intriguing

candidates for mediators of the anticonvulsant effect of the KD [89].

Present situation

Current evidence shows that despite adequate antiepileptic treatment 30% of the
children with epilepsy continue to have seizures or experience unacceptable pharmacological
side effects. In this group the effects of frequent seizures on the developing brain result in
clinical evidence of brain damage and significant mental handicap, often in an already
vulnerable brain with known co morbidity. For these children with therapy resistant epilepsy,
surgery for epilepsy has become a realistic therapeutic option with the aim of controlling
seizures and preventing secondary epilepsy related damage. However, despite the promising
results of surgery for epilepsy there remains a group of children that are unsuitable candidates
for resective surgery or who have experienced insufficient benefits of epilepsy surgery. VNS
is a useful palliative and less invasive and KD another efficacious treatment (Figure 5). The
intention of this thesis was to evaluate effects of VNS on epileptiform activity, delta power
and sleep characteristics and of KD on sleep characteristics and to correlate these to clinical
aspects on seizure frequency, seizure severity, behaviour, mood and QOL in this group of
severely handicapped children with therapy resistant epilepsy.

Hence this thesis is entitled: Effects of vagus nerve stimulation and ketogenic diet on

quality of life and changes in EEG and sleep.

Therapy Resistant Epilepsy

|
I |
AED Epilepsy surgery
I

| | |
AED KD VNS

Figure 5. Treatment algorithm
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AIMS OF THE STUDY

o To study effects of vagus nerve stimulation on cognition, behaviour, mood and quality
of life and how these changes are related to effects on seizure frequency and severity

in children with therapy resistant epilepsy.

e To investigate effects of vagus nerve stimulation on epileptiform activity and how
these changes are related to activity stage and clinical effects on seizure frequency,

seizure severity and quality of life in children with therapy resistant epilepsy.

e To evaluate sleep structure and delta power following vagus nerve stimulation and
how these possible changes correlate with epileptiform activity and clinical effects on

seizure frequency and quality of life in children with therapy resistant epilepsy.
e To evaluate sleep structure following ketogenic diet in children with therapy resistant
epilepsy and to correlate possible alterations with changes in clinical effects on seizure

reduction seizure severity, quality of life, attention and behaviour.

e To study possible immediate effects of vagus nerve stimulation on epileptiform

activity, arousals and background frequency in EEG.
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STUDY DESIGN

This thesis is based on two prospective longitudinal studies. All children were treated at

the Department of Paediatrics, University Hospital in Lund, Sweden. Written informed

consent was obtained. The studies were accepted by the Ethics Committee of the Faculty of

Medicine of the Lund University. Each patient serves as his own control and was assessed

initially and after three and nine months of VNS-treatment and after three and 12 months of

KD-treatment (Figure 6).

-3 0 3 9 12 months
VNS/KD VNS/KD VNS KD
- 24h - 24h - 24h
- 24h ambulatory EEG ambulatory EEG ambulatory EEG
ambulatory EEG - QOL - QOL - QOL
- PK - PK - PK - PK
Seizure - CBCL - CBCL - CBCL - CBCL
diary - DSRS - DSRS - DSRS - DSRS
Baseline - NHS3 - NHS3 - NHS3 - NHS3
EEG - Seizure diary - Seizure diary - Seizure diary - Seizure diary
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CBCL, Child behaviour checklist; DSRS, Depression self-rating scale; NHS3, National health seizure severity

scale; PK, Posford and Kinsella’s rating scale of attentional-behaviour; QOL, Quality of life
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PATIENTS

All children had the diagnosis of therapy-resistant epilepsy with developmental
impairment and absence of non-epileptic seizures or specific sleep disorders. The seizure
types, as well as the type of epileptic syndrome in the children were defined according to the
classification of the International League Against Epilepsy (ILAE) [2, 3].

The first study group (paper I-1II and V) comprises 15 children, ten boys and five girls
aged 4-17 years (median 11 years) (Table 1). Epilepsy surgery had been performed in four
children and found not applicable in the others. Age of epilepsy onset was between four
months and nine years (median three years). Duration of epilepsy was 4-12 years (median 8.5
years). The etiology was unknown in three subjects. These three had normal MRI-scans. All
children had been on stable AED medication for at least three months prior to the VNS
initiation and during the nine months of follow up. Assessments were performed initially,

before the VNS-implantation and after three and nine months of VNS-treatment.

Table 1 Demographics and clinical characteristics of the first study group

Age at Age at

Patient study epilepsy  Epilepsy type Previous Changes in seizure
no onset (yr) onset (yr) syndrome* Seizure type* Etiology epilepsy surgery frequency at 9 months (%)
1 10 0,25 L-G GTCS Unknown No increase (33%)

2 9 2,5 Part, Symt CPS CD L TL res seizure free (100%)
3 15 3 Part, Symt CPS Enc No reduction (5%)

4 4 1 Part, Symt CPS CD R TL res reduction (4%)

5 13 5 L-G 2°GTCS, AA HIE No no change (0%)

6 11 4,5 CSWS SPS, 2°GTCS HIE No reduction (55%)

7 15 5 Part, Symt SPS HIE No reduction (50%)

8 9 0,5 L-G 2°GTCS HIE No reduction (50%)

9 17 9 Part, Symt CPS CD No increase (16%)

10 6 0,75 Part, Symt CPS, MS Unknown No reduction (35%)

11 10 2 Part, Symt 2°GTCS CD L par-occ res reduction (5%)

12 11 0,25 L-G GTCS, AS,MS CD R F and occres  reduction (25%)

13 16 7 Part, Symt CPS HIE No reduction (78%)

14 12 3 Part, Symt CPS Unknown No reduction (57%)

15 12 5 CSWS CPS Unknown No reduction (17%)

*Epilepsy and seizure types according to the International Classification of the International League Against Epilepsy AA, atypical
absence; AS, atonic seizure; CD, cortical dysplasia; CPS, complex partial seizure; CSWS, continuous spike wave during slow sleep;
Enc, encephalitis; F, frontal; GTCS, generalized tonic-clonic seizure; 2°GTCS, secondary generalized tonic-clonic seizure; HIE,
Hypoxic ischemic encephalopathy; L, Left; L-G, Lennox-Gastaut; M, Myoclonic seizure ; Occ, occipital ; Par-, parieto- ; Part, partial ;
Res, resection ; R, right; SPS, simple partial seizure; Symt, symtomatic; TL, temporal lobe

The second study group (paper IV) comprises 18 children (nine boys and nine girls)

aged 2-15 years (median 7.5 years) (Table 2). Epilepsy surgery had been performed in one
patient (# 4) and found not applicable in the others. All patients had been on stable AED
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medication for at least three months prior to the KD-initiation and during the 12 months
follow up. Assessments were performed initially, before introduction of KD and after three

and 12 months of KD-treatment.

Table 2 Demographics and clinical characteristics of the second study group

Age at Age at Epilepsy Changes in seizure ~ Changes in seizure
Pat  study epilepsy type/ frequency at 3 frequency at 12
No  onset (yr) onset (yr) AED syndrome* Seizure type* Etiology months (%) months (%)
1 7 3 SUX CLON Gen AD GTCS Unknown  Decreased 99% Decreased 99%
2 14 5 VPALTG MAE Tonic/Gen Unknown  Decreased 90% Decreased 40%
CLON
3 2 0,13 LTG Sulth IS, L-G AA GTCS Unknown  Decreased 72% Decreased 30%
CLOB Nitra
4 11 0,25 LTG VPA IS, L-G TC/2°GTCS Asphyxia Unchanged 0%
CLON
5 5 2,5 OXCLTG Gen L-G AA AD TD Enc Decreased 90% Decreased 89%
6 4 0,75 VPA CBZ Part Crypt Tonic/Gen Unknown  Decreased 96% Decreased 90%
7 8 5 AZT Part Crypt TC/2°GTCS Unknown  Increased 50%
8 4 Neonatal LTG Nitra Gen TD MC Asphyxia  Decreased 100% Decreased 80%
9 5 2 VPA OXC Gen TC/2°GTCS Enc Decreased 22%
10 9 Neonatal LTG GBP IS, Part Tonic/Gen MC Asphyxia Decreased 72% Decreased 85%
CLOB Crypt
11 5 Neonatal VGB VPA IS, Part AA TD MC Asphyxia  Decreased 40% Decreased 88%
CLON Crypt
12 3 0,67 LTG Sulth Part Crypt Tonic/Gen Unknown  Decreased 100% Decreased 100%
CLOB
13 9 Neonatal VPA Nitra IS, L-G Tonic/Gen Asphyxia  Decreased 30% Decreased 37%
14 3 Neonatal LTG TPM Part Crypt TC/2°GTCS Unknown  Decreased 80%
15 9 6 OXC CLON  Part Symt TC/2°GTCS Sp tumor,  Unchanged 0%
HC
16 13 2,5 TPM Part Symt GTCS CMV Decreased 67%
17 6 1 LTG Sulth L-G TD MC Asphyxia  Decreased 100% Decreased 100%
CLOB
18 15 0,5 LTG Gen AD Glut-1- Decreased 100%
deficiency

*Epilepsy and seizure types according to the International Classification of the International League Against Epilepsy AA, Atypical
Absence; AD, Atonic Drop; AED, Anti Epileptic Drugs; AZT, Acetazolamide; CBZ; Carbamazepine; CLOB, Clobazepam; CLON,
Clonazepam; CMV, Cytomegalovirus; Crypt, Cryptogenic; GBP, Gabapentin; Gen, Generalized; GTCS, Generalized Tonic Clonic Seizures;
HC, Hydrocephalus; IS, Infantile Spasms; L-G, Lennox-Gastaut; LTG, Lamotrigine; MAE, Myoclonic Astatic Epilepsy; MC, Myoclonic;
Nitra, Nitrazepam; OXC, Oxcarbamazepine; Part, Partial; Sp, Spinal; Sulth, Sulthiame; SUX, Suxinutin; Symt, Symtomatic; TC, Tonic
Clonic; TD, Tonic Drop; TPM, Topiramate; VPA, Valproate
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METHODS

VAGUS NERVE STIMULATION
In all children in the first study group (paper I-III and V) a VNS was implanted

subcutaneous below the clavicle on the left side according to the established guidelines [1,
88]. At the end of the surgical procedure the device was programmed with the following
parameters: output current 0.25 mA; signal frequency 30 Hz; pulse-width 500 pseconds;
stimulation on-time 30 seconds; stimulation off-time five minutes. During four weeks the
output current was increased in steps of 0.25 mA to 1-1.5 mA and was then kept stable during
the nine months follow up. Patient number 12 was changed to rapid stimulation (stimulation

on-time seven seconds; stimulation off-time 12 seconds) after six months.

KETOGENIC DIET

All children in the second study group (paper IV) were admitted to the hospital and
started gradually on the diet following a 12-hour out patient fast. The children were started on
the classical KD. Fifteen children received a 4:1 and three a 3.5:1 ratio implying four grams
or 3.5 grams of fat to one gram of combined protein and carbohydrates. Sixteen children were
kept stable and two more changed from ratio 4:1 to 3.5:1 during the first three months and
were then kept stable. The children also received the recommended daily intake of vitamins
and minerals and were supplemented with calcium, magnesium, phosphorous, potassium and
carnitine. The children were closely monitored to exclude intake of extra carbohydrates. In
two children the diet was introduced via a gastrostomy tube, using Ketocal and a soymilk

based ketogenic formula [30].

SEIZURE FREQUENCY AND SEVERITY (Paper I-IV)

Initially and after three and nine months of VNS-treatment (three and 12 months of KD-
treatment) the parents or caregiver filled in a protocol over seizure frequency and were
questioned about the nature and timing of any seizure occurring during the previous three
months. Information about adverse effects, compliance with medication over the same period
was asked for and plasma concentrations of AED were measured. The seizure severity was
scored with the National Hospital Seizure Severity Scale, a further development of the
Chalfont Seizure Severity Scale described by O’Donoghe et al. [73].
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Methodologic consideration

The seizure types, as well as the type of epileptic syndrome in the children were defined
according to the classification of the International League Against Epilepsy (ILAE) [2, 3].
The parents or caregiver filled in a protocol over seizure frequency and were questioned about
the nature and timing of any seizure occurring during the previous three months. Parents’
seizure frequency reports might be uncertain measures with a high rate of missed subtle

seizures and undetected seizures during night. Myoclonic seizures were not scored.

COGNITIVE FUNCTIONING (Paper I)

Three different tests depending on the child’s level of functioning were used. BSID,
Bayley Scales of Infant Development, American version [11], WPPSI-R, Wechsler Preschool
and Primary Scale of Intelligence, Swedish version [107], and WISC-III, Wechsler
Intelligence Scales for Children, Swedish version [106]. For children assessed with BSID the
Mental Developmental Index (MDI) was used to express the cognitive functioning and for
children assessed with WPPSI-R and WISC-III full scale 1Q was used. Assessments were
performed in 14 children. In one child with severe mental retardation the parents only wanted

to perform one assessment.

Methodologic consideration

Aldenkamp described that cognitive and behavioral assessments are difficult to use in
patients with epilepsy and developmental impairment. Both testing and interpretation are
challenging. Motor-, visual- and communication impairments are only some of the problems

the testing psychologist has to deal with [5, 6].

QUALITY OF LIFE, BEHAVIOUR, MOOD, DEPRESSION AND
ATTENTIONAL BEHAVIOUR (Paper I-1V)

These parameters were assessed by questionnaires and visual analogue scales filled in
by the parents, usually the mother (in Birleson, the child together with the mother). To
describe QOL a visual analogue scale [105] was used with scores between -10 - +10. Zero in
the middle was the parent’s conception of the child’s QOL immediately before VNS-
initiation, -10 was 100% reduction and +10 was 100% improvement of QOL.

Parents’ perception of the children’s general behavioural problems was quantified by
using the total score of the Child Behaviour Checklist (CBCL) [4]. The questionnaire

comprises 115 items and the parent was asked to rate, on a three point scale, whether a
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behaviour problem was present or not in the child and to what degree. The cut-off score for
manifest behaviour problems is 30 according to Swedish norms for the scale [57].

Mood was assessed by using a visual analogue scale (VAS), which consists of 100
millimetres scales for 18 dimensions (e.g. alert-drowsy; tense-relaxed), commonly reported in
the literature to be sensitive to drug effects [27, 28]. The scale was translated and retranslated
into Swedish.

For measuring depression Birleson depression self-rating scale (DSRS) was used. The
scale has been translated into Swedish and the wording of the translation has made it
acceptable both to children [34] and adolescents [47]. It is an 18-item self-report
questionnaire in which the child is asked to estimate his/her own situation during the last
week on a three-point scale. Scores of two, one or zero, respectively, in the direction of
disturbance, refer to “most of the time”, “sometimes” or “never”.

Ponsford and Kinsella’s rating scale of attentional behaviour (PK) is an instrument for
quantifying attention. Each of fourteen selected items was rated by the parent on a scale from
0 to 4, representing the frequency with which the problem was apparent (0=not at all;

1=occasionally; 2=sometimes; 3=almost always; 4=always) [79].

Methodologic considerations

Even though major concerns have been raised regarding the accuracy and
acceptability of parent rating of children’s QOL we used the parent’s conception of the child’s
QOL. Ronen et al demonstrated a tendency for parents to score lower than the child in QOL
and performance status [83]. In very young children and in severely handicapped children
measurements can be based only on parents report. Parent reports may be more reliable in
long-term investigations because of rapid changes in children’s attitudes, abilities and
priorities as part of their developmental process. In the statistical analyse of QOL 0 was set as
—10 or 100% reduction and 20 as 10 or 100% improvement. 10 was equal to zero, before
VNS-initiation.

QUANTIFICATION OF EPILEPTIFORM ACTIVITY (Paper 11, III and V)

Via the digital Embla A10 Flaga-Medcare system and a sampling rate of 200 Hz with
16 bits resolution, data were recorded on a PCMCIA memory flash card. The EEG data was
recorded with 11 scalp electrodes and a referential electrode (F3, F4, C3, C4, T3, T4, P3, P4,
01, 02, CZ, Ref.) according to the international ten-twenty system of electrode placement.
An additional electrode was applied to the left side of the patient’s neck, over Erb’s point,
with a corresponding reference on the right side, to pick up the stimulus artefacts from the

stimulation electrodes of the NCP device. The digitalized data were converted to Nervus
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Tauragreining EEG format (Valor format). Twenty-four hour ambulatory EEG recordings,
with the children in their natural surroundings were performed. Meals, naps, other activities,
time of sleep and seizure events were registered in a diary. The epileptiform activity was
counted in comparable assessment periods according to time of day and activity stage. Two
hours of artefact-free EEG was selected from wake and one hour from REM sleep, non REM
sleep stage two and slow wave sleep respectively, according to Rechtschaffen and Kales sleep
criteria [82]. Periods of sleep during daytime, seizure events or disturbances in the recordings
due to movement artefacts or technical problems were not selected. For three children,
selected channels with continuous artefacts were excluded. The spike counting was based on
the Persyst automatic spike detector system [110].

A single blind pilot study was performed comparing visual spike detection and the
Persyst automatic spike detector system. In this study seven children encompassing altogether
21 hours of EEG were analysed. A common average montage was used. The automatic spike
detection was performed in its most sensitive setting. All events were evaluated and edited for
false detections. The visual identification of epileptiform activity was performed with a 5 Hz
high pass filter and a 50 Hz low pass filter in consecutive 10 second periods. Each solitary
spike or sharp wave with peak amplitude at least twice the local background activity was
supplied with an event mark (Figure 7). No software for automated electrographic seizure
detection was used. The 24 hour recordings were visually analysed and an electrographic
seizure event was defined as an abrupt onset of rhythmic epileptiform activity of >10 seconds

of duration.

Methodologic considerations

The incidence of interictal epileptiform discharges and seizures is modulated by
unknown factors as well as known factors such as activity stage, REM - non REM sleep, sleep
- waking cycle, real time of day, AED, time since last seizure and environmental factors.
Although efforts are made to control for known influencing factors, the variability of the
amount of interictal epileptiform discharges between consecutive days is considerable and
larger in generalized than in focal epilepsies [20, 36, 63, 67]. In our study we used 24 hour
recordings before initiation and at two consecutive occasions at three and nine months of
VNS-treatment in order to minimize spontaneous variability. We selected long artefact-free
recordings with comparable periods during the same real time of day. Over-night sleep
recordings were done for quantification of sleep in order to get comparable periods in the
different activity stages. AED were kept stable from three months before and through out the

study, plasma concentrations were taken before initiation and at three and nine months of
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VNS-treatment. The 24 hour EEG recordings were ambulatory, with the children in their

natural surroundings.
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Figure 7. Examples of event marks in an EEG recording. Comparison between the Persyst
automatic spike detector system (above) and visual detection (below).
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We based the identification of epileptiform discharges on the commonly used criteria
[77]. But as pointed out by Gotman, the definition of a spike is not completely defined [38].
Automatic computerized spike detection methods have developed. Even though many
improvements have been made the number of false negative or false positive detections are
unknown. On the other hand electroencephalographers differs when asked to independently
identify spikes of the same EEGs [44, 109].

SLEEP SCORING AND DELTA POWER ANALYSIS (Paper III and 1V)
Somnopolygraphy, Delta power and Movement time

The 24 hour ambulatory EEG recordings (see quantification of epileptiform activity)
was combined with a polysomnographic recording (PSG). In addition to the EEG, on the right
side electro-oculogram (EOG) and sub-mental electro-myogram (EMG) were applied. The
digitalized data were transferred to Somnologica 3.1 (Flaga hf. Medical Devices) for PSG
analysis. Sleep parameters were scored according to Rechtschaffen and Kales sleep criteria
[82]. We used the Somnologica automatic sleep scoring hypnogram with necessary
corrections for overestimated slow wave sleep (SWS) and underestimated REM sleep. Sleep

stages three and four were treated together as SWS.

Methodologic considerations

AED is known to influence sleep. Most AED cause sedation, this effect is usually
transient. Sodium valproate increases total sleep, reduces sleep latency and reduces the
number of sleep-stage shifts. In order to avoid these effects AED were kept stable from three
months before and through out the study, plasma concentrations were taken before initiation
and at three and nine months of VNS-treatment (three and 12 months of KD-treatment). The
first night effect (FNE) is characterized by increased fragmentation of sleep architecture,
increased sleep latency, decreased REM sleep and SWS. Very little data is available
concerning FNE in patients with medically refractory epilepsy, a group of patients that are
well experienced with EEG laboratory environment. Marzec et al reported in a study that the
only parameter affected was SWS [64]. The 24 hour EEG recordings were ambulatory, with

the children in their natural surroundings and not in sleep laboratory environment.

STATISTICAL METHODS

The data in this thesis was generally of non-normal distribution and was therefore

analyzed with non-parametric tests, based on ranking. The patient groups were small and in
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the evaluation of QOL and mood we used visual or linear analogue scales. Measures of
location (variation) were consequently given as median (range or inter-quartile range).

Wilcoxon’s signed rank test was used for comparison of the clinical data on seizure
frequency, seizure severity, QOL, behaviour, mood, depression and attentional behaviour in
paper I-1V. In paper II, Wilcoxon’s signed rank test was used for comparisons of the total and
mean number of IEDs and the median ISI in the different activity stages. It was also used for
comparisons of total and mean number and duration of electrographic seizures during the 24
hour monitorings. In order to investigate possible changes in the variability of the ISI, the
standard deviation of the ISI was calculated for each patient. In paper III and IV Wilcoxon’s
signed rank test was used for comparison of data from the hypnogram. Median time in
minutes and percent of total night sleep (TNS) were analysed in REM sleep, sleep stage one,
sleep stage two and SWS. In paper III, total number of movement times (MTs), MTs per hour
TNS and number per sleep stage were analysed. Total delta-power during night-sleep, delta-
power during SWS in the first and second sleep cycle, according to Rechtschaffen and Kales
sleep criteria, were analysed.

The hypothesis of suppression of IEDs and absolute and relative spectral power in
immediate correlation to the VNS epochs were investigated in 10 and 40 second intervals
with Friedman’s and Wilcoxon’s signed rank tests. They were also performed to analyse the
relation between MTs and the VNS epoches.

In paper II, the pilot study, i.e. the comparison between visual identification of
epileptiform activity and Persyst automatic spike detector system, was single blinded, i.e. the
scorer was kept blinded to the identity of the recorded subject and to the order of the
recording. Correlation was measured with Pearson’s linear correlation and Spearman’s rank
correlation. Wilcoxon’s signed rank test was used for description of the difference.

In paper I, Kruskal-Wallis’ test was used for comparison between three subgroups
based on treatment effect (no, <50%, >50% seizure reduction), initially and after three and
nine months of VNS-treatment.

A binomial test was used in order to check concordance in direction of changes between
IEDs and electrographic seizures during the 24 hour EEG-monitorings in paper II and
between increased SWS and MTs and reduction in epileptiform activity, seizure frequency,
improvement in seizure severity and improvement in QOL and behaviour in paper II1.

Spearman’s rank correlation coefficient (r) was used to calculate the correlation in
degree of improvement between QOL and seizure severity and seizure reduction in paper I,
the extent of reduction between IEDs and seizure frequency in paper II, and degree of
improvement between sleep parameters and clinical effects in paper III and IV. In general,

significance was claimed when the p-value was less than or equal to 0.05.
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RESULTS AND COMMENTS

VAGUS NERVE STIMULATION

Seizure frequency and severity

Six children had more than 50% seizure reduction. One of these became seizure-free.
Two had between 25-50% seizure reduction and four had less than 25%. Seizure frequency
increased in one and was unchanged in two. The median seizure reduction was 65% (p=0,02)
at three months and 63% (p=0,04) at nine months. Considering seizure type, simple partial,
complex partial and atonic seizures seemed to decrease more than other seizure types scored.
Two children had myoclonic seizures that were not scored. In both, the myoclonic seizures
ceased after three months of VNS-treatment. Seizure severity improved significantly both at
three and nine months (p<0,001). The parents reported shorter seizure duration and recovery
phase (Table 3).

Comments: These results are in accordance with earlier reports of a better and more
rapid response in children compared with adults [41, 68, 75, 103, 108]. The improvement in
seizure severity was significant. VNS is a palliative treatment and other parameters of
efficacy than seizure frequency such as seizure severity must be considered. A child with
milder seizures and shorter seizure duration and recovery may benefit more than a child who
only shows a 50% reduction in seizure frequency. Parents’ seizure frequency reports might be
uncertain measures with a high rate of missed subtle seizures and undetected seizures during
night. This could explain the lower concordance between interictal epileptiform discharges
and clinical seizures compared to electrographic seizures during the 24 hour recordings (see
below).

Table 3 Changes in clinical seizures, seizure severity, behaviour and QOL after 3 and
9 months of VNS-treatment

Before VNS-initiation 3 months after VNS-initiation 9 months after VNS-initiation

Median (range) Median (range) p-value Median (range) p-value
Clinical seizures 51 (2-200) 18 (2-141) p=0.02 19 (2-112) p=0.04
NHS3 12 (4-19) 9 (1-16) p<0.001 9 (1-16) p<0.001
QOL 10 (10-10) 15 (5-20) p=0.04 13 (2.5-17.5) p=0.04
CBCL 49 (19-94) 50 (19-102) p=0.69 43 (18-92) p=0.10

NHS3, National health seizure severity scale; QOL, Quality of life; CBCL, Child behaviour check list
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Cognition, behaviour, mood and QOL and their association to seizure frequency
and severity

Only two children improved in cognitive functioning. Behavioural changes did not
show any significant improvement (Table 3). However, there seemed to be an improvement
over time. A longer follow up might show additional improvement. The behaviour score was
over the cut off score for manifest behaviour problems in 11/15 children. Seven of these
improved. The four children with scores of manifest behaviour problems did not improve.
Our results suggest an improvement in mood and some anti depressant effect. 80% of the
children had an improvement in QOL (Table 3). This effect did not seem to be related to the
anti seizure effects. Two children with improved QOL had increased seizure frequency and
one of the three children with a worsening in QOL had unchanged seizure frequency. There
seems to be a better correlation between improvement in QOL, mood and seizure severity. Of
the 12 children with improvement in QOL, 11 also improved in mood and seizure severity.

Comments: Although caution must be taken when expressing absence of differences in
a small group, we cannot find an association between anti seizure effect and improvement in
QOL and behaviour [41, 75], not even when comparing between subgroups based on seizure
reduction. However there seems to be a correlation between improvement in QOL, mood and
seizure severity. Our results suggest an improvement in mood and some antidepressant effect.
Studies in adults show a marked antidepressant effect in patients suffering from major
depression [84]. No child had scores below the cut off for manifest depression at initiation of
VNS in our study. Significant changes in depression parameters might be difficult to
determine in patients not suffering from depression. We did not see any difference in
cognitive functioning and there is a possibility that VNS does not affect cognitive functioning.
The two children that improved in their IQ had the highest baseline 1Q. This support previous
findings of VNS on epileptiform activity that the treatment effect is related to the severity of
the mental handicap with a better anti-epileptic effect in children with less severe impairment
[6, 61, 75].

Interictal epileptiform discharges and electrographic seizures

In 14 children the epileptiform activity consisted of focal or multi-focal spike or sharp-
wave complexes. One child had generalized spike-and-slow-waves. In eight children the
epileptiform activity was infrequent and in three of these the epileptiform activity was sparse
and appeared as solitary discharges. In seven children it was frequent. In two children more
than 85% of non REM sleep consisted of continuous spike-wave discharges (CSWS).

After nine months of VNS-treatment the total number of epileptiform discharges was
significantly reduced (p=0,03 in the 13 children without CSWS and p=0,04 in all 15 children).
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When considering the four activity stages separately, there was a tendency towards
reduction in all stages, significantly so in REM sleep (p=0,03) and slow wave sleep (p=0,02)
in the 13 children without CSWS (Table 4). The total number of electrographic seizures was
significantly reduced in the 24 hours EEG monitoring at both three and nine months (p=0,03,
0,05) in the 13 children without CSWS. There was a significant concordance in direction of
changes in IEDs and electrographic seizures at nine months in the 12 children with
electrographic seizures (p=0,04). Three children did not have any electrographic seizures and

could not contribute to the analysis.

Table 4 Changes in interictal epileptiform activity after 3 and 9 months of VNS-treatment
in 15 children (bottom) and 13 children without CSWS (top)

Activity Before initiation 3 months after initiation 9 months after initiation
stage (baseline)

Median (range) Median (range) / p-value Median (range) / p-value
wake 50.5 (0-2115) 49 (0-1999) / 0.64 39 (0-2182) / 0.67
stage 2 515 (0-3839) 189 (2-4827)/0.17 463 (3-3330) /0.3
REM 95 (1-2445) 75 (0-2216) / 0.08 46 (0-1688) / 0.03
SWs 550 (0-3176) 209 (3-2174)/0.10 155 (2-1295) / 0.02
total 968 (2-8133) 636 (8-6795) / 0.15 636 (9.5-4802) / 0.03
Activity Before initiation 3 months after initiation 9 months after initiation
stage (baseline)

Median (range) Median (range) / p-value Median (range) / p-value
wake 91 (0-2115) 87 (0-1999) / 0.68 44 (0-2182) /0.79
stage 2 515 (0-3839) 189 (2-4827)/ 0.17 463 (3-3330) /0.3
REM 215 (1-2445) 79 (0-2216) / 0.16 68 (0-2034) / 0.08
SWs 599 (0-5634) 264 (3-5678) / 0.08 269 (2-4819) / 0.008
total 989 (2-10430) 643 (8-12795) / 0.23 809 (9-11923) / 0.04

CSWS, continuous spike-wave discharges during slow sleep; REM, rapid eye movement sleep; stage 2, sleep
stage 2; sws, slow wave sleep

Comments: Although efforts are made to control for known influencing factors the
variability in epileptiform activity between different recordings is well known. A larger
variability is seen with generalized discharges [20, 36, 63, 67]. In our study, the epileptiform
activity consisted of focal or multi-focal spike or sharp-wave complexes in 14 children and
only one child had generalized spike-and-slow-waves. We used long-term 24 hour recordings
and monitoring at the same real time of day in artefact free parts, AED plasma concentrations
were monitored and found unchanged. The recordings were ambulatory, with the children in
their natural surroundings. We saw a gradual decrease in epileptiform discharges in all
activity stages and especially in REM sleep and slow wave sleep. This trend became

significant at nine months. The total number of electrographic seizures was significantly

33



reduced in the 24 hours EEG monitoring at both three and nine months (p=0,03, 0,05). There
was a significant concordance in direction of changes in IEDs and electrographic seizures at
nine months in the 12 children with electrographic seizures (p=0,04). This gradual decrease in
epileptiform activity together with the persistence of the anticonvulsant effects could suggest
that VNS effects on epileptic pathophysiological processes work on different functional levels

and can induce long-term neuron-modulating effects.

Pilot study — Correlation between visual inspection and Persyst Spike Detector
System

This showed a high correlation between the visual and automatic spike detector system
(r=0.99). Wilcoxon’s signed rank test showed a systematic difference (p=0,04). The
difference was never more than 78 spikes/h, and in 50% never more than 14 spikes/h
(quartiles 0 and 14). In five of 21 analysed recordings the scores were identical and in 12 the
visual inspection scored higher and in four lower.

Comments: A common average montage was used and each solitary spike or sharp
wave with peak amplitude at least twice the local background activity was marked. With these
simple and strict criteria we saw a high correlation between the visual and automatic spike
detector system (r=0.99). Proportionally the automated spike detection never underestimated
the visual inspection by more than 25%. This suggests a low rate of false positives in the
visual inspection and that the automated spike detection never overestimated changes in
number of spikes. The results indicate that our automatic spike detection in Persyst spike

detector system is a simple and reliable tool for quantifying IEDs in longer EEG recordings.

Side effects

No severe side effects were seen either from the surgical procedure or from the VNS.
Transient coughing and hoarseness after increasing the current was reported in four children.
Weight loss was reported in one adolescent and a non-transient pain in the neck that was so
disabling that QOL, behaviour and mood scores were affected. The stimulator was withdrawn
after the study was finished. One child complained of breath shortness that did not improve
completely until the pulse width was reduced from 500 to 250 pseconds after the study was
finished.

Comments: The incidence, severity and impact of induced adverse effects determine
tolerability. Our study supports earlier findings that VNS has a good tolerability and is

considered to have no severe intolerable adverse effects.
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Sleep structure, delta power and movement times and the association to clinical
effects on seizure frequency, seizure severity and QOL

Our findings show a VNS induced improvement of sleep quality with increased slow
wave sleep in duration (p=0,03) and percentage (p=0,04), a tendency to decrease in sleep
fragmentation and a tendency to reduction in daytime sleep. There was concordance in
direction of changes between enhanced slow wave sleep and QOL in nine of 15 children.

There was significant increase in delta power in sleep cycle two after nine months
(p=0,05) but only a tendency towards increase in the first sleep cycle and in over all night
delta power.

We used movement times (MTs) as a sign of arousal. MTs increased in particular
during sleep stage two (p=0,12, 0,02) and slow wave sleep (p=0,06, 0,03) and in immediate
association to the VN stimulation epochs (p=0,001). This arousal effect might be one of
several antiepileptic mechanisms in VNS and seems to be of minor consequence for QOL.
Eleven of 15 children had both enhanced MTs and QOL.

Comments: Our findings indicate that VNS counteracts known epilepsy related sleep
abnormalities such as altered sleep organization, increased awakenings, decreased sleep
efficiency with increased daytime sleep and fragmented sleep. Cortesi showed in a study on
89 children with idiopathic epilepsy that they had more sleep problems and decreased QOL
than controls [24]. There was a tendency towards decrease in daytime sleep, although we did
not use an objective polysomnographic measure as multiple sleep latency tests (MSLT). We
could not prove any direct quantitative correlation between enhanced slow wave sleep and
QOL. This may be due to the small number of children and the fact that increased slow wave
sleep is only one of several contributing factors to improved QOL together with decreased
epileptiform activity, seizure frequency and severity and mood regulating factors. Despite the
increase in slow wave sleep, delta power did not increase. This might be due to the small
number of children with severe epileptic encephalopathy and enhanced background delta
during wake, even though the two children with CSWS were excluded and artefacts were
carefully provided for. Slow wave sleep is classified as sleep stage three and four according to
Rechtschaffen and Kales criteria [82] and includes both theta and delta frequencies. The
enhancement of slow wave sleep might be produced by other mechanisms than that produced
by sleep deprivation. From animal studies and functional studies on VNS we know that VNS
has direct projections via the nucleus of the solitary tract and the PB to the non REM sleep
promoting GABA mediated VLPO in hypothalamus [21, 43, 49, 62, 104].

35



Table 5 Sleep Parameters and Delta Power Before and After 3 and 9 Months of Vagus Nerve

Stimulation (VNS)

Before VNS-initiation 3 months after VNS-initiation 9 months after VNS-initiation

Median (range) Median (range) p-value Median (range) p-value
TS(min) 587.5 (503-781.5) 585 (443.5-739) p=0.6 603.5 (474-771.5) p=0.5
TNS (min) 522 (437.5-609.5) 547.5 (443.5-701.6) p=0.3 548.5 (467-701.6) p=0.15
TDS (min) 69.5 (0-202) 22.5 (0-180) p=0.07 0(0-216.5) p=0.16
Stage 1 (min) 0(0-14) 0 (0-22) p=0.4 0 (0-7.5) p=0.03
Stage 1 (% TNS) 0(0-2.6) 0(0-3.8) p=0.4 0 (0-1.4) p=0.03
Stage 2 (min) 275.5(99-395.4) 239.5(75.5-361.4) p=0.2 260.5 (105-472.5) p=0.3
Stage 2 (% TNS) 54.8 (18-77.9) 44.4 (13.4-70.5) p=0.08 43.8 (18.4-80.1) p=0.08
Stage 3+4 (min) 146.5 (32.5-370.5) 144 (38-426.5) p=0.1 180.5 (24.5-486) p=0.03
Stage 3+4 (% TNS) 26.1 (6.8-62.5) 25.8 (8.2-75.7) p=0.1 35.8 (4.1-78.3) p=0.04
REM (min) 81.5(21-299) 93.5(25-287.5) p=0.4 97.5 (17.5-266) p=0.7
REM (% TNS) 14.6 (4-55.2) 17.7 (4.1-49.6) p=0.5 20.4 (2,9-50.9) p=0.9
Delta Power night 120253 (9248 - 852468) 113607 (12823 - 140750) p=0.81 135321 (21251 - 616542) p=0.31
Delta Power sleep cycle I 12016 (180 - 85263) 5811 (365 - 63934) p=0.55 13222 (501 - 37498) p=0.65
Delta Power sleep cycle IT 4697 (84 - 30321) 1400 (183 - 176100) p=0.5 7306 (643 - 1242687) p=0.05
MT (n/h TNS) 2.98 (0-12.71) 4.57 (0-9.82) p=0.09 4.52 (1.65-11.60) p=0.009
Stage shifts (n) 31 (11-68) 33 (17-58) p=0.75 25 (15-65) p=0.26
Sleep latency (min) 0 (0-15.5) 0 (0-26) p=0.57 0 (0-7.5) p=0.04

REM, Rapid eye movement sleep; Sleep latency, Time from lights-off to the first occurrence of stage 2; Stage 1/2/3+4, Sleep
stage 1/2/3+4; TDS, Total daytime sleep; TNS, Total night sleep; TS, Total sleep

Immediate effects of VNS on interictal epileptiform discharges and spectral
power

The 24 hour ambulatory EEG monitorings were also used to study immediate effects of
VNS on IEDs and EEG spectral power. The findings lend no support to earlier studies
suggesting immediate VNS related changes in IEDs. There were no immediate VNS related
changes in EEG spectral power, confirming earlier findings from Salinsky and Burchiel.
These findings indicate that the effects of VNS on seizures and total amount of IEDs cannot
be explained by an immediate effect on arousal.

Comments: The expected arousal effects with decreased delta power in slow wave sleep
and alpha power in wake immediately associated with the VNS was not seen. The absence of
VN stimulation related findings support our long-term findings with gradual decrease in
epileptiform activity and persistence of the anticonvulsant effects through out the nine months
of follow-up. This could suggest that VNS effects on epileptic pathophysiological processes
work on different functional levels and can induce long-term neuron-modulating effects as

well as mood and sleep modifying effects.
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KETOGENIC DIET

Sleep structure and clinical effects on seizure frequency, seizure severity,
attentional behaviour and QOL and their correlation

KD decreases sleep (p=0.05) and total night sleep (p=0.006) and improves sleep quality
and in particular increases REM sleep (p=0.01), in children with therapy resistant epilepsy.
We also see an improvement in seizure frequency (p=0.001), seizure severity (p<0.001),
attentional behaviour (p=0.006) and QOL (p<0.001) and a significant correlation between
increased REM sleep and QOL at three months (Spearman r= 0.6, p=0.01). Eleven children
continued with the KD and were also evaluated after 12 months. They showed a significant
decrease in daytime sleep (p=0.01) and a further increase in REM sleep (p=0.06) (Table 6 and
7).

Eight children (44%) showed 90% or more reduction in seizure frequency, four (22%)
became seizure free, four (22%) had a 50-90% seizure reduction, five (28%) less than 50%
seizure reduction and one (6%) increased in seizure frequency. Eleven children (61%)
continued with the diet. They were also evaluated after 12 months. They had a significant
reduction in seizure frequency (p=0.003). Four (36%) had a 90% or more reduction of
seizures, two (18%) were seizure free, four (36%) had a 50-90% seizure reduction and three
(27%) less than 50% seizure reduction.

Comments: Initially, total sleep, total night sleep and daytime sleep were pathologically
increased. REM sleep was decreased and sleep stage two and the number of sleep stage shifts
were increased. The increase in REM sleep seems to be a normalization of the initially
pathologically decreased duration and percentage of REM sleep. The decreased total sleep,
total night sleep and daytime sleep seen in our study, are probably due to the improved sleep
structure and sleep quality including increased REM sleep, decreased sleep stage two and
preserved slow wave sleep, following KD. We infer that the increased REM sleep is an
important marker for improved sleep quality. This was significantly correlated to the
improved QOL. REM sleep is well documented to be associated with marked reduction,
sometimes total absence of seizures and IEDs [94]. The neural generators of asynchronous
neuronal discharge reduce electrographic seizure propagation during REM sleep. Together
with other presumed antiepileptic effects of KD such as increased cerebral energy reserves,
decreased ictal excitability, decreased rate of glutamate transamination to aspartate,
enhancement in the rate of glutamate decarboxylation to GABA, the caloric restriction and
direct anticonvulsant action of ketone bodies, polyunsaturated fatty acids, norepinephrine,
galanine and neuropeptide Y (NPY), the normalization of REM sleep seems to be an

important antiepileptic factor.
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Table 6 and 7 Effects on sleep parameters, clinical seizures, seizure severity, quality of life,
behaviour, attention and beta hydroxybutyrate initially and after 3 months of
ketogenic diet

18 pat Before KD After 3 months of KD

Median (range) Median (range) / p
TS (min) 675,75 (492,5 - 924) 589,25 (321,5 - 776) / 0,05
TNS (min) 612,10 (346,5 - 821) 546,55 (169 - 683) / 0,006
TDS (min) 53,75 (0 - 169,5) 53,75 (0 - 250) / 0,67

Stage 1 (min)
Stage 1 (%TNS)

0(0-8,5)
0(0-14)

0,75 (0—5,5) /0,48
0,15 (0 1,6) /0,38

Stage 2 (min) 195,25 (49 - 497) 141,75 (20 - 346) / 0,002

Stage 2 (%TNS) 36,3 (7,9 - 84,2) 26,5 (3,8 - 66) / 0,004

Stage 3+4 (min) 274,25 (27 - 613) 278 (25 - 463,5)/ 0,5

Stage 3+4 (%TNS) 47,05 (4,6 - 77.9) 53,8 (7,5-82,7)/0,29

REM (min) 86,5 (17,5 - 189,5) 97 (42 -197,5)/ 0,23

REM (%TNS) 14,15 (3,5 - 28,20) 19,55 (8 - 37,6) / 0,01

Stage shifts (n) 33 (12 - 44) 28 (16-44) /0,59

Sleep latency (min) 0,5(0-2) 0,05 (0 - 0,5) /0,06

Clinical seizures 75,3 (1 - 21604) 15,8 (0-900) / 0,001

NHS3 12,5 (3 -31) 6 (1-19)/<0,001

QOL 10 (10 - 10) 14 (10 - 18) /0,001

CBCL 40 (13- 19) 38(6-73)/0,08

PK 28 (7-21) 17 (3 - 35)/ 0,006

Beta hydroxybutyrate 1(0,1-3,2) 42 (2,6-7,7) /0,003

11 pat Before KD After 3 months of KD After 12 months of KD
Median (range) Median (range) / p Median (range) / p

TS (min) 657 (492,5 - 924) 588.,5 (321,5 - 766) / 0,08 573 (342 - 708,4) / 0,09

TNS (min) 600,40 (492 - 821) 546,55 (169 - 683) /0,04 573 (342 - 708,4) /0,5

TDS (min) 62,5(0-118,5) 53,75 (0 - 250) / 0,58 0(0-36)/0,01

Stage 1 (min)
Stage 1 (% TNS)
Stage 2 (min)
Stage 2 (% TNS)
Stage 3+4 (min)
Stage 3+4 (% TNS)
REM min

REM %

0(0-8,5)
0(0-14)

188,5 (120 - 497)
37,1 (14,7 - 84,2)
294 (27 - 613,5)
54,1 (4,6 - 74.8)
69,5 (17,5 - 117)
11,2 (3,5 -23,9)

1(0-2)/1
0,2(0-0,4)/0,86

141,75 (20 - 346) / 0,05

26,5 (3,8 - 66) / 0,05

278 (25 - 463,5)/ 0,37

53,8(7,5-82,7)/0,8
97 (42-197,5)/ 0,18
19,55 (8 - 37,6) / 0,11

0(0-9)/09
0(0-1,3)/0,83

158 (70,9 - 388,4) /0,1
30.1 (13,8 - 54,8) /0,2
215 (155 - 350,5) / 0,4
39.6 (21,9 - 67)/0,5
116 (44 - 194) /0,04
20,2 (9,9 - 36,9) / 0,06

Stage shifts (n) 28 (12 -42) 28 (16 - 44) /0,76 37(24-50)/0,3
Sleep latency (min) 0,5(0-2) 0,1(0-0,5)/0,13 0(0-116,5)/0,2
Clinical seizures 122,6 (58 - 21604) 22 (0 - 900) / 0,002 49,6 (0 - 180) / 0,003
NHS3 12 (3-31) 5(1-11)/0,005 5(1-14)/0,005
QOL 10 (10 - 10) 15(12-16,5)/0,003 16 (12 - 20) / 0,005
CBCL 39 (13- 61) 36 (6-67)/0,18 34,5 (10 - 66) / 0,54
PK 27 (7 - 36) 17 (3-28)/0,03 15(0-38)/0,08
Beta hydroxybutyrate 1(0,1-3,2) 42 (2,6-7.7)/ 0,003 52 (2,7-7,2) /0,003

KD, Ketogenic diet; TS, Total sleep; TNS, Total night sleep; TDS, Total daytime sleep; Stage 1,2,3+4, Sleep stage 1,2,3+4; REM, Rapid
eye movement; NHS3, National health seizure severity scale; QOL, Quality of life; CBCL, Child behaviour checklist; PK, Ponsford and
Kinsella’s rating scale of attentional behaviour

Side effects

One child discontinued the diet because of increased ataxia and lethargy. Three children

had a mild increase in liver enzymes and two had a loss of hair in combination with Sodium

valproate. One boy with mental retardation and autism had persistent acidosis and increased
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outbursts of passion in combination with Sulthiame. There was a significantly increased
carotid artery stiffness and although not significant changes in lipid and lipoprotein profile.
Comments: Adverse events in KD approach 10 %. Short-term side effects include
hypoglycaemia, dehydration, vomiting, diarrhoea, lethargy and anorexia. Long-term side
effects have not been thoroughly reported and include hyperlipidemia and or
hypercholesterolemia, renal calculi, hyperuricemia, persistent acidosis, osteoporosis with
hypocalcemia, neutrophilic dysfunction and recurrent infections, carnitine deficiency, hypo
proteinemia and growth failure. Our study shows that a thoroughly monitoring and
supplementation of vitamins and minerals can prevent and avoid most side effects. More data
is needed to tell if these atherogenic changes in artery functioning stand for a correlation

between atherosclerosis and KD.
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GENERAL DISCUSSION

Today we know that therapy resistant epilepsy can be a progressive disease with
cognitive and behavioural deficits. Both the occurrence of seizure and the interictal
epileptiform discharges per se and the cerebral dysfunction and pathology underlying the
liability to epilepsy may contribute to this. Subclinical interictal epileptiform discharges,
causing transitory cognitive impairment, have become increasingly recognized and are
probably one explanation to the progressivity in this disease [9, 14, 15]. The importance of
accurate and fast interventions to treat, and in an increasing part of the patients via epilepsy
surgery stop the seizures and IEDs, has become clear. Epilepsy surgery programs and other
methods of treatment besides the anti epileptic drugs have developed during the last years.
When antiepileptic drugs fail and epilepsy surgery is found unfeasible or ineffective, there
remains a group of at least 25% in children with epilepsy in whom seizure control cannot be
achieved. VNS and KD are two well-established methods of treatment in therapy resistant
epilepsy. Still very little is known about the mechanisms of action of antiepileptic effects and
other positive or negative side effects.

The core of this work was a prospective longitudinal study, in which the children were
their own controls and compared initially and after three and nine months of VNS-treatment
(three and 12 months of KD-treatment). These children have therapy resistant epilepsy with
variable additional severe mental and motor impairments. Assessments that allow for different
motor- visual- communication- behavioural- and cognitive impairments and the epilepsy
syndrome per se are difficult to perform. Every child is unique in his own handicap-profile
despite similar epilepsy syndrome. A matched control group had been preferable if there had
been a larger amount of children, but there was not. For this reason we suggested that the
children should be their own controls. A probable placebo effect is difficult to estimate and a
randomized cross-over study could have been an alternative. Because of the possibility of
long-term VNS effects and difficulties in choosing an accurate washout-period we decided
that the children should be their own controls.

The general aim of this thesis was to evaluate effects of VNS on epileptiform activity,
delta power and sleep characteristics and to correlate these to different clinical aspects in
children with therapy resistant epilepsy. Sleep characteristics and clinical correlations were
also evaluated in KD.

The findings in this thesis showed good antiepileptic effects of VNS (paper I, II). The
improvement in clinical seizures is in accordance with earlier reports of a better and more
rapid response in children compared with adults [41, 68, 75, 103, 108]. The tendency to

reduction of IEDs in all activity stages, significantly so in REM sleep and slow wave sleep at
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both three and nine months and the concordant reduction in electrographic seizures indicate
an effect on both the generation and the spread of IEDs and that VNS affects epileptic
pathophysiological processes. There were no concordant changes in clinical seizures and
IEDs. One explanation could be that the parents’ seizure frequency reports might be uncertain
measures with a high rate of missed subtle seizures and undetected seizures during night.
Today there is evidence that IEDs without clinical seizures may give rise to cognitive
disturbances and affect short-time memory, perception and learning in children with epilepsy.
Adequate assessments, in different activity stages such as the automatic spike detection
described in paper II will probably become more important.

The improvement of QOL in our study is confirmed in earlier studies [28, 78, 108, 112].
In addition, we found, although not significant, a tendency of improvement in mood and
behaviour. Results of the present study agree with other assessments on VNS that the
antiepileptic effects do not correlate to clinical effects on QOL, mood and behaviour [25, 76].
On the other hand seizure severity improved significantly after VNS and showed a good
concordance with QOL and mood. Seizure severity consequently might be an important
parameter of effect in this group of children with therapy resistant epilepsy and cognitive
impairment where seizure freedom is unexpected. In our study seizure severity showed a
better concordance with QOL than clinical seizures, electrographic seizures and [EDs.

Cognitive functioning has an important impact on behaviour and it is important to find
accurate assessments to be able to learn and understand the needs of this group of children
with therapy resistant epilepsy and cognitive impairment. We did not see any differences in
cognitive functioning before and after VNS. There is a possibility that VNS does not affect
cognitive functioning. The two children that improved their IQ had the highest baseline 1Q. In
the 13 children without any changes in cognitive functioning four of the children had severe
mental retardation with IQ below 30 and nine children had severe to moderate mental
retardation. This support previous findings of VNS on epileptiform activity that the treatment
effect is related to the severity of the mental handicap with a better anti-epileptic effect in
children with less severe impairment [6, 61, 75].

In the third paper (paper III) we showed that VNS counteracts known adverse effects of
epilepsy on sleep and increases slow wave sleep. Saper described a VNS induced stabilization
of the reciprocal relationship between GABA mediated non REM sleep promoting
hypothalamic VLPO activation and monoaminergic influence from LC and DR with slow
wave sleep promoting, mood stabilizing and antiepileptic effects [86, 87]. Besides these
plausible long-term modulating effects our sleep-studies show a VNS related arousal like
effect that could be related to the antiepileptic mechanisms of VNS and does not seem to
affect QOL [66]. Despite the arousal like effect of MTs no immediate effects on IEDs and
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spectral power were seen (paper V). Quantitative techniques such as coherence analysis or
nonlinear dynamic analysis of EEG have not been applied in the current study, and may
provide evidence for more subtle changes in cortical dynamics during VNS [59, 72].

In paper four (paper V), KD induced a significant decrease in total sleep and total night
sleep, and at 12 months a decrease in total daytime sleep. Slow wave sleep was preserved,
sleep stage two decreased and REM sleep was increased. Seizure frequency, seizure severity
and QOL were significantly improved at three and twelve months. Attentional behaviour was
also improved, significantly so at three months and there was a significant correlation
between the increased REM sleep and improvement in QOL.

The sleep changes in KD differ from the sleep changes in VNS. We see a normalization
of abnormal sleep patterns in most of the children with KD. The initially, pathologically
increased total sleep, total night sleep and total daytime sleep decrease and the decreased
REM sleep is normalized. In VNS we see a stabilization of total sleep with an increase of total
night sleep in favour of a decreased total daytime sleep and an increase in slow wave sleep
and REM sleep in favour of a decreased sleep stage two. Stage shifts and sleep latency are
decreased towards normal. The two patient groups are compared in Table 8. In both KD and
VNS the sleep changes develop gradually and seem to be long term modulating effects and as
Saper indicated one could speculate that VNS, via the nucleus of the solitary tract, stabilizes
the switch between VLPO promoted GABA-mediated slow wave sleep and LC and DR
promoted norephinephrine- and serotonine- mediated wake, mood and antiepileptic effects
[13, 49, 51, 62, 86, 90]. KD mimics starvation and the high fat intake decreases leptin and
insulin levels and subsequently increases the expression of galanin and NPY. VLPO contains
subregions that are specialized for the control of REM versus nonREM sleep. One could
speculate that besides the anticonvulsant effects, the increase or normalization in REM sleep,

of KD, is induced by changes in GABAergic and galaninergic functioning (Figure 5).
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Table 8 Sleep changes in the VNS and KD group

VNS KD
Patients (n) 15 18
Age (y) 11 (4-17) 7,5 (2-15)
epilepsy onset (y) 3(0,3-12) 0,7 (0-6)
partial epilepsy 9/15 8/18
AED unchanged unchanged
epilepsy surgery 4/15 1/18
Sleep
TS = U
TNS M U
TDS U U
sleep stage two ! U
slow wave sleep f U
REM sleep f f
sleep stage shifts J TT
sleep latency J =
Comments Stabilization of sleep Normalization of sleep

AED, anti epileptic drug; KD, ketogenic diet; REM, rapid eye movement; TS, total sleep; TNS, total night sleep; TDS, total daytime sleep;
VNS, vagus nerve stimulation

PPT REM
—D LDTMhoI Wake

Wake
Antiep
Mood
Behaviour

Figure 8. VNS induces GABAergic projection to the sleep and REM
promoting ventrolateral preoptic nucleus (VLPO) and promotes wakefulness
via the ascending arousal system. This includes monoaminergic cell-groups in
the dorsal raphe nuclei (DR) and locus coeruleus (LC), histaminergic cell-
groups in tuberomammillary nucleus (TMN), the cholinergic cell-groups in
the laterodorsal and pedunculopontine tegmental nuclei (LDT, PPT). Via the
nucleus of the solitary tract (NTS), VNS could stabilize the switch between
VLPO promoted GABA-mediated slow wave sleep and LC and DR promoted
norephinephrine- and serotonine- mediated wake, mood and antiepileptic
effects. VLPO withhold sub-regions that are specialized for the control of
REM versus nonREM sleep via LC, LDT and PPT. Since VLPO contains
GABA and galanin (Gal), one could speculate that besides the anticonvulsant
effects, the increase or normalization in REM sleep, of KD, is induced by
changes in GABAergic and galaninergic functioning.
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Future aspects

We have shown that KD improves sleep quality and in particular increases and
normalizes REM sleep. We also see improvements in clinical parameters and a correlation
between increased REM sleep and QOL. Today we know that cognitive and behavioural
deficits in children with therapy resistant epilepsy might be related to subclinical interictal
epileptiform discharges. We are planning to further investigate epileptiform activity,
electrographic seizures and IEDs in different activity stages and to investigate cognitive
changes in KD and correlate them to the changes in epileptiform activity. We also plan to
further investigate hormonal and growth changes in ketogenic diet.

In our study we could see increased carotid artery stiffness, a subclinical marker of early
atherosclerosis, although no significant changes in lipid and lipoprotein profile were observed
(unpublished data). The use and popularity of KD is increasing rapidly although the
mechanisms of action are unclear and further evaluation of effects and side effects is essential.
Our findings together with other clinical studies have raised the hypothesis that KD might
accelerate atherosclerosis. Inflammatory and lipid changes might underlie the putative
atherogenic influences. KD might also increase the susceptibility to respiratory infection. The
latter has in recent years been suggestive to additively interact with conventional
cardiovascular risk factors in the development of atherosclerosis. In a mice study we plan to
investigate eventual adverse influence of KD on systemic inflammation and lipid and
lipoprotein profile and to study whether KD could promote arterial endothelial dysfunction
and atherosclerotic lesions. We also plan to study eventual synergistic interaction between
infection and KD in the development of endothelial dysfunction and atherosclerosis.

Despite the arousal like effect of MTs no immediate effects on IEDs and spectral power
were seen. Quantitative techniques such as coherence analysis or nonlinear dynamic analysis
of EEG have not been applied in the current study, and may provide evidence for more subtle

changes in cortical dynamics during VNS.
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CONCLUSIONS

e VNS is associated with a good antiepileptic effect, improvement in seizure severity
and QOL and an improvement in behaviour over time. Therefore VNS can be
recommended as a palliative treatment when epilepsy surgery is not eligible in
children with therapy resistant epilepsy. This VNS antiseizure effect is not correlated

to clinical effects on QOL, mood and behaviour.

e VNS is associated with reduction in interictal epileptiform discharges, especially in
REM sleep and slow wave sleep and a reduction in the number of electrographic
seizures. The effects on interictal epleptiform discharges as well as on seizures
indicate that VNS affects the epileptic pathophysiological process on different

functional levels.

e VNS increases slow wave sleep and counteracts known adverse effects of epilepsy on
sleep. This possibly contributes to the improvement in wellbeing of VNS.
VNS also increases movement times. This arousal effect seems to be of minor
importance for QOL and could possibly be related to the antiepileptic mechanisms of
VNS.

e KD decreases sleep and improves sleep quality and in particular increases REM sleep.
KD also improves seizure frequency, seizure severity, attentional behaviour and QOL
and there is a correlation between increased REM sleep and QOL.

The increased REM sleep seems to be a normalization of a pathologically reduced
REM sleep.

e The twenty-four hour ambulatory EEG monitorings were used to study immediate
effects of VNS on interictal epileptiform discharges and EEG spectral power. The
findings lend no support to earlier studies suggesting immediate VNS related changes
in interictal epileptiform discharges. These findings indicate that the effects of VNS
on seizures and interictal epileptiform discharges cannot be explained by an
immediate effect on arousal. There were no immediate VNS related changes in EEG

spectral power. These findings confirm earlier findings.
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SUMMARY IN SWEDISH
SAMMANFATTNING PA SVENSKA

De flesta barn som insjuknar i epilepsi tillfrisknar eller blir anfallsfria med hjilp av
antiepileptisk medicin. Hos drygt en fjarde del av barnen blir epilepsin svarbehandlad och
anfallskontroll dr svar att uppnd. Dessa barn ska i forsta hand erbjudas mojlighet till
epilepsikirurgisk utredning och behandling. Nir epilepsikirurgisk behandling inte 4r mojlig att
utfora eller inte gett forvéntat resultat finns idag, forutom nya anti-epileptiska mediciner
Vagus nerv stimulering och Ketogen kost.

Vagus nerv stimulering &r en relativt ny behandlingmetod. En utifran programmerbar
generator levererar elektriska impulser via vagus nerven i syfte att reducera och lindra
epileptiska anfall. Vagus nerven star i direkt forbindelse med omréden i hjdrnan som har
betydelse for epilepsi utveckling och anfallsgenerering samt reglering av stimningslidge och
somn. Kost som behandling vid epilepsi ar betydligt dldre, och finns beskrivet redan i bibeln.
Raphaels malning the Transfiguration of God, dr hdmtad frdn Marcus evangeliet, och
beskriver bl a hur Jesus botar ett epileptiskt anfall med fasta och boner. Ketogen kost dr en
fettrik, kolhydrat- och protein- fattig kost som utvecklades redan pé 1920-talet till en
behandlingsmetod som skulle ersétta fasta.

Malet med denna avhandling var att utvirdera effekter av vagus nerv stimulering pa
epileptisk aktivitet, elektrisk bakgrunds aktivitet och somn samt att korrelera dessa med
kliniska effekter pa anfallsfrekvens, anfallsstyrka, beteende, stimningsldge, livskvalitet och
kognition hos barn med svarbehandlad epilepsi, dér epilepsikirurgisk behandling inte varit
mdjlig eller inte givit forvantad effekt. Utvdrdering av effekt p4 somn och korrelering med
kliniska effekter gjordes dven pa ketogen kost behandling. Initialt och efter tre och nio
manader (efter tre och tolv manader vid ketogen kost) undersoktes barnen med ambulatoriskt
EEG under 24 timmar for detektion av epileptisk aktivitet och analys av somn. Vidare
undersoktes barnens kognitiva forméga och fordldrarna fyllde i formuldr avseende
anfallsfrekvens, anfallsstyrka, beteende, stimningsldage och livskvalitet.

I den foOrsta artikeln visar vi att vagus nerv stimulering har god effekt bade pa
anfallsfrekvens, anfallsstyrka och livskvalitet och att det finns en positiv effekt pa beteende,
stdmningslidge och depressions parametrar som 6kar med tiden. Effekten pa anfallsstyrka och
livskvalitet och den positiva effekten pa beteende, stimningslage och depressionsparametrar
var inte relaterad till minskningen av epileptiska anfall.

I den andra artikeln utvdrderar vi epileptisk aktivitet. Vi visar att den epileptiska
aktiviteten minskar generellt och i synnerhet under REM sémn och djupsémn. Aven antalet

elektrografiska anfall minskar och vi kan visa att det finns en konkordans mellan minskningen
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av antalet elektrografiska anfall och den totala minskningen av epileptisk aktivitet. Denna
effekt pa savil epileptisk aktivitet som pa anfallsaktivitet indikerar att vagus nerv stimulering
paverkar den epileptiska processen péd olika nivéer, dels i form av en antiepileptisk arousal
effekt och dels i form av en mer l&ngverkande, neuron modulerande effekt. I en pilotstudie
utvirderade vi en automatisk metod att detektera epileptisk aktivitet. Denna visade sig ha en
mycket god korrelation med den manuella och anvindes darfor for detektion av epileptisk
aktivitet.

I den tredje artikeln analyseras effekterna pad somn vid vagus nerv stimulering. Vara
fynd indikerar att vagus nerv stimulering motverkar kénda negativa effekter av epilepsi och
epileptisk aktivitet pa somn. Dessutom ser vi en stabilisering av somnarkitekturen med en
Okning av djupsomnen, vilket skulle kunna bidra till den forbéttrade livskvaliteten som
beskrivs. Vi kan ocksa visa att vagus nerv stimulering har en arousal liknande effekt. Denna
effekt forefaller inte paverka vélbefinnandet negativt utan istdllet vara relaterad till den
antiepileptiska effekten vid vagus nerv stimulering. Vagus nerven har direkta forbindelser
med centrala omréden i hjirnan med betydelse for somnreglering och antiepileptisk arousal
effekt. Trots att vi ser omedelbara vagus nerv stimulerings relaterade effekter pa arousals ser
vi inga omedelbara stimulerings relaterade effekter pa epileptisk aktivitet eller elektrisk
bakgrunds aktivitet, analyserad med frekvensanalys.

Vid ketogen kost behandling ser vi en minskning av somnen och en forbéttring av
somnkvaliteten framfor allt i form av en 6kad REM sdomn. Vi ser ocksd en signifikant
forbéttring av anfallsfrekvens, anfallsstyrka, livskvalitet och uppmérksamhet samt en
korrelation mellan den 6kade REM somnen och forbattrade livskvaliteten. Den 6kade REM
somnen forefaller vara en normalisering av en tidigare onormalt reducerad REM sémn.

Genom att studera och kartldgga de neurofysiologiska effekterna pa epileptisk aktivitet,
somn, elektrisk bakgrunds aktivitet samt att utvidrdera och korrelera dessa med kliniska
effekter pa anfallsfrekvens, anfallsstyrka, beteende, stimningsldge, livskvalitet och kognition
ar det mojligt att f4 mer information om verkningsmekanismerna inte bara bakom den
antiepileptiska effekten utan ocksd bakom positiva och negativa sidoeffekter. Detta skulle

kunna ha betydelse for 6kade mdjligheter att individualisera den antiepileptiska behandlingen.
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