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Abstract

Perinatal encephalopathy, is an important cause of neonatal morbidity and mortality. The
electroencephalogram (EEG) is a critical diagnostic tool for detecting brain injury shortly
after birth. In clinical practice, longitudinal bed-side monitoring is performed by the
amplitude-integrated EEG (aEEG), which is a time-compressed version of the EEG measured
using four electrodes. Perinatal encephalopathy is often accompanied by seizure activity,
which is treated with antiepileptic drugs (AEDs). It is well known that AEDs can actively
change (a)EEG characteristics, which may hamper interpretation of the (a)EEG and
assessment of brain injury.

The first aim of this study is to quantify the effects of two common AEDs, midazolam and
lidocaine, on EEG spectral power for full-term infants presenting with seizures after perinatal
arterial ischemic stroke (PAIS). The patient group consists of 12 full-term neonates with
PAIS, undergoing multi-channel EEG and aEEG recordings, and receiving midazolam and/or
lidocaine for seizure control. Spectral analysis using the Fourier transform is performed on 4-
hour EEG segments surrounding the time of AED administration. Artifacts are detected and
omitted from analysis by restrictions of frequency power. The frequency spectrum is divided
in 8 (1-4 Hz), 6 (4-8 Hz), a (8-13 Hz) and B (13-30 Hz) frequency bands. This is the first
study investigating the spectral effects of AEDs in neonates.

The results of the spectral analysis show that both drugs induce a shift from low to high
frequency electrocortical activity. For lidocaine, the effects are more pronounced in the
stroke-affected hemisphere. Additionally, midazolam reduces total EEG power. These
spectral changes differ from those seen in adult studies. aEEG data shows that midazolam has
a low seizure suppression effectiveness, whereas lidocaine is highly effective in terminating
seizures.

Early detection of neonatal encephalopathy is important to timely enact treatment and prevent
additional brain injury. EEG can be recorded immediately following birth, whereas MRI is
typically available one week after birth. 3D source localization of neonatal EEG data might
provide additional information about possible encephalopathy in the early stage. Therefore,
the second aim of this study is to evaluate the monitoring feasibility of EEG source
localization by standardized weighted low resolution brain electromagnetic tomography
(sSWLORETA) in full-term newborns with hypoxic-ischemia. Three representative examples
of neonatal hypoxic-ischemia are included. EEG source localization results are compared with
magnetic resonance imaging (MRI) data obtained within the same day of EEG recording.
Source localization is calculated for a generic anatomical head model from EEGs recorded
with 19 scalp electrodes, placed according to the international 10-20 EEG montage. This is
the first study investigating monitoring capabilities of EEG source localization in neonates.

The results of the EEG source localization show that regions of low signal intensity on 3D
SWLORETA inverse solutions correlate well with hypoxic-ischemic areas, as are visible on
MRI. In addition, neonatal seizure activity may be localized using swLORETA. Furthermore,
the results indicate that the current implementation may be less sensitive for WM lesions. The
calculated current density probability distributions may provide easy-to-interpret localized
information about neonatal brain function, which may enable detailed longitudinal monitoring
and potential assessment of treatment efficacy. Additionally, since EEG data are available
from the first day after birth, whereas MRI data are typically available one week after birth,
EEG source localization may allow early diagnosis of possible encephalopathy in neonates.
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Abbreviations

A/D analog to digital

ACA anterior cerebral artery

ADC apparent diffusion coefficient
AED antiepileptic drug

aEEG amplitude-integrated electroencephalogram
BS burst suppression

CLVv continuous low voltage

CNS central nervous system

CNV continuous normal voltage

CT computed tomography

DFT discrete Fourier transform

DNV discontinuous normal voltage
DWI diffusion-weighted imaging

ECG electrocardiogram

EEG electroencephalogram

EMG electromyogram

EPSP excitatory postsynaptic potential
FFT fast Fourier transform

FT flat trace

GABA gamma-aminobutyric acid

GM gray matter

HIE hypoxic-ischemic encephalopathy
IPSP inhibitory postsynaptic potential
IQR interquartile range

LGN lateral geniculate nuclei
LORETA low resolution brain electromagnetic tomography
MCA middle cerebral artery

MRI magnetic resonance imaging
NnCPAP nasal continuous positive airway pressure
NICU neonatal intensive care unit

PAIS perinatal arterial ischemic stroke
PCA posterior cerebral artery

SEF spectral edge frequency
SWLORETA

us ultrasound

WM

vii

standardized weighted low resolution brain electromagnetic tomography

white matter






1 Introduction

The birth of a child is a highly dynamic and complex process and is therefore sensitive for a
variety of complications. One of these complications is perinatal encephalopathy, or brain
injury, which is responsible for a large number of neonatal mortalities each year. Critical
factors in development of encephalopathy are genetic abnormalities, preterm birth, perinatal
asphyxia, hemorrhage and cerebral infarction. Reduced cerebral blood flow can lead to
hypoperfusion of brain tissue, i.e. an insufficient supply of freshly oxygenated blood to the
brain. In the neonate this is termed perinatal asphyxia or hypoxic-ischemic encephalopathy
(HIE) and occurs in 3 to 9 of 1000 live births [1]. Cerebral infarction occurs in 1 of 5000 live
births [2] and can also lead to rapid loss of brain function. An extensive review study covering
30 years has shown that following perinatal stroke 40% of the neonates developed normally,
57% had motor and/or cognitive disorders and 3% died [3].

Hypoxic-ischemia develops rapidly following a lack of oxygen to brain tissue. In the ischemic
core there is immediate cell necrosis resulting in irrevocable loss of brain function in this area.
The penumbra surrounds the ischemic core and undergoes delayed cell necrosis within five
hours following the ischemic event. Rapid diagnosis is therefore critical to allow immediate
treatment so that additional cell necrosis can be prevented.

Identification of neonates at risk of encephalopathy is started immediately after birth by use of
clinical scoring systems. The Apgar scoring system is used to assess general health of the
neonate and is based on skin color, pulse rate, reflex irritability, muscle tone and breathing
[4]. The test is performed at 1, 5 and 10 minutes after birth, and scores range from 0 to 10.
Prognosis of neonates with scores below 3 is poor, whereas a score of 7-10 represents a good
prognosis. The Sarnat scoring system is another common test that is performed to assess
grades of HIE based on clinical and EEG findings [5]. Possible grades are I, 1l and IlI,
indicating mild, moderate and severe HIE respectively.

Clinical scoring can be followed by several imaging modalities and functional monitoring.
Possible modalities are ultrasound (US), computed tomography (CT), magnetic resonance
imaging (MRI), electroencephalogram (EEG) and amplitude-integrated EEG (aEEG). Cranial
US is cheap and readily available, but spatial resolution and contrast is low compared to MRI.
Cranial CT has been used widely before the advent of MRI and is sensitive for detection of
hemorrhage and stroke, but involves high radiation exposure to the neonate. MRI does not
require ionizing radiation, but is less sensitive to brain injury shortly after birth. Diffusion-
weighted MRI (DWI) is most sensitive at 2 to 4 days after birth and conventional T1- and T,-
weighted imaging reaches peak sensitivity at 1 week after injury [6]. MRI is also expensive,
requires transportation of the neonate and sedation is necessary due to long measuring times.

Imaging modalities are useful for diagnosis and prediction of outcome, but not until 24 hours
or more after birth. Functional monitoring with (a)EEG is a critical diagnostic tool since it is
sensitive for brain injury shortly after birth [7]. EEG provides spatial information on
background activity, seizure activity, antiepileptic drug (AED) effectiveness and possible
occurrences of abnormal transients. The aEEG is a time-compressed version of a single- or
two-channel EEG and is used for continuous bed-side monitoring of at-risk neonates. It does
not provide the localization of abnormalities, but background and seizure activity are easily
assessed. Both aEEG and EEG have been shown to be predictive of outcome in asphyctic
neonates [8-12]. In summary, Apgar and Sarnat scores are determined immediately after birth.
Continuous monitoring of aEEG is also started immediately for at-risk neonates. US and EEG
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measurements can be performed from the first day of life for additional diagnostic
information. Finally, MRI is typically performed at the end of the first week of life.

Treatment strategies are started at the onset of clinical symptoms of brain injury, e.g. lowered
EEG background activity or seizure activity. Seizures occur in approximately 3 per 1000 live
births [13]. They are a consequence of underlying encephalopathy, but are believed to actively
contribute to ongoing brain injury [14, 15]. Treatments therefore focus on the suppression of
seizure activity by use of AEDs. It is well known that AEDs can actively change (a)EEG
characteristics, which may hamper interpretation of the (a)EEG and assessment of brain
injury. A correct understanding of the effects of AEDs is therefore important.

Studies into predictors for neurological disease have mainly focused on imaging modalities,
e.g. MRI-based techniques, and longitudinal (a)EEG monitoring. The topic of 3D
reconstruction of electrical sources in the brain, which are responsible for the measured EEG
activity, has attracted increased attention in recent years, due to advances of models reducing
source localization errors [16-18]. However, studies have mainly been limited to adults, and
source reconstruction is not frequently used in newborns because of technical difficulties, e.g.
lack of data concerning the newborn skull conductivity, thickness and homogeneity [19].
Since EEG is sensitive for brain injury immediately after birth, source reconstruction of the
EEG might provide 3D localization information of encephalopathy at a very early stage, when
MRI data are typically unavailable.

Aims and outline

This thesis has two important aims. Neonates with perinatal encephalopathy are monitored by
(2)EEG. If neonatal seizures are present, they are treated with AEDs. However, these AEDs
change the characteristics of the (a)EEG and this may hamper the clinical interpretation of the
(A)EEG. A correct understanding of the effects of AEDs on (a)EEG is therefore important.
The first aim of this study is to quantify the effects of two common AEDs, midazolam and
lidocaine, on EEG spectral power for full-term infants presenting with seizures after perinatal
arterial ischemic stroke (PAIS).

Additionally, early detection of neonatal encephalopathy is important for the quick enactment
of treatment, in order to prevent ongoing brain injury. EEG recordings are readily available
shortly after birth, whereas MRI typically is not. Therefore, the 3D source localization of EEG
recordings might provide additional information about possible brain injury. The second aim
of this study is to evaluate the monitoring feasibility of EEG source localization by
standardized weighted low resolution brain electromagnetic tomography (SWLORETA) in
full-term newborns with HIE.

In Chapter 2, the anatomy of the brain is explained as well as acquisition and analysis
techniques of ()EEG. In Chapter 3, the effects of AEDs (midazolam and lidocaine) on EEG
spectral power are quantified for full-term infants presenting with seizures after perinatal
arterial ischemic stroke (PAIS). Additionally, the effects of these AEDs are also quantified for
aEEG recordings. In Chapter 4, the feasibility of monitoring applications of 3D source
localization by swLORETA is investigated in full-term neonates with HIE. In Chapter 5, the
results from previous chapters are summarized and recommendations are given in Chapter 6.



2 Theory

2.1  Anatomy of the brain

2.1.1 Main anatomical features

The human brain (encephalon) comprises the upper part of the central nervous system (CNS).
It exerts centralized control over all other organs of the body. It receives and processes
sensory inputs, maintains motor control of body movements and controls the autonomic
nervous system. The main anatomical features of interest in this study are located in the
cerebrum, which is attached to the brain stem, see Figure 2.1 and Figure 2.2.

The cerebellum is located below the cerebrum and behind the brainstem. Unlike the cerebral
cortex its surface is made of parallel fine grooves. It plays an important role in motor
coordination, precision, timing and learning. Damage to the cerebellum does not directly
result in paralysis, but produces problems of fine movement. Functional imaging studies have
shown that the cerebellum is not only connected to motor-specific areas of the cerebral cortex,
but also plays an important role in learning, attention and mental imagery [20-22].

The cerebrum, or telencephalon, comprises the most superior part of the CNS. It consists of
two approximately symmetric hemispheres and can be subdivided into the cerebral cortex,
limbic system and basal ganglia (i.e. the caudate nucleus and putamen). Since the cerebrum
consists of many sub-regions, which have a wide variety of different functions, these regions
will be discussed separately.

Cerebellum

Cerebrum

Brain stem

Thalamus
Capsulainterna

Corpus callosum
Caudate nucleus
Putamen

. Lateral geniculate nucleus
10. Posterior cerebral artery
11. Cerebral cortex

©ONOU A WNE

Figure 2.1: Overview of the main anatomical regions in the human brain.
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The thalamus is a mass of gray matter (GM) located in the middle of the brain and functions
as a processing and relay station. It consists mainly of long projection neurons connecting
subcortical areas with the entire cerebral cortex. All sensory information, except for the
olfactory system (sense of smell) is relayed to the cortex by the thalamus. The thalamus also
regulates the different states of sleep and wakefulness and it is believed to be involved in
generating consciousness through the thalamo-cortical circuitry.

The internal capsule, or capsula interna, is a VV-shaped tract of white matter (WM) separating
thalamus and caudate nucleus from the putamen (Figure 2.2). The flexure of the V is called
the genu and connects the anterior and posterior limb of the internal capsule. The anterior
limb consists of frontopontine fibers connecting the frontal cortex to the pons inside the
brainstem. Additionally, it contains thalamo-cortical fibers connecting the thalamus with the
frontal cortex. The posterior limb contains corticospinal fibers, connecting the spinal cord
with the cerebral cortex.

The corpus callosum is the largest mass of WM in the brain and is situated beneath the GM of
the cortex. This large bundle of nerve fibers connects the left and right hemispheres
facilitating interhemispheric communication. The anterior portion is called the genu of the
corpus callosum and the posterior part is called the splenium. Agenesis (i.e. an
underdevelopment) of the corpus callosum can lead to a number of disorders, e.g. seizures,
motor problems and visual and auditory memory problems.

The caudate nucleus, or nucleus caudatus, is a C-shaped curved mass of GM and is part of the
basal ganglia. Two caudate nuclei exist; each hemisphere contains one bordering the
thalamus. It consists of a large anterior head and an elongated posterior tail. The caudate has
long been believed to be involved in motor behavior, but more recently has also been shown
to be highly involved in learning and memory tasks [23].

Connected to the anterior limb of the caudate nucleus is the putamen and together they are
referred to as the dorsal striatum. The putamen, like the caudate nucleus, is made of GM and
is also part of the basal ganglia. It contains feedback loops responsible for motor learning,
performance and preparation [24, 25]. It releases several types of neurotransmitters, including
gamma-aminobutyric acid (GABA), which control neural excitability. The putamen plays an
important role in Alzheimer’s, Huntington’s and Parkinson’s disease.

[ ] caudate nucleus

|:| Cerebellum

[ ] Putamen
|:| Thalamus

Figure 2.2: Orientation of caudate nucleus, cerebellum, putamen and thalamus. Image adapted with permission
from Healthline BodyMaps™ [26], copyright © 2005-2012 Healthline Networks, Inc.



Theory 3)

The visual system is depicted in Figure 2.3. Optic nerves originate from the eyes and cross
each other in the optic chiasm. From there optic tracts travel to the lateral geniculate nuclei
(LGN) residing on either side of the thalamus. The LGN are a sensory processing and relay
nucleus and consist of six layers from which neurons originate, together called the optic
radiation, which travel to the visual cortex at the most posterior part of the cerebrum.

Eye

Optic nerve

Optic chiasm

Optic tract

Lateral geniculate nucleus
Optic radiation

Visual cortex

Noup,rwNpeE

Figure 2.3: Schematic overview of the visual system. Visual signals are transferred through the optic nerve,
chiasm and tract to the lateral geniculate nucleus. From here the optic radiation transfers the signal to the visual
cortex at the posterior part of the cerebrum.

The outermost layer of the cerebrum is called the cerebral cortex. It consists of GM and is
approximately 2-4 mm thick. It is connected with subcortical structures like the thalamus and
the basal ganglia. The cerebral cortex is folded, the peaks are termed gyri and the troughs are
termed sulci, and thus only a third of the cortex is located at the surface of the brain. The
cortex contains a number of large sulci called fissures that divide it into lobes, see Figure 2.4.
The frontal lobe is associated with higher mental functions, e.g. attention, short-term memory,
planning and motivation. The temporal lobe is situated to the sides of the brain and is linked
with auditory perception, speech and long-term memory. The parietal lobe is situated behind
the frontal lobe and is related to sensory information processing and spatial aptitude. The
occipital lobe is the most posterior part of the human brain. It contains the primary visual
cortex and thus visual sensory information is processed in this region.

[ ] Frontallobe
|:| Temporal lobe

[ ] Parietallobe

|:| Occipital lobe

W

\:_:—//____—//% ’

\\

Figure 2.4: Classification of the cerebral cortex into lobes based on apparent fissures.

Ninety percent of the cerebral cortex is made up of the neocortex. It is an important region
since it is linked with sensory information processing, motor planning, visual aptitude,
language and conscious thought. It is made up of two types of neurons, 80% are excitatory
pyramidal neurons and 20% are inhibitory interneurons that project their axons locally.
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Classically, the neocortex is said to consist of six layers divided by cell type and neuronal
connections, labeled I to VI (with VI the innermost layer). The number of layers as well as
their thickness and cell types can vary depending on specific brain areas. Generally, layers |
and Il process non-thalamic information and project locally to other cortical areas. Layer |11
consists of pyramidal cells which project axons to distant areas within the neocortex. Layer IV
consists of neurons that receive synaptic connections from thalamus and all other sensory
areas and relay this information locally to other areas of the cortex. Layer V projects its axons
outward to the brain stem, spinal cord and basal ganglia, whereas layer VI projects outward to
the thalamus.

2.1.2 Cerebral blood flow

The human brain receives its blood from two main pairs of arteries: the internal carotid
arteries and the vertebral arteries. A schematic overview depicting the main arteries that
provide the cerebral blood flow is depicted in Figure 2.5. The internal carotid arteries branch
into two anterior and two middle cerebral arteries (ACAs and MCASs). The vertebral arteries
join to form the basilar artery at the brain stem and subsequently branches into two posterior
cerebral arteries (PCAs). An arterial ring, called the Circle of Willis, is formed by
communicating arteries; the anterior communicating artery connects both ACAs, and two
posterior communicating arteries connect both MCAs with the PCAs. The Circle of Willis
provides collateral blood flow in the event of a major cerebral artery occlusion.

tit

Anterior cerebral arteries
Anterior communicating artery
Middle cerebral artery

Internal carotid arteries
Posterior communicating artery
Posterior cerebral arteries
Basilar artery

Vertebral arteries

O NOUEWN R

Figure 2.5: Major arteries providing cerebral blood flow in the brain. Blood is pumped towards the brain through
the vertebral and internal carotid arteries and distributed within the brain by the anterior, middle and posterior
cerebral arteries. An arterial ring, called the Circle of Willis is formed by additional communicating arteries.
Flow direction is indicated by the arrows.

The approximate areas of the human brain provided with blood by the major cerebral arteries
are depicted in Figure 2.6. The ACA provides blood to the medial parts of the frontal lobe and
to the superior medial parts of the parietal lobe. It also supplies anterior parts of the corpus
callosum, basal ganglia and internal capsule with blood. The MCA accommodates the bulk of
the lateral hemispheres (i.e. both temporal and parietal lobes), with the exception of the most
superior part of the parietal lobe (supplied by ACA) and the most inferior part of the temporal
lobes (supplied by PCA). The MCA also provides blood to the basal ganglia and the internal
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capsule. Finally, the PCA supplies the occipital lobe with blood as well as the inferior part of
the temporal lobes.

[] rca

/
N
\\\Q>\/‘\\\\\\\\\\m

s — Ve
‘*‘/

Figure 2.6: Blood supply to different areas of the brain as provided by the anterior cerebral arteries (ACAS),
middle cerebral arteries (MCAS) and posterior cerebral arteries (PCAs). Note that the ACA provides blood not
only to the frontal lobe, but also to large areas of the parietal lobe, and the PCA provides blood not only to the
occipital lobe, but also to parts of the temporal lobe.

2.1.3 Cellular structure

The basic cell types of the CNS are neurons and glial cells. Neurons process and distribute
information by electrical and chemical signaling. Functionally, they can be divided into
afferent neurons (sensory neurons), receiving information from tissues and organs to the CNS,
efferent neurons (motor neurons), transmitting impulses outwards from the CNS, and
interneurons, which connect with other neurons inside the CNS.

Neurons consist of a cell body (soma), dendrites and an axon, see Figure 2.7. Dendrites are
thin structures extending from the cell body for up to 100 micrometers and may branch
multiple times. Their function is to receive signals from other neural cells and transmit them
to the cell body. A single axon originates from the cell body, has a typical length of a
millimeter and may also branch multiple times before terminating at dendrites or cell bodies
of other neurons. Their function is to transmit neural signals to other cells. The axons of
neural cells can be surrounded by a myelin sheath, produced by glial cells called
oligodendrocytes, which serves as insulation and reduces ion leakage and cell membrane
capacitance, and also increases impulse speed inside the axon. WM consists of these
myelinated axons and glial cells, whereas GM is made of neuronal cell bodies, unmyelinated
axons and dendrites. The typical white and gray colors originate from the appearance of the
(un)myelinated axons after preservation in formaldehyde.
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dendrites

} cell body

o3
M-S A,
olei0 (g =

synapses

Figure 2.7: The neuron and its main constituents. The neuron receives its input via the dendrites and transmits its
signals through the axon. The axon can terminate into a multitude of synapses that are connected to other
neurons. The axons in WM are myelinated increasing impulse speed.

The extracellular space and the nerve fibers contain sodium (Na*), potassium (K*) and
chloride (CI') ions. Inside a nerve fiber there is an abundance of CI resulting in a net negative
charge, in the extracellular space there is more Na* and K™ than CI” resulting in a net positive
charge. This difference in ion concentrations causes the neurons to be electrically polarized,;
they maintain a membrane resting potential of -70 uV with respect to the extracellular fluid. A
signal inside a nerve fiber is simply a local charge reversal in the axon and adjacent
extracellular fluid. The signal is transmitted by opening sodium gates at the head of the signal
and potassium gates at the tail of the signal. This leads to an inflow of Na™ at the front and an
outflow of K™ at the tail, resulting in the propagation of the local positively charged signal.
This process is depicted in Figure 2.8. When the signal has passed, the resting state of the
nerve is restored by metabolic pumps. The inversion of cell membrane potential is called the
action potential. The positive feedback loop of continuously opening ion gates in the cell
membrane, which propels the signal forward, is called the Hodgkin cycle [27].

K* Na*

+ + + + + 4+ - - - - - + + + + + + + +
L ] L ] L ]
- - - - - + + + + + v - - - - - - - -

= direction of signal
- - - - - + + + + + 4 - - - - - - - -
L ] L ] L ]
+ + + + + 4 - - - - - + + + + + + + +
K* Na*

Figure 2.8: Signal propagation inside a nerve fiber. The signal consists of a local charge reversal and travels
forward by the opening of sodium and potassium gates at the head and tail of the signal respectively.

The transmission of information between neurons occurs at junctions, called synapses, that
are located at the endpoints of axons and connect with cell bodies or dendrites of other
neurons, see Figure 2.9 (a). When a signal that travels along a nerve fiber reaches a synapse it
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causes the release of neurotransmitters. These neurotransmitters have the ability to travel
across the synaptic cleft and reach receptors that are located on the cell body or dendrite to
which the synapse is connected, see Figure 2.9 (b). Neurotransmitters are either excitatory or
inhibitory, encouraging or discouraging the target neuron from firing. They hyperpolarize
(excitatory postsynaptic potential, EPSP) or depolarize (inhibitory postsynaptic potential,
IPSP) the membrane potential of the target neuron. EPSPs and IPSPs have durations of
approximately 1 second and spread over a small area of the membrane of the target neuron.
This leads to a spatial and temporal summation of EPSPs and IPSPs and if a threshold of -55
uV is surpassed the Hodgkin cycle is started and the target neuron will fire an action potential.

[ ] Axon with synapse

|:| Neurotransmitter

[ ] Receptor
O o o
OO0 ©
° o [ ] Target neuron
< ~

Figure 2.9: (a) The axon of a neuron projects to the cell body or dendrites of another neuron. The transmission of
the electrical signals occurs at junctions called synapses. (b) When a signal reaches the synapse
neurotransmitters are released that cause a local hyper- or depolarization of the cell membrane of the target
neuron. If the spatial and temporal summation of these polarizations surpasses a certain threshold the target
neuron will fire.
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2.1.4 Origin of the EEG

The EEG measures electrical activity at the scalp, generated by electrically charged neurons
in the brain. The cerebral sources of EEG potentials are 3D volumes of the cortex that
produce 3D potentials inside the human brain. These potentials can then be measured by
electrodes at the scalp as a 2D varying potential field. The main generator for EEG potentials
IS synaptic activity in the cerebral cortex [28]. In order to record cerebral electrical activity,
the generator must be of sufficient strength and duration. The EPSPs and IPSPs, as produced
by neurotransmitters in the synapse, cause intra- and extracellular currents that add up
spatially and temporally, and form the main source for EEG activity. The extracellular current
as produced by synaptic activity is shown in Figure 2.10.

l I [ ] Axonand synapse

[ ] cellbody and dendrite

++

Figure 2.10: An extracellular current is generated by synaptic activity. Spatial and temporal summation of a
multitude of these extracellular currents leads to detectable EEG activity.

A special type of neuron, called a pyramidal cell, is the largest contributor to EEG activity.
These neurons are situated in the neocortex, i.e. the layer closest to the scalp, and are mostly
orientated perpendicular to the surface of the cerebral cortex. Since one third of the cerebral
cortex is orientated tangentially to the scalp (two thirds is situated deeper inside the brain due
to cortical folding) a large number of pyramidal cells are perpendicularly orientated with
respect to the scalp. The extracellular current produced by these pyramidal cells can thus be
recorded by scalp electrodes, whereas tangentially orientated neurons would not result in a net
voltage change at the scalp. Hamaéléinen et al. have calculated that typical cluster sizes of
simultaneously active synapses of 40-200 mm? are necessary for generating experimentally
measured current densities of 100-250 nA/mm? [29]. Others have proposed that 108
simultaneously active neurons in an area of 600 mm? are necessary to produce visible EEG
activity [28].

Subcortical structures are also believed to have a measurable effect on EEG activity. The
thalamus is considered to be an EEG rhythm generator since it is highly connected with the
cerebral cortex through the extensive thalamo-cortical circuits. It plays an important role in
regulating different states of sleep and wakefulness and this has a measureable effect in EEG
recordings [30].
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2.2 EEG acquisition
2.2.1 International 10-20 system

The international 10-20 system is a standardized method for placing EEG scalp electrodes at
fixed positions on the head of a patient based on anatomical landmarks [31, 32]. It allows for
reproducible EEG measurements and ensures that scalp electrode placement is identical
between different studies and results can be compared with each other. The electrode
locations correspond to distinct underlying areas of the cerebral cortex. The distances between
electrodes are either 10% or 20% of the left-right or front-back distance from the skull.

A graphical representation of the 10-20 system is shown in Figure 2.11. Two initial landmarks
are used as reference for all scalp electrode placements. These are the nasion, located between
the nose and the forehead, and the inion, the lowest point of the skull on the back of the head
which is commonly identifiable by a bump. The line connecting these two points is referred to
as the midline. Scalp electrode locations are spaced apart either 10% or 20% of the length of
the midline or the line connecting the ears. Names of electrodes consist of a combination of a
letter and a number. The letter corresponds to the lobe: F is frontal (and Fp is frontopolar), T
is temporal, C is central (part of the parietal lobe), P is parietal and O is occipital. Referential
electrodes are commonly attached to the earlobes, indicated by the letter A. Even numbers
correspond to the right hemisphere, odd numbers to the left hemisphere. Higher numbers
correspond with increasing distance from the midline and z refers to zero, i.e. placed on the
midline. The actual number of electrodes used in EEG measurements can differ depending on
the amount of spatial resolution that is desired. When an EEG is recorded with 9 electrodes
(marked in green in Figure 2.11) this is commonly referred to as the reduced 10-20 system.
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Figure 2.11: The international 10-20 system that is used for consistent scalp electrode placement based on
anatomical landmarks of the head. The green electrodes, commonly called the reduced 10-20 system, refer to a
minimum of 9 scalp electrodes which are used in the spectral analysis study of this thesis. The additional blue
electrodes result in a total of 19 scalp electrodes which are used for the 3D source localization study of this
thesis. The two pink electrodes are reference electrodes placed on the earlobes of a patient.

Electrocortical activity is derived from the electrode signals by use of a montage that
combines the voltages measured by the electrodes to enhance relevant signals and suppress
noise. Different montages can result in highly different representations of the EEG. Changing
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from one montage to another is always possible, since any montage can be derived
mathematically from another. The three most common montages are:

e Common reference montage: A referential electrode is placed on a patient at a location
where EEG activity is minimal, e.g. the earlobes or mastoids, and this signal is
subsequently subtracted from all other scalp electrodes.

e Auverage reference montage: A reference signal is calculated by averaging the signal from
all scalp electrodes and this reference is then subtracted from all scalp electrodes.

e Bipolar montage: The output voltage is calculated by subtracting two adjacent electrodes.

The bipolar montage is chosen in this study as it is used most often in clinical practice.

2.2.2 Full 10-20 EEG

When detailed and local information on the electrocortical information of a patient is
required, a full 10-20 EEG can be made, e.g. in neonates with suspicion of brain injury.
Electrodes are placed according to the international 10-20 system (described in section 2.2.1).
The number of electrodes can vary. Commonly, 9 scalp electrodes are used for neonates, and
this is termed the reduced 10-20 system. The number of electrodes can be increased to 19
scalp electrodes for higher spatial resolution. Measurements are usually around 30 minutes
long. For diagnostic purposes it is common to investigate the spectral content of an EEG. A
full 10-20 EEG provides spatial information on background activity, seizure activity, AED
effectiveness and can show the possible occurrence of abnormal transients. These abnormal
EEG transients appear to be an important prognostic indicator [33].

2.2.3 Amplitude-integrated EEG

The aEEG is a highly compressed representation of a patient’s EEG, commonly recorded with
four electrodes. This method and the first clinical device, referred to as a cerebral function
monitor, have initially been developed by Maynard et al. around 1970 [34, 35]. Its primary
use was continuous electrocortical monitoring in adults with status epilepticus, cardiac arrest
or during anesthesia. In the early 80s it became clear that the method was of value in the
continuous monitoring of neonates with encephalopathy or seizures. Several studies have
shown that aEEG measurements are a good predictor of outcome [7, 11, 12, 36, 37]. Studies
on AED effectiveness have also been performed with aEEG [38-41]. Currently, aEEG is
widely used as a continuous bed-side monitoring tool for at-risk neonates. When detailed
spatial information of electrocortical activity is required a complete 10-20 EEG can be
recorded, as described in section 2.2.2.

It is common practice to perform EEG measurements for both hemispheres simultaneously for
construction of the aEEG. This makes it possible to assess interhemispheric asymmetry,
especially useful in neonates with unilateral stroke (i.e. restricted to one hemisphere). Signals
are usually recorded from electrodes at F3-P3 and F4-P4, see Figure 2.11. The acquired
signals are amplified and processed by an asymmetric band-pass filter, suppressing
frequencies below 0.5 Hz and above 30 Hz, since little electrocortical activity and mainly
artifacts are situated outside this frequency range (e.g. sweating, movement, muscle artifacts
and electrical interference). Then, the amplitude of the signals is compressed on a semi-
logarithmic scale, rectified and smoothed and a large time compression is applied (sample
frequency — 1/60 Hz).
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An example aEEG is displayed in Figure 2.12. On continuous function monitors, this signal is
typically displayed together with the EEG and the electrode impedance. The bandwidth of the
aEEG reflects variations in the minimum and maximum amplitude of the signal. Based on
these values, a classification of aEEG background patterns has been agreed upon [37, 42-44].
The five possible backgrounds are continuous normal voltage (CNV), discontinuous normal
voltage (DNV), continuous low voltage (CLV), burst suppression (BS) and flat trace (FT).
Seizure activity can be classified as single seizures, repetitive seizures or status epilepticus
[44]. For an overview of background and seizure classifications and example data see
Appendix A.
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Figure 2.12: An example of an aEEG signal. Note the large time compression along the x-axis and the semi-
logarithmic scale on the y-axis. The background pattern of this aEEG is classified as CNV with a brief moment
of DNV during the second half of the first hour. See Appendix A for a full classification of all categories.

One of the main advantages of the aEEG is the easy interpretation of the EEG background
pattern and the detection of electrographic seizures. It requires significantly less skill to
interpret an aEEG than a full EEG and it is relatively easy to acquire. It can also help in
evaluating the effectiveness of AED administration. Furthermore, it allows for long-term bed-
side monitoring (e.g. spanning multiple days) and the prediction of outcome. However, not all
seizures are detected by aEEG, e.g. frontal seizures can be missed. Secondly, apart from
interhemispheric asymmetry, it does not provide local information in contrast with a full EEG.
Therefore, an aEEG does not replace a full EEG, which is still required when complete and
local information is desired about the electrocortical activity of a patient, but it is excellent for
monitoring tasks.
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2.3 EEG spectral analysis

2.3.1 Fourier transform

A powerful tool for the investigation of EEG properties is spectral analysis. The EEG
frequency spectrum can be obtained by applying the Fourier transform. It is used to
decompose a signal into its spectral components, yielding a frequency domain representation
or spectrum of the signal. The Fourier transform of a continuous signal x(t) is defined as

X(f)= f:x(t)e‘iz”“dt Eq. 2.1

with f the frequency and t the time. The amount of power at different frequencies present in a
signal can be found by computation of the power spectrum, which is defined as

P(f)=X(F)X(f)=|X () Eq. 2.2

where X(f) denotes the complex conjugate of X(f). These equations are used for

continuous signals, but in practice signals are sampled at discrete time points. To obtain the
frequency spectrum of a discrete signal x[n] the discrete Fourier transform (DFT) is used. This
transform is defined as

N-1
X[n]=> xnle""",  n=01..,N-1 Eq. 2.3

k=

If X[n] consists of N samples the computation of the DFT requires O(N?) calculations. In order
to speed up this process a collection of algorithms have been designed, commonly known as
the fast Fourier transform (FFT). The FFT obtains the same result as the DFT, but at
significantly less computation time when the number of samples equals 2™ (with integer m).
For arbitrary segment lengths this can still be achieved by zero-padding; adding zeroes at the
end of the segment, until the number of samples equals the next integer power of 2. The
number of calculations is then of order O(N Log N). Zero padding does not affect the spectral
content or spectral resolution. The FFT applied in this study uses the Cooley-Tukey algorithm
[45], which recursively breaks down a DFT into smaller DFTs, reducing the number of
computations.

2.3.2 Spectral leakage

The FFT calculates the frequency spectrum by breaking down a DFT into smaller segments. It
assumes that the signal is periodic in each segment, but this is generally not the case for
measured signals. The calculation of the FFT of a non-periodic signal results in a localized
spreading of the frequency components amongst neighboring spectral lines (i.e. bins), which
is called spectral leakage [46]. In other words, it occurs when the signal is not exactly periodic
with the length of the data block. The resulting effect is a broadening of the frequency peaks
in the frequency spectrum.

Spectral leakage is undesired since it can obscure frequency peaks in the spectrum. It can be
diminished by multiplying the segment with a window function prior to calculating the
Fourier transform [47]. The amount of spectral leakage is determined by the size of the
mismatch at the discontinuities on either side of the data block. Therefore, window functions
often approach zero at the edges of the window to minimize spectral leakage.
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Many different window functions exist and all have their own strengths and weaknesses [48].
Three windows are shown in time and frequency domain in Figure 2.13. The rectangular
equals one inside the window, but has large discontinuities at the edges of the window, where
it drops off to zero instantly. The Hann window is an elevated cosine and touches zero right
before the edge of the window and therefore has no discontinuities. The Hamming window is
also an elevated cosine, but it approaches a value of 0.08 at the edges of the window, allowing
a small discontinuity.

The frequency responses of the three window functions best show their strengths and
weaknesses (also displayed in Figure 2.13). A narrow main lobe, which is located at 0 Hz,
corresponds with a high spectral resolution. The rectangular window outperforms the other
windows in this regard. However, a narrow main lobe is accompanied by high side lobes,
which cause spectral leakage, if the periodicity of the signal and length of the data block do
not match. The Hamming and Hann windows perform better than the rectangular window in
this regard. The Hamming window is slightly discontinuous, which results in a slower roll-off
of the side lobes compared to the Hann window, but the first side lobe is lowered by 10 dB.
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Figure 2.13: Three different window functions together with their frequency response. Note the wider main lobes
of the Hann and Hamming window resulting in a lowered spectral resolution, but also the suppressed side lobes
quenching spectral leakage.

The correct choice of window is determined by the input signal, which in this case is the EEG.
Both Hann and Hamming windows provide adequate spectral resolution combined with
decent spectral leakage suppression. For this study the Hamming window has been chosen
because of the 10 dB additional suppression of the first side-lobe when compared to the Hann
window [48]. The Hamming window is defined as

() = 0.54—0.46 cos (I\lz—””j n=1..,N Eq. 2.4

with sample number n and total number of samples N.

All window functions, except the rectangular window, alter the amplitude of the signal.
Applying the Fourier transform and calculating the power spectrum after multiplication with a
window function will result in an incorrect estimation of that power. By calculating the power
of the window function itself, it is possible to compute a correction factor that accounts for
this effect (the correction factor as applied in this study is described in section 3.3.3).
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Another drawback of applying windows that approach zero near the edges is the loss of signal
near these areas. An improvement can be made by using overlapping windows. The parts of
the signal that are near the edge of the window and get suppressed, are unaffected in the next
window, since they are now close to the center. A larger overlap between windows results in a
better spectral estimate, but increases the computation time (the values as applied in this study
are described in section 3.3.3).

2.3.3 Filters

When performing EEG measurements the signal often contains artifacts, e.g. signal
originating from the 50 Hz power line frequency. A digital filter can then be used to remove
these unwanted frequencies from the sampled signal. The properties of a filter can be
evaluated from their frequency response. Typical filters are low-pass filters, which can easily
be converted to high-pass filters. Both can be used in conjunction to construct band-pass and
band-stop filters. The passband refers to the frequencies that are transmitted, while the
stopband refers to the frequencies that are suppressed. The transition from passband into
stopband is termed the transition band, which it is centered on the cut-off frequency [47]. The
frequency response of an ideal filter has the form of a step function at the location of this cut-
off frequency, i.e. immediate roll-off without introducing artifacts in stop- or passband.

By plotting the frequency spectrum of different filter designs it is possible to assess their
individual qualities. Figure 2.14 shows the frequency response of four common filters:
Butterworth, Chebyshev type I/Il and the elliptical filter. The Butterworth filter is a
maximally flat type of Chebyshev filter without ripples in either the pass- or stopband [49].
Both Chebyshev filters achieve faster roll-off by allowing ripple in either the passband (type
I) or the stopband (type II). The elliptical filter, also known as Cauer filter, has the steepest
roll-off, but it has ripples in both pass- and stopband.
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Figure 2.14: Frequency response of four different filter types. Steeper roll-off at the cut-off frequency comes
with the added cost of ripples in either or both pass- and stopband.
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Another method for increasing the filter steepness at the cut-off frequency is increasing the
order of the filter. This results in faster roll-off, but also increases computation time. For
example, the performance of the Butterworth filter for different filter orders is shown in
Figure 2.15. The slope of the roll-off of this filter is 20n per decade, with n the filter order.
The frequency response of an ™ order Butterworth filter is given by

H(H) = Eq. 2.5
1+(f/f)"
with frequency f, cut-off frequency f. and order n.
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Figure 2.15: Frequency response for five different orders of Butterworth filters. Higher order increases roll-off
steepness. Due to zero-phase filtering with 4th order Butterworth filters as applied in this study, the resulting
filters are of order 8.

When choosing between different filters, a trade-off has to be made between filter steepness,
filter artifacts and computation time. The filter of choice in this spectral study of neonatal
EEG is the Butterworth filter. The absence of artifacts is favored over the increased steepness
in the transition band with respect to the other filters. An adequate roll-off at the cut-off
frequency is achieved by applying 4" order Butterworth filters. A detailed description of the
different cut-off frequencies as applied in this study is given in section 3.3.3.

Using filters not only alters the amplitude of the frequency components, but also introduces an
undesired phase shift. This can be nullified by using the zero-phase filtering technique; apply
the filter twice, once in forward direction and once in backward direction [50]. The transfer
function of a zero-phase filter is simply the square of the original transfer function, and the
order is two times the original order. Since 4™ order Butterworth filters are applied in this
study, the resulting zero-phase filter is of order 8.
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2.4  EEG spectral properties
2.4.1 Frequency bands

In clinical practice EEG frequency ranges are usually divided into different bands. The
classification can differ slightly in literature, which can hinder direct comparison. The band
definitions as adopted in this study are given in Table 2.1. Sometimes the very low frequency
range of 0.5-1.0 Hz is separated into a distinct band, but this is not possible in the current
study due to equipment limitations. Neonatal band power is mostly situated in the low
frequency bands, i.e. the & and 0 bands.

Table 2.1: Classification of frequency bands in this study.

Frequency band Range
o 1-4 Hz
0 4-8 Hz
o 8-13 Hz
B 13-30 Hz

2.4.2 Band powers

The power spectrum is calculated by multiplication of the Fourier spectrum with its complex
conjugate, as described in section 2.3.1. The absolute power inside a frequency band is
calculated by a simple sum of the powers at each frequency bin that falls within the range of
the band. Relative band powers can be used for easy comparison between patients and are
calculated by

P
Prei band = band 100, band =9,0,a, Eq. 2.6
’ Ps+P,+P, +P,

with Ppang the power in one of the four bands. The calculated (relative) powers can also be
normalized with respect to baseline values for easier detection of changes. This is defined as

P M-loo, band =65,0,a, 8 Eq. 2.7

normband =
Pband,baseline

where baseline is defined as the hour preceding administration of the AED. Finally, spectral
edge frequency (SEF) is defined as the frequency below which 95% of spectral power resides.
It can be found by taking the cumulative sum of spectral power for all the frequency bins up
until the frequency where 95% of spectral power is surpassed.
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2.4.3 Artifacts

Potentials measured on the scalp of a patient that do not originate from the brain are labeled as
artifacts. The electrocortical activity measured at the scalp is in the order of 10-100 pV.
Compare this with the potential from a heartbeat of 1 mV and from the power grid of 1 V and
it is easily understood that the EEG is sensitive to artifacts. Since the potentials of artifacts are
generally much higher than that of true electrocortical activity, it is important to localize and
omit them before signal analysis. Artifacts can be classified as either physiologic or
extraphysiologic. A number of possible artifacts are listed in Table 2.2 [51-53]. In this study
frequency thresholds are applied to identify and discard artifacts. A detailed description on the
approach used in this study is given in section 3.3.3.

Table 2.2: Possible physiologic and extraphysiologic artifacts in EEG recordings.

Physiologic artifacts Extraphysiologic artifacts
EMG (electromyogram) Electrode movement
Induced by muscle movement, e.g. Low frequency artifact in the 1-8 Hz range,

clenching of the jaws. Generally in the 20-  due to e.g. improper placement.
100 Hz range.

ECG (electrocardiogram) Electrode popping

Rhythmic spike activity originating from Single or multiple sharp waves due to
the heart. Pulse artifacts due to electrode abrupt electrode impedance change.
placement on blood vessels are also

directly related to the ECG.

Eye-movement Power grid

Eye acting as a dipole. Eye movements and  Artifact at 50 Hz frequency from power
eye blinks produce artifacts in the 4-13 Hz  lines due to poor electrode grounding.
range at the frontal electrodes.

Glossokinetic Movement in environment

Tongue acting as a dipole, e.g. sucking and Movement inside the room, respirator
chewing. Generally in the 1-4 Hz range. movement and even intravenous infusion
Common in neonates. can result in artifacts.

Respiration

Slow and rhythmic, synchronous with
body movement. Or sharp during
inhalation or exhalation.

Skin

Impedance change of skin due to
biological processes, e.g. sweating.
Generally very slow baseline sways in the
0.25-0.5 Hz range.
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3 Spectral effects of antiepileptic drugs In
perinatal stroke

3.1 Introduction

Neonates with encephalopathy often present with seizures due to the underlying brain injury
(occurring in 3 of 1000 live births [13]). These seizures are believed to actively contribute to
further damage of the brain [14, 15], and treatment strategies are focused on seizure
suppression by administration of AEDs. Administration of AEDs has an effect on neuronal
signal transmission and thus alters the appearance of (a)EEG significantly. This may hamper
clinical interpretation of aEEG and EEG, which are essential tools in diagnostic and
prognostic assessment, and a correct understanding of the EEG effects after AED
administration is therefore critical. Previous studies of AED effects in neonates have only
focused on aEEG [38-41], whereas more detailed spectral studies have only been performed
in adults [54-60]. This is the first study of the spectral effects of AEDs performed in neonates.
The aim of the study presented here is to quantify the effects of common AEDs, midazolam
and lidocaine, on EEG spectral power for full-term infants with seizures after PAIS.

3.2 Theory
3.2.1 Types of medication

The treatment strategy to control and suppress seizure activity is based on the administration
of different types of AEDs in successive order until seizure activity is terminated (see section
3.2.2 for a description of the medication protocol). A description of the AEDs that are used in
this medication protocol is given in this section.

Phenobarbital belongs to the class of barbiturates (derived from barbituric acid) and is the
most commonly used AED to suppress seizures. Barbiturates increase the effectiveness of
GABA, which is the primary inhibitory neurotransmitter in the CNS. They increase the
permeability of neuronal CI" ions. In mature brains the extracellular concentration of CI is
lower than the intracellular concentration and this leads to an influx of CI" into the cell
causing hyperpolarization and decreased excitability [14]. In neonates however, this CI
gradient is reversed and GABA receptor activation by midazolam increases ClI” efflux and can
cause depolarization and increase excitability [61]. Spectral studies of the effects of
phenobarbital show an increase of high frequency power [62, 63]. Phenobarbital is a long-
acting AED and has a median half-life of 115 hours [64, 65].

Midazolam is a benzodiazepine and, like barbiturates, this group of drugs enhances the effect
of GABA. Neuron excitability is decreased and this results in seizure suppression. Conflicting
effects of EEG spectral power changes after midazolam administration in adults have been
reported [54-60]. See Appendix D for an overview of results from several literature studies on
the spectral effects of midazolam. Suppression of 30-120 minutes of aEEG background
pattern is reported in literature after midazolam administration [39, 41]. Mixed success rates
of seizure control are reported in literature [39, 40, 66]. Midazolam is a short-acting AED and
has a half-life of 2 to 5 hours [59, 67].

A derivative of the study presented in this chapter has been accepted for publication.
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Another anticonvulsive benzodiazepine is clonazepam, again decreasing neuronal activity by
enhancing the effect of GABA. It has been reported that clonazepam does not alter aEEG
background [39], but the patient group is small in this study. In another study it has been
found that clonazepam did prove effective in suppressing seizure activity [66], again for a
small patient group. Unlike midazolam, it is a long-acting AED with a half-life of 18 to 50
hours.

Lidocaine is a local anesthetic and class | antiarrhythmic agent that blocks the fast voltage
gated sodium channels in the neuronal cell membrane, decreasing conduction of sodium ions
and thus signal propagation (for a description of signal propagation see section 2.1.3). With
sufficient blockage, the membrane of the postsynaptic neuron will not depolarize and no
action potential will be transmitted [68]. Spectral studies on EEG effects by lidocaine are
limited and report absolute power increase of & and B bands [69], or an increase of relative &
powers and a decrease of relative powers in higher frequency bands [70]. Lidocaine is a short-
acting AED with a half-life of approximately 100 minutes [71].

Pyridoxine is part of the vitamin Bg group, and is an AED for patients with pyridoxine-
dependent epilepsy. This is an extremely rare form of epilepsy (occurring in 1 of 10° people)
that requires lifelong supplements of vitamin Bg [72]. It is standard protocol to test neonates
for this type of epilepsy when seizure control is impossible with other AEDs.

3.2.2 Medication protocol

Different AEDs are administered following a strict order and dosage scheme in neonates
presenting with seizures. Increase of dosage or a switch to another AED is made when
seizures are recurrent. Dosage levels are dependent on weight and administration can be either
intravenously or through continuous infusion.

An overview of the drug protocol, as applied in all patients in this study, is given in Figure 3.1
[73]. First-line AED is intravenous phenobarbital given as a loading dose of 20 mg/kg, and is
increased if needed with an additional dose of 10 mg/kg to a maximum cumulative loading
dose of 30 mg/kg. Additional AED treatment relies on clinical and/or EEG indications.
Midazolam is administered as second-line agent at 0.05 mg/kg as a loading dose, given over a
ten minute period, followed by a continuous infusion of 0.15-0.2 mg/kg/hr as a maintenance
dose. If seizure activity persists, or when recurrence of seizures is noted, lidocaine is added to
midazolam with a loading dose of 2 mg/kg in 10 minutes, followed by a step-down
maintenance dose of 6-4-2 mg/kg for 6-12-12 hours respectively. A pyridoxine test is
performed when seizure activity still persists, consisting of intravenous single or multiple
boluses of 50 mg/kg of pyridoxine. When pyridoxine-dependent epilepsy is ruled out,
clonazepam can be added to the treatment regime with single or multiple boluses of 0.1
mg/kg.

Similar protocol strategies are applied in other treatment centers around the world, though
sometimes with slightly varying dosage levels [40, 41, 74, 75].

Figure 3.1: The drug protocol as applied in patients in this study presenting with seizures.

3.3 Methods
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3.3.1 Patient group

Fifty-one full-term neonates (gestational age > 37 weeks, defined as number of weeks since
the mother’s last menstrual period) diagnosed with PAIS during the neonatal period have been
admitted to the Wilhelmina Children’s Hospital (Utrecht, the Netherlands), between 2003 and
2010. A sub-selection of 25 neonates with multi-channel aEEG recordings is included in this
retrospective study. Within these aEEG recordings, annotations describing AED
administration are available for 12 neonates. Of the 12 subjects included in this study, 6 have
received midazolam followed by lidocaine at a later time-point (see medication protocol in
section 3.2.2), 2 have received only midazolam and 4 only lidocaine during neurophysiologic
monitoring (for these infants midazolam is administered pre-recording). Details of the study
population are presented in Table 3.1.

Table 3.1: Details of the study population receiving midazolam and/or lidocaine treatment. Values are expressed
as median (range).

Midazolam Lidocaine
Population (#) 8 10
Male/Female (#) 2/6 5/5
Gestational Age (wks™*) 413 (37°-41%) 41° (39°-41%)
Birth Weight (g) 3380 (2150-3700) 3208 (2430-3700)
Apgar Score at 5 min 9 (5-10) 7 (4-10)
Umbilical Cord pH 7.1(7.0-7.2) 7.1(7.0-7.2)
Lactate (mmol/l) 3.2 (2.0-8.0) 3.5(1.6-6.4)
Start of Medication 32 (5-133) 37 (7-135)

(hrs after birth)

Of the 12 included infants, 11 have unilateral PAIS and 1 has bilateral PAIS (with one side
dominating in ischemic damage over the other). In 7 neonates the stroke is a MCA and in 5
neonates a PCA infarction. No ACA artery infarctions are present in the patient group.

3.3.2 Data acquisition

Multi-channel aEEG recordings are obtained with Brainz BRM2 and BRM3 digital brain
monitors (Natus® Medical Incorporated, CA, USA). These devices record the EEG and
calculate the aEEG from these data for three channels (F3-P3, F4-P4, and P3-P4, see Figure
2.11). Data are high-pass filtered (BRM2: -3 dB at 0.5 Hz, BRM3: -3 dB at 0.3 Hz), and a 30
Hz anti-aliasing filter (low-pass) is applied before sampling the EEG at 64 Hz and calculation
of the aEEG.

In general, data acquisition is started in the first or second day of life (10 neonates). For two
neonates, monitoring has started on the third and sixth day of life, respectively. The median
recording duration is 107 hours (range: 83-176 hours).
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3.3.3 Data analysis

Data segments are selected for analysis when annotations, describing the exact time of the
administration of the loading dose of either midazolam or lidocaine, are present. These
segments are four hours long, starting one hour before administration until three hours after.
The initial hour before AED administration allows for adequate determination of (a)EEG
baseline values, and drug related changes in the EEG recording are anticipated to occur within
the following 3 hours, as has been illustrated by several aEEG studies on both midazolam and
lidocaine [38, 39].

Baseline aEEG background patterns and seizure activity of the hour preceding AED
administration are visually classified by a trained neonatologist according to the classification
described in section 2.2.3 and Appendix A. These are compared to the background patterns
and presence of seizures in the three hours following AED administration to detect drug-
related changes. Comparisons between both hemispheres are made by analysis of the fronto-
parietal bipolar deductions (F3-P3 and F4-P4).

Spectral analysis of the EEG is performed using Matlab® (The MathWorks, MA, USA).
Before performing spectral analysis the frequency response of all data are to be corrected to
match the response of the BRM3 monitor. This is necessary since measurements on different
monitors, and even on different firmware versions of the same monitor, can show significant
differences in frequency response. Towards this end, the frequency response of a monitor is
measured by an oscilloscope after each firmware update, by using a function generator to
apply signals of known amplitude and frequency. The result of this procedure is shown in
Figure 3.2 (a) for two firmware versions of BRM2 and one of BRM3. Significant differences
in frequency response can be seen for frequencies below 3 Hz and above 15 Hz. Correction
factors are calculated from these data to match both BRM2 responses to the BRM3 monitor.
The result is shown in Figure 3.2 (b) for the 0-2 Hz frequency range. Similar correction
factors are necessary from 15-30 Hz but are not shown here, since absolute spectral power
content in this range is typically around 1-2 %. The large correction factors at low frequencies
amplify noise and therefore frequencies below 1 Hz are omitted from analysis in this study (a
definition of neonatal frequency bands is given in section 2.4.2).
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Figure 3.2: Frequency response of aEEG monitors to 50 puV waves of varying frequency (a) and the correction
factors necessary for both BRM2 versions to match the response of the BRM3 monitor (b). Note that the
correction factors in the high frequency range are also significant, but are not displayed in this graph for practical
reasons (also, only about ~3% absolute spectral power resides in the high frequency range).
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An overview of the different processing steps of the EEG spectral analysis is given in Figure
3.3. The four hour data segments are subdivided into blocks of 1 hour for spectral analysis.
An hour of data is read and voltages are corrected for the analog to digital convertor (A/D,
division by 30.9976). The first step is to read out all events that have been annotated in the
data stream, e.g. feeding or care. If events are present, 10 minutes of data surrounding the
event are omitted from the analysis. Electromyogram (EMG) and muscle artifacts reside in
the 20-100 Hz frequency range (discussed in section 2.4.3). Filtering with a low-pass filter at
20 Hz is not possible since high frequency electrocortical activity can reach values up to 30
Hz in neonates. Therefore another approach is taken; EMG artifacts can be detected by setting
a power threshold value for the absolute power above 25 Hz [76]. The data stream is
duplicated and high-pass filtered at 23 Hz to attenuate the signal below this frequency (8"
order Butterworth filter, zero-phase shift). The data is subdivided into 0.25-second segments
and the Fourier and power spectra are calculated (Hamming window, no overlapping
segments [77]). An empirical power threshold of 100 pV? is used to identify EMG artifacts
which are subsequently omitted from the analysis.

The original 1 hour block of data is then high-pass filtered at 0.5 Hz and low-pass filtered at
30 Hz (8" order Butterworth filter, zero-phase shift). The data is subdivided into 4-second
segments, resulting in a 0.25 Hz frequency resolution which is adequate for this study. An
overlap of two seconds between segments is taken to prevent loss of data at the edges of the
segments due to windowing (explained in section 2.3.2). To prevent spectral leakage, the
resulting 1800 segments are all multiplied by a Hamming window. The FFT is now taken and
the power spectrum is calculated. The power spectrum is corrected for the power of the 4
second Hamming window itself (division by 0.39585, see Harris 1978 [48]). Additionally, the
power spectrum is corrected to match the BRM3 monitor if necessary. The frequency bins
below the 6 band (below 1 Hz) are omitted due to large correction factors. Finally noise, e.g.
due to bad electrodes, is detected by a power threshold of 0.1 p\V? and movement artifacts are
detected by a threshold of 10* u\v?, and both are excluded from further analysis [77].

The artifact detection results in a median exclusion of 16.7% of the 4-second segments per
hour of data for all patients (with interquartile range (IQR): 0.1%-18.5%, indicating that 25%
of the 1-hour segments is artifact- and event-free). A single power spectrum for each hour of
data is now calculated for each patient by taking the median of all power spectra from the
remaining artifact-free 4-second segments. The total power is defined as the sum of powers
across all frequency bins. Band powers, (normalized) absolute or relative, as well as SEF
follow definitions as given in section 2.4.2. Like the aEEG analysis, the EEG spectral analysis
is performed for both hemispheres by use of fronto-parietal bipolar deductions (F3-P3 and F4-
P4). Median and IQR values are calculated per hour over all patients and displayed
graphically to indicate general trends across the patient group.
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Figure 3.3: Different processing steps as applied when performing spectral analysis of the EEG signal. Segments
starting one hour before until three hours after AED administration are selected for analysis. The data is analyzed
and averaged per hour, after artifacts are detected and omitted. The power spectra are corrected for the use of a
Hamming window and also to match the frequency response of the BRM3 monitor.

3.3.4 Statistics

An average power spectrum for each hour of data is obtained by calculating the median values
over all 4-second segments and for each frequency bin. A Lilliefors test is used to test the null
hypothesis that the data comes from a normal distribution [78]. The test is an adaptation from
the Kolmogorov-Smirnov test, but does not require the mean and variance of the dataset to be
known. The Lilliefors test shows that the data in this study is not normally distributed (with a
p-value below 0.001). Therefore, the median value is favored over a simple mean when
calculating the average spectrum. The median value is less sensitive for outliers, e.g. due to
artifacts, as compared to the mean. Variability is indicated with IQR instead of using standard
deviations, again since the data is not normally distributed.

Statistical significance of power spectra after administration of AEDs with respect to baseline
power spectra is determined by a Wilcoxon signed-rank test (sometimes referred to as the
Wilcoxon T-test). This non-parametric test is preferred over the paired Student’s T-test since
our data is not normally distributed. It is designed to assess whether the population mean
ranks differ between two related samples [79]. The 1 hour median power spectra in our study
are related since they are calculated from repeated measurements. A p-value below 0.05 is
considered statistically significant.



Spectral effects of antiepileptic drugs in perinatal stroke 27

3.4 Results
341 aEEG

Midazolam: A total of eight patients have received midazolam as a first-line AED. See Figure
3.4 for an overview of background and seizure activity changes for both hemispheres
following AED administration. An immediate and moderate background suppression
following AED administration is observed in all patients. The suppression is visible within
minutes and lasted between 30 and 60 minutes. In four patients this suppression is so large
that the background pattern in the ipsilateral (stroke affected) hemisphere degrades from CNV
to DNV in three patients and from DNV to BS in one patient. A similar effect is seen for the
contralateral (unaffected) hemisphere, in four patients CNV degrades to DNV. Generally, the
background patterns are better contralateral than ipsilateral (larger number of patients with
CNV in healthy hemisphere than in affected hemisphere).

Seizure activity is most prominent in the ipsilateral hemisphere with six patients having
repetitive seizures and two showing status epilepticus. After AED administration repetitive
seizures disappeared in two patients, but changed into status epilepticus in another two
patients. The initial status epilepticus in two patients prior to AED administration remained
unaffected. The contralateral aEEG shows no status epilepticus and two infants with repetitive
seizures, which are reduced in one. Typical aEEG responses in the absence and presence of
seizures are shown in Figure 3.5.
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Figure 3.4: Illustration of changes in background patterns and seizure activity for both hemispheres among the
patients receiving midazolam. Midazolam suppresses background activity and does not show a clear effect on
seizure activity. Note that thicker arrows represent larger numbers. Seizure abbreviations are: Rep=repetitive
seizures, SE=status epilepticus. See Appendix A for the classifications of background patterns and seizure
activity.
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Figure 3.5: Typical aEEG response following midazolam administration. Midazolam introduces an immediate
suppression of aEEG background (a). Seizure activity, appearing as sharp and sudden spikes of increased
voltage, remains present in most patients following midazolam administration (b). The time of AED
administration is indicated in the graphs with the vertical line located at 0:00.

Lidocaine: Ten patients have received lidocaine as second-line AED following midazolam.
See Figure 3.6 for an overview of background and seizure activity changes for both
hemispheres following AED administration. No significant suppression of aEEG background
patterns is observed after receiving lidocaine. Eight patients retained either CNV or DNV in
both hemispheres. Ipsilaterally, one CNV degrades to DNV and one DNV degrades to BS.
Contralaterally, one DNV changes to CLV. The quality of the aEEG background is similar
between the hemispheres (approximately equal numbers of patients with CNV in both
hemispheres).
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Figure 3.6: Illustration of changes in background patterns and seizure activity for both hemispheres among the
patients receiving lidocaine. Lidocaine does not clearly affect the background pattern, but does suppress seizure
activity significantly. Note that thicker arrows represent larger numbers. Seizure abbreviations are:
Rep=repetitive seizures, SE=status epilepticus. See Appendix A for the classifications of background patterns
and seizure activity.
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Again, seizure activity is most prominent in the ipsilateral hemisphere. Five patients have
status epilepticus and three patients have repetitive seizures in this hemisphere prior to AED
administration. Lidocaine suppresses seizure activity in four out of five status epilepticus
patients and in all three patients with repetitive seizures. No status epilepticus and only one
case of repetitive seizures are present contralaterally. Typical aEEG responses in the absence
and presence of seizures are shown in Figure 3.7.
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Figure 3.7: Typical aEEG response following lidocaine administration. Lidocaine does not alter aEEG
background (a). Seizure activity, in this example status epilepticus, is suppressed in 7 of 8 patients following
lidocaine administration (b). The time of AED administration is indicated in the graphs with the vertical line
located at 0:00.

3.4.2 EEG spectral analysis

Midazolam: Absolute spectral powers of EEG for the 8 patients receiving midazolam are
displayed in Figure 3.8 for ipsilateral (a) and contralateral (b) hemispheres. Significant
suppression with respect to the first hour is found across all frequency bands. The normalized
absolute spectral powers with pre-medication baseline values (c¢) and (d) show similar
behavior. The largest suppression occurs in the first hour after AED administration, and the
following second and third hours show stabilized absolute and normalized powers. Two
exceptions are the normalized absolute & and 6 powers in the contralateral hemisphere that
show a gradual but continuous decrease for all hours following administration. Corresponding
baseline and maximum effect values are given Table B.1 in Appendix B. There are no
significant differences in midazolam-related changes in absolute power value between
ipsilateral and contralateral hemispheres (see Table B.2 in Appendix B for interhemispheric p-
values).
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Figure 3.8: Absolute spectral powers following midazolam administration. Median values (n=8) of total power
(2) and frequency band powers (3, 6, o and B) are shown with IQR for ipsilateral (a) and contralateral
hemisphere (b), and normalized with pre-medication baseline values for each patient individually in (c) and (d).
Statistical significant changes with baseline values are indicated with: * p<0.01 and T p<0.05.

Relative spectral powers following midazolam are displayed in Figure 3.9 (a) and (b) and
normalized relative spectral powers in (c¢) and (d). Most spectral power resides in the &
frequency band, followed by the 6 band. The relative & power shows a small decrease and the
0 band a significant increase in the second and third hour following midazolam
administration. Corresponding baseline and maximum effect values are given in Appendix B.
The spectral edge frequency (SEF) in the contralateral hemisphere shows a significant 3.4 Hz
decrease during the first hour after the administration of midazolam (see Table B.1 in
Appendix B). Simultaneously, the IQR decreases from 6 Hz to 1 Hz, indicating a convergence
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of the SEF to approximately 10 Hz for all neonates after midazolam administration. From the
second hour after administration onwards, the IQR increases again. There is no significant
change of the SEF in the ipsilateral hemisphere. There are no significant differences in the
effect of midazolam on relative power values between ipsilateral and contralateral
hemispheres (see Table B.2 in Appendix B for interhemispheric p-values).
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Figure 3.9: Relative spectral powers following midazolam administration in 8 patients. Statistical significant
changes with baseline values are indicated with: * p<0.01 and T p<0.05.

Lidocaine: Absolute spectral powers following lidocaine administration for 10 patients are
displayed in Figure 3.10 (a) and (b) and normalized absolute spectral powers in (c) and (d).
No significant changes in total absolute power are observed following lidocaine. The
normalized absolute frequency band powers show no significant change, except for a
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significant ipsilateral decrease in 6 power after administration. Corresponding baseline and
maximum effect values are given in Table C.1 in Appendix C. Absolute power values are not
significantly different between ipsilateral and contralateral hemispheres, with exception of
normalized total power and & power in the third hour after administration of lidocaine (p<0.05
and p<0.01 respectively, see Table C.2 in Appendix C for interhemispheric p-values).
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Figure 3.10: Absolute spectral powers following lidocaine administration in 10 patients. Statistical significant
changes with baseline values are indicated with: * p<0.01 and 1 p<0.05.s

Relative spectral powers following lidocaine are displayed in Figure 3.11 (a) and (b) and
normalized relative spectral powers in (c) and (d). The normalized relative 6 power shows a
significant decrease from the first hour after lidocaine administration in both hemispheres,
while an increase of normalized relative 6 and o power is observed. Relative B band power
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and SEF do not show consistent change after lidocaine administration. Corresponding
baseline and maximum effect values for relative band powers and SEF are shown in Table
C.1 in Appendix C. Lidocaine-induced changes in normalized relative spectral powers are
more pronounced in the ipsilateral hemisphere. Normalized relative 6 power only differs
significantly (p<0.05) between the ipsilateral and contralateral hemispheres in the second hour
after administration, while normalized relative 6 power differs significantly for first (p<0.01),
second and third hour (both p<0.05) after administration of lidocaine. See Table C.2 in
Appendix C for interhemispheric p-values.
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Figure 3.11: Relative spectral powers following lidocaine administration in 10 patients. Statistical significant
changes with baseline values are indicated with: * p<0.01 and T p<0.05.
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3.5 Discussion

3.5.1 akEG

Midazolam: Spectral analysis of the neonatal EEG after administration of midazolam and
lidocaine in full-term neonates with PAIS has been performed. Previous studies of AED
effects in neonates have mainly focused on background patterns and seizure activity through
monitoring the aEEG [38-41, 80]. In this study, a background suppression of 30-60 minutes
following midazolam administration has been observed. This is in accordance with studies
reporting a background suppression of 30-120 minutes after a midazolam loading dose [39,
41]. In four out of eight patients receiving midazolam in this study, the suppression of aEEG
background is large enough to induce a change of background pattern (3 CNV—DNV, 1
DNV—BS). Contrarily, Leuven et al. have observed background suppression of CNV or
DNV in only 1 patient out of 15, but in patients with bad background patterns, BS and CLV,
almost all patterns are suppressed to CLV or FT respectively [39]. Suppression from DNV to
BS, as is observed once in this study, has been reported by ter Horst et al. in 2004 [40].
Midazolam does not adequately reduce seizure activity in the patients of this study and mixed
success rates have been reported in literature [39, 40, 66].

Lidocaine: Lidocaine administration suppresses the aEEG background pattern in only 2 out of
10 patients. Other studies also report a very minor suppression of the background pattern [38,
41]. It has to be noted that the aEEG background is harder to assess reliably in the four
neonates with status epilepticus at the time of AED administration. Efficient seizure
suppression is observed for lidocaine, reducing repetitive seizures or status epilepticus in 7
out of 8 neonates, which is in agreement with other studies [38, 70, 81].

3.5.2 EEG spectral analysis

Midazolam: In literature, spectral analysis of the effect of midazolam on the EEG is limited to
adult studies [54-60]. See Appendix D for an overview of the reported EEG changes after
AED administration. The spectral analysis of neonatal EEG in the current study showes a
suppression of total and absolute band powers following midazolam administration. This is in
agreement with the aEEG background pattern suppression as observed in this study and others
[39, 41]. Change in total spectral power is only evaluated in one other study and an increase
has been reported after midazolam administration [54]. Absolute frequency band powers in
the neonatal EEG are all found to decrease significantly. Durka et al. also see a decrease in
absolute 6 and 6 band power, but also an increase in p power is noted. Feshchenko et al. noted
an increase in absolute o and B powers in health volunteers after midazolam intake. In the
current study a significant decrease in relative o power is observed accompanied by a
significant increase of relative 6 power. Two studies also report this decrease of relative &
power, but this is accompanied by increases of relative a and B power [55, 56]. Since all the
spectral studies in literature are performed on adults, these discrepancies may result from the
relative immaturity of the neonatal brain. The maturing brain signals increase in complexity,
due to regional specialization and the formation of neuronal networks [82]. The lack of a
response in o and B bands in neonates following midazolam might also be attributed to the
maturational stage of the neonatal brain. With brain maturation comes an increase of WM
myelination increasing neuronal signal conducting [83, 84], which may increase high
frequency activity.

Midazolam is a benzodiazepine and this group of drugs enhances the effect of the inhibitory
neurotransmitter GABA, increasing the permeability of neuronal chloride ions (see section
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3.2.1). In mature brains the extracellular concentration of CI" is lower than the intracellular
concentration and this leads to an influx of CI" into the cell causing hyperpolarization and
decreased excitability [14]. In neonates however, this CI" gradient is reversed and GABA
receptor activation by midazolam increases ClI* efflux and can cause depolarization and
increase excitability [61]. This might explain the large increase in relative 6 power observed
in the neonatal EEG in this study.

Lidocaine: Reports on spectral analysis of the effect of lidocaine on the EEG are very limited
in numbers and again only investigated in adults [69, 70]. See Appendix D for an overview of
spectral changes after lidocaine administration as has been reported by other studies. Spectral
changes of absolute total power after lidocaine administration show no significant trend.
Normalized total power shows an increased IQR indicating a possible increase or decrease on
an individual patient basis, but no net effect for the study group. This is in agreement with
observations of aEEG background patterns in this study, which remain constant after
lidocaine administration. Significant decrease of relative 6 power and significant increases of
0 and o powers are observed in the neonatal EEG following lidocaine. This is in contrast with
Madhavan et al. [70], that have reported an increase of relative & power and decrease of 6 and
o powers. As with midazolam, these discrepancies may result from the immaturity of the
neonatal brain. Normalization of neonatal EEG with baseline values in this study may be
inaccurate due to the presence of status epilepticus in several patients prior to AED
administration. However, the significant rise in relative 6 power is accompanied by a small
IQR indicating a general trend among the entire study group.

Lidocaine is a local anesthetic and class | antiarrhythmic agent that blocks the fast voltage
gated sodium channels in the neuronal cell membrane, decreasing conduction of sodium ions
and thus signal propagation (for a description of signal propagation see section 2.1.3). With
sufficient blockage, the membrane of the postsynaptic neuron will not depolarize and no
action potential will be transmitted [68]. In a rat study no maturation-related differences have
been observed in the effects of lidocaine sodium channel blockage [85]. Other studies indicate
that lidocaine plasma levels are dependent on the maturity of the metabolism in the neonate,
but that seizure reduction effectiveness is independent of plasma concentrations [74].

3.5.3 Limitations

This study of spectral properties of neonatal EEG after AED administration contains several
limitations. First, the size of the study group is relatively small. This may result in increased
variability of the effects after AED administration and might explain the large IQR values that
are observed. However, statistical tests do show significant changes of spectral parameters
following AEDs. Other studies investigating the effects of AEDs in neonates generally have
similar or slightly larger study groups, but mainly focus on changes in aEEG background
patterns and seizure activity [38, 39, 80]. Studies that do focus on spectral changes of EEG
after AED administration generally have larger study groups [55, 57], but these consists
mostly of healthy adult volunteers.

The patients in this study have received multiple AEDs. Phenobarbital is often administered
as a first-line AED following the standard medication protocol. If seizure activity persists,
midazolam is administered in addition, followed by lidocaine if necessary. All patients are
outborn and phenobarbital is administered at the referring hospital and prior to the start of
aEEG monitoring. The effects of phenobarbital on the aEEG and spectral properties of the
EEG can therefore not be assessed. The success rate of resolving EEG seizures with
phenobarbital has been reported to be low [86, 87], and often a complete lack of EEG or
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clinical response is observed. From rat studies it is known that phenobarbital can increase the
high frequency B power while reducing 6 power for several hours [62]. Pharmacokinetic
studies in neonates have shown serum half-life of approximately 115 hours for phenobarbital
[64, 65]. We have therefore assumed steady-state influence of phenobarbital during the 4-hour
analysis of midazolam and lidocaine. Midazolam is administered during the aEEG recording
for most infants and lidocaine is administered after a median period of 141 minutes (range:
77-254). No relation is observed between the time from midazolam to lidocaine
administration and the effect of lidocaine on spectral parameters. Baseline values of the total
power and absolute band powers, except 6 power, are significantly lower for the lidocaine
group. Relative band power baseline values are similar for both groups, again with exception
of 6 power. The decreased baseline total power and absolute band powers and increased
relative 6 power in the lidocaine group may be the result of preceding midazolam
administration. To minimize the influence of maintenance levels of AEDs, medication-related
spectral changes have been determined through analysis of normalized data, i.e. relative to
baseline values.

The time of administration is extracted from annotations present in the aEEG recordings.
These annotations are entered by nursing personnel and are possibly inaccurate resulting in
less accurate spectral analysis. This has been dealt with by averaging the power spectra over
time periods of an hour, but the exact influence of this inaccuracy is unknown.

Furthermore, the medication serum levels have not been measured during the aEEG
monitoring period. Variation of serum levels may decrease sensitivity to medication-related
changes due to an increased variability between patients. Leuven et al. have reported no
relation between midazolam metabolite serum levels and anticonvulsive effects [39]. A rat
study of Mandema et al. has showed EEG spectral changes to be a function of midazolam
plasma concentration [88]. For lidocaine, seizure reduction has been reported to be
independent of plasma concentrations [74], but EEG spectral properties can be influenced by
actual serum levels [70].

Finally, due to differences in firmware and hardware versions of the aEEG monitors used in
this study, the power spectra of 11 out of 12 patients have been be recalibrated in this study.
This correction may induce noise in the very low (0-2 Hz) and high (15-20 Hz) frequency
ranges. Frequency bins below 1 Hz are omitted for this reason. In 6 patients the correction
factors are 10% for & power and 55% for B power. In 5 patients the B power band has been
corrected by 26%. The B power correction may appear large, but B powers only have a small
contribution towards the total spectral power (~3%).
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3.6 Conclusion

The EEG and aEEG are important diagnostic tools in assessing neonatal encephalopathy. A
deep understanding of the effects of AEDs on the neonatal EEG is therefore crucial. For this
reason spectral analysis of neonatal EEG has been performed during administration of AEDs
in full-term neonates with PAIS. Both midazolam and lidocaine introduce a relative frequency
shift towards higher frequency bands, mainly from & band to 6 band. This effect is more
pronounced after lidocaine administration. Also, for lidocaine the effects are more
pronounced for the ipsilateral (stroke-affected) hemisphere. Additionally, absolute total power
is suppressed by midazolam, but not by lidocaine. This is also visible from aEEG background
pattern observations. Midazolam decreases the aEEG background pattern immediately after
administration for a duration of 30-60 minutes, whereas lidocaine does not have an effect on
the aEEG background pattern. The aEEG results also indicate that midazolam is not effective
in treating seizures in most neonates, while lidocaine has a high success rate of terminating
seizure activity.

In conclusion, the effects of midazolam and lidocaine on neonatal (a)EEG have been
quantified and shown to be profound. The results have shown that additional care has to be
taken when evaluating (a)EEGs of neonates that are under the influence of AEDs. The
spectral changes as seen in this study also differ significantly from spectral studies on AEDs
as performed in adults, further indicating the importance of this study.
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4 swLORETA source localization

4.1 Introduction

At the present time, most research into predictors for adverse neurological developmental
outcome focuses on MRI-based techniques (including DWI) and longitudinal EEG [89-92].
The topic of 3D localization of electrical sources responsible for EEG has attracted increased
attention in recent years, due to improvements in source reconstruction models [16-18, 93].
Since EEG is sensitive for brain injury immediately after birth, source reconstruction of the
EEG might provide 3D localization information of encephalopathy at a very early stage, when
MRI is typically still unavailable. Current EEG source localization studies have mainly been
limited to adults and is not frequently used in newborns because of technical difficulties, e.g.
lack of data concerning the newborn skull conductivity, thickness and homogeneity [19]. The
aim of the study presented in this chapter is to evaluate the monitoring feasibility of EEG
source localization by standardized weighted low resolution brain electromagnetic
tomography (SWLORETA) in full-term newborns with HIE.

4.2  Theory

4.2.1 Inverse problem

The main advantage of EEG measurements is their temporal resolution, which is in the order
of milliseconds, while its biggest drawback is its spatial resolution. The 3D reconstruction of
electrical sources responsible for EEG activity is termed the inverse problem. It is highly
underdetermined due to the limited number of electrodes that can physically be attached to the
scalp of the patient. The inverse problem is non-unique; there exist infinite numbers of
electrical source distributions that will result in the exact same EEG signal. To limit the
solution space, additional constraints about the physical and mathematical nature of the
currents inside the brain have to be set (see section 4.2.2). In order to calculate a true
tomography, the distributed electrical activity has to be computed throughout the brain
volume. Towards this end the brain volume is discretized by a 3D grid of electrical sources of
variable strength and orientation (i.e. voxels). For a definition of the forward problem, from
which the inverse problem is derived, see Appendix E.

422 sSwLORETA

The source reconstruction model called LORETA (low resolution brain electromagnetic
tomography) has been first published by Pascual-Marqui et al. in 1994 [16]. The
physiological constraint that is imposed by this model to limit the number of solutions is the
high probability of synchronicity between neighboring neurons. The view that EEG activity is
produced by spatial summation of synchronized clusters of neurons undergoing postsynaptic
potentials is widely accepted, and neuronal synchronicity is experimentally verified in several
studies [94-96]. This physiological constraint translates to synchronicity between neighboring
voxels in the discretized brain volume, i.e. the neighboring simulated sources are likely of
similar magnitude and orientation. Mathematically, maximum synchronicity corresponds to
the smoothest possible solution. This inherently means that the solution is a ‘blurred’
representation of the low spatial resolution of the actual distribution, but this solution does

A derivative of the study presented in this chapter is currently under review for publication.
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comply with the EEG activity that is measured. Since its first publication, LORETA has been
used for research in epilepsy [97-101], migraine [102], Alzheimer’s disease [103] and
Huntington’s disease [104].

The model has been improved by the publication of standardized LORETA (SLORETA) by
Pascual-Marqui in 2002 [17]. SLORETA produces probabilistic source distributions (whereas
LORETA produces actual current distributions), that reflect the likelihood of the electrical
generators to be found at a certain location in the brain. Hotspots in the probabilistic maps
correspond to the high probability of the electrical generator to be situated at that location.
The model has been shown to have zero-localization error for single dipoles in noiseless
simulated data [17]. Standardized-weighted LORETA (swLORETA) is a subsequent
modification of SLORETA, introduced by Palmero-Soler in 2009 [18]. This model
compensates for the reconstruction of sources close to the location of the sensors by
SLORETA. It enables the accurate reconstruction of surface and deep current sources in
simulated data, even in the presence of noise or two simultaneously active dipoles [18]. It
achieves this by implementation of a singular value decomposition of the lead field weighting
matrix (that contains information about geometry and conductivity of the head model), which
compensates for the sensors’ sensitivity to current sources at different depths. SWLORETA
has been used for event-related potential studies on alcoholism [105] and attention [106].

A complete mathematical review of the sSwLORETA source localization method is out of the
scope of this thesis. For the mathematical derivation of LORETA, sLORETA and
SWLORETA, see their respective articles [16-18].

4.3  Methods
4.3.1 Patient group

For this study two neonates with severe perinatal HIE and one neonate with MCA infarction
have been selected. The three patients have been admitted to the Maxima Medical Center
(Veldhoven, the Netherlands), between 2008 and 2010. These cases are representative
examples of neonates with encephalopathy as encountered in the neonatal intensive care unit
(NICU). The diagnosis of HIE is given when the following three criteria are met: (i) umbilical
cord pH < 7.10, (ii) 5 minute Apgar score < 6, (iii) advanced resuscitation required
immediately following birth. Details of the patient group are given in Table 4.1.

Table 4.1: Details of the three patients whose EEGs have been used in the 3D source localization study.
Abbreviations are: ph=phenobarbital, mi=midazolam, li=lidocaine, cl=clonazepam, py=pyridoxine and n/a
represents data that is not available.

Patient 1 Patient 2 Patient 3
Male/female Male Male Male
Diagnosis HIE HIE MCA stroke
Gestational age (wks®*) 42° 38? 41t
Birth weight (g) 3900 3225 3760
Apgar score at 1-5-10 min 5-5-6 4-5-8 9-10-n/a
Umbilical cord pH 6.80 6.82 n/a

Medication ph-mi-li-cl ~ ph-mi-li-cl-py none
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Patient 1 — Hypoxic-Ischemic Encephalopathy

The first neonate is a boy born at full-term (gestational age 42°) by caesarean section after a
placental abruption. Apgar scores are 5-5-6 at one, five and ten minutes after birth
respectively. The neonate is intubated for ventilation by nasal continuous positive airway
pressure (NCPAP) due to respiratory failure. During admission to the NICU the neonate has
developed clinical seizures, which are treated with phenobarbital, midazolam and lidocaine.
Initially the seizures are suppressed, but they return after terminating the administration of
lidocaine. Pyridoxine dependent epilepsy has been ruled out. After administration of
clonazepam, the EEG at day 6 shows a burst suppression pattern with epileptic spikes present
during bursts. These spikes are more evident in the left hemisphere. Serial EEG performed
during the first week has shown slit-like ventricles, without evidence of focal lesions. The
MRI at day 6 shows extensive damage of the cortical areas, basal ganglia, optic radiation and
WM, consistent with perinatal asphyxia (Sarnat I11). Follow-up after 1 year has shown severe
encephalopathy with motor, mental and visual disabilities.

Patient 2 — Hypoxic-Ischemic Encephalopathy

The second neonate is a boy born at full term (gestational age 38%) through vacuum extraction
after a decelerated cardiotocogram. The amniotic fluid is meconium stained and umbilical
cord strangulation is observed. Apgar scores are 4-5-8 at one, five and ten minutes after birth
respectively. The neonate has been intubated and ventilated by nCPAP for two days due to
respiratory failure. Ventilation is ceased after improvements are visible. The neonate develops
neonatal convulsions and is transferred to the NICU subsequently. Treatment of seizures is
started with phenobarbital and midazolam. Pyridoxine dependent epilepsy is ruled out. The
EEG at day 2 initially shows status epilepticus which, after admission of lidocaine, turns into
burst suppression with alternating long periods of little activity and bursts of epileptic activity.
Clonazepam is administered but has no visual effect on the EEG. An MRI at day 2 shows
ischemic damage at the cortex, the posterior limb of the capsula interna, thalamus and caudate
nucleus. Also visible are generalized WM edema and a focal medio-occipital hemorrhage at
the right hemisphere consistent with severe hypoxic ischemia. After multi-disciplinary
consideration, intensive care treatment is withdrawn and the neonate has died in the second
week of life.

Patient 3 — Middle Cerebral Artery infarction

The third neonate is a boy born at full term (gestational age 41%) after a spontaneous vaginal
partus. The amniotic fluid is stained with meconium. Apgar scores are 9 and 10 at 1 and 5
minutes after birth respectively. The patient develops central apnea at 12 hours of age, is
resuscitated, intubated and transferred to the NICU. EEG at day 1 shows asymmetrical
ventricles and an area of increased echodensity parieto-temporally, indicative of stroke. CT at
day 1 shows a large MCA of the right hemisphere. An MRI on day 4 shows an additional
partial infarction in the right occipital region and agenesis of the right posterior
communicating artery. Damage to the basal ganglia as well as to the corticospinal tract is also
visible. The aEEG shows no signs of convulsions. EEG at day 5 shows a disturbed
background pattern and predominant activity of the left hemisphere with sharp spikes. No
AEDs are administered. At 6 months of age the patient has developed refractory epilepsy and
a hemispherectomy (i.e. removal of the ipsilateral hemisphere) is performed to control
seizures in combination with AEDs. Follow-up at 2 years of age shows severe encephalopathy
with left-sided hemiplegia and mental disabilities.
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4.3.2 Data acquisition

EEG: Digital EEG recordings are obtained on day six (neonate 1), day two (neonate 2) and
day five (neonate 3) after birth. Recordings are acquired with a Nicolet Monitor (NicoletOne,
Viasys Healthcare, Conshohocken, PA, USA). Patient skin is prepared with a slightly abrasive
gel (Nuprep Gel, D.O. Weaver, Aurora, CO, USA), effectively lowering skin impedance and
improving the quality of the recordings. Twenty-one electrodes (nineteen scalp electrodes) are
placed according to the international 10-20 system (a description is given in section 2.2.1).
These electrodes are filled with a conductive past (Ten20, D.O. Weaver, Aurora, CO, USA),
assuring optimal signal conduction and electrode adhesiveness. Electrode impedance is kept
below 10 kQ. The EEG is sampled with 512 Hz and digitally stored.

MRI: MRI images are obtained within one day from the EEG recordings; on day six (neonate
1), day two (neonate 2) and day four (neonate 3) after birth. MRI sequencing is performed on
a 1.0 Tesla imaging unit (Gyroscan, Philips Medical Systems, Best, the Netherlands). The
imaging protocol is described by van Pul et al. [92]. Patients are sedated with chloral hydrate
and fixated using a vacuum pillow. The heads of the patients are placed in a standard birdcage
coil. MRI acquisition consists of T;-weighted spin-echo (repetition time: 568 ms, echo time:
18 ms), T,-weighted fast spin-echo (repetition time: 4381 ms, echo time: 120 ms) and
inversion recovery (repetition time: 3436 ms, echo time 18 ms and inversion time: 400 ms).
Additionally, the protocol also includes DWI with single-shot echo-planar MRI. Twenty
adjacent sections are recorded within 3 minutes (repetition time: 3595 ms, echo time: 82 ms)
and a voxel size of 1.56 x 1.56 x 3 mm. Three b-values (0, 400, 800 s/mm?) are used for
calculation of the apparent diffusion coefficient (ADC). The MRI images are compared with
the EEG inverse solutions as obtained from swLORETA analysis.

4.3.3 Data analysis

Head model: A 3D head model is required for source localization of the EEGs by
SWLORETA. Accurate head models can be obtained from individual MRI data by
segmentation. However, in this study a head model constructed from a standard MRI data set
is used for all patients. The reason for this approach is twofold: (i) the aim of this study is to
investigate the feasibility of monitoring aspects of SwWLORETA shortly after birth, when EEG
recordings typically are available and MRI data are not, (ii) the MRI data as obtained
following the clinical acquisition protocol (described in section 4.3.2) are inadequate for 3D
source localization (low spatial resolutions, small and incomplete scan volumes and low
image contrasts).

A standard high resolution adult MRI dataset (Colin 27, Montreal Neurological Institute) is
used for construction of the head model [107]. This dataset is constructed from 27 T;-
weighted volumes (7 x 0.78 mm® and 20 x 1.0 mm®) and 12 T,-proton density-weighted
volumes that are registered to a common stereotaxic space and intensity averaged. Signal-to-
noise ratio increases with the square root of the number of scans and the resulting dataset
consists of high quality anatomical images with high signal-to-noise ratio, see Figure 4.1. A
head model is constructed from this dataset by segmentation using ASA® (ANT, Enschede,
the Netherlands). Segmentation of MRI slices consists of applying intensity thresholds and
using a region-growing algorithm to separate brain, skull and scalp areas. The head model is
obtained by subsequent application of a boundary element method. A 0.14 mm mesh with an
additional 0.1 mm scalp-rendering for the scalp is used, and a 0.16 mm mesh for skull and
brain. The resulting model consists of brain, skull and scalp volumes and is displayed in
Figure 4.2. Each volume is attributed a conductivity value; 0.33, 0.0042 and 0.33 S/m for
brain, skull and scalp, respectively [19, 108, 109].
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Figure 4.1: High resolution adult MRI dataset (Colin 27) as used for generating the head model in this study. 27
Ti-weighted scans and 12 T,-proton density-weighted scans are intensity averaged resulting in a single volume
with high signal to noise ratio in all 3 dimensions. Abbreviations are: L=left, R=right, P=posterior and
A=anterior.

Figure 4.2; Standard head model as used for 3D source localization for all patients in this study. The model is
constructed by segmentation of the Colin 27 MRI dataset and consists of a brain, skull and scalp volume.
Electrode locations are situated on the surface of the scalp volume.

SWLORETA: Source localization is performed by the calculation of swLORETA inverse
solutions, again in ASA® (ANT, Enschede, the Netherlands). First, EEG data are high-pass
filtered at 0.53 Hz, low-pass filtered at 30 Hz and a 50 Hz notch filter is applied. EEG
segments that are selected for source localization vary in length from 35 minutes (neonate 1),
40 minutes (neonate 2) and 25 minutes (neonate 3). SWLORETA inverse solutions are
calculated for every time sample (512 solutions for every second) and subsequently averaged
over the entire length of the EEG segment. To reduce memory load during average calculation
the EEG data are divided into 2-s segments prior to source localization and subsequent
averaging. The inverse solution is calculated by modeling current dipoles of varying
magnitude and orientation inside the brain volume at 7 mm isotropic resolution (results in
5902 dipoles). An example of a source localization result is shown in Figure 4.3. The EEG
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inverse solution is projected onto slices of a standard MRI dataset and is ready to be
compared with MRI data of the patient.

Figure 4.3: Example swLORETA inverse solution data. From left to right a coronal, axial and sagittal slice are
shown together with an orientation of these slices in 3D space. Inverse solution data is modeled by 5902 dipoles
of varying magnitude at 7 mm resolution and depicted by a color map onto a standard MRI dataset. The values
are standardized and unitless. Abbreviations are: L=left, R=right, P=posterior and A=anterior. Two hotspots are
visible in the posterior area of the brain both left and right.

Robustness of the swLORETA method as applied in this study has been assessed by
analyzing the EEG recordings with varying spatial resolution and sub-segment length. Spatial
resolution of the solution space (i.e. voxel size) is varied between 7 mm and 20 mm, while
EEG segment length is varied between 0.5 and 8 seconds prior to sSwLORETA source
localization and averaging. Both parameters do not significantly change the current density
probability distributions as calculated by swLORETA.
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4.4 Results

Patient 1

A representative 20-s segment of the 35-min EEG recording of patient 1 performed at day six
after birth is shown in Figure 4.4. The EEG background is discontinuous and interhemispheric
asynchrony is evident. Abnormal activity included random and rhythmic delta brushes in left
and right temporal and parietal regions of the brain, i.e. delta waves (0.3-1.5 Hz) with an
amplitude of 50-300 uV and superimposed alpha or beta rhythms (>8 Hz). Delta brushes are
typical in preterm neonates, but normally disappear in healthy full-term neonates. The EEG
does not display electrographic seizure activity.
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Figure 4.4: A representative 20-s segment of EEG data of patient 1 performed at day 6 after birth. The
background pattern is discontinuous with interhemispheric asynchrony. Delta brushes and rhythmic delta activity
with short bursts of spikes over left and right temporal and parietal regions are present. No electrographic seizure
activity is observed.

MRI scans (DWI, ADC, T,), performed on day six after birth, are displayed together with the
SWLORETA source localization in Figure 4.5. DWI shows extensive damage of the cortical
areas, basal ganglia, optic radiation and WM, indicating severe hypoxic-ischemic
encephalopathy. Diffusion abnormalities are present in corpus callosum and splenium.
Follow-up MRI performed at day ten after birth shows diffusion abnormalities in basal
ganglia and cortical highlighting (abnormal signal intensity at the cortex, not shown).

The current density distribution as calculated by swLORETA from the 35-min EEG recording
shows maximum current density probability in left and right parietal, temporal and occipital
regions of the brain (Figure 4.5). Maximum dipole probability is 0.69-10® while the
probabilities in central and frontal areas are 0.40-10® and 0.37-10. The low current density
probability in the swLORETA inverse solution correlates with the MRI abnormalities in basal
ganglia and frontal areas. This low probability indicates a loss of EEG activity in these areas.
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Abnormalities in optic radiation and WM, as observed in the MRI data, are not visible in the
inverse solution.

Figure 4.5: MRI images of patient 1 (DWI, ADC, T,) displayed together with the swLORETA source
localization. The color bar represents the current density probability, with red indicating a high probability for a
current density hotspot. The inverse solution indicates that most EEG activity is situated in parietal, temporal and
occipital lobes.

Patient 2

A representative 20-s segment of the 40-min EEG recording of patient 2 performed at day two
after birth is shown in Figure 4.6. The background pattern is severely depressed initially, with
slow seizure activity in the frontal and temporal regions. This seizure activity is mainly
present in the right hemisphere. After midazolam administration the EEG background
changes to burst suppression. On average one burst occurs every ten seconds, often consisting
of multiple spikes. The electrographic seizure activity disappears, but short and sharp spikes
are occasionally observed in left and right frontal regions.
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Figure 4.6: A representative 20-s segment of EEG data of patient 2 performed at day 2 after birth. Initially, the
EEG background pattern is severely suppressed with continuous slow seizure activity over frontal and temporal
regions. After midazolam administration the background pattern changed to burst suppression. The
electrographic seizure activity disappeared, but sharp short spikes over left and right frontal regions are
occasionally observed.

MRI scans (DWI, ADC, T,), performed on day two after birth, are displayed together with the
SWLORETA inverse solution in Figure 4.7. DWI shows ischemic damage at the cortex
(cortical highlighting), posterior limb of the capsula interna, thalamus and caudate nucleus.
Also visible is generalized WM edema and a focal medio-occipital hemorrhage in the right
hemisphere.

The inverse solution of the 40-minute EEG recording shows a current density probability
hotspot in the right frontal and temporal lobes, corresponding with the Fp2, F4, F8 and T4
electrodes (Figure 4.7). The maximum current density probability in this region is 0.97-107.
The current density probability in other areas of the brain is distributed homogeneously at an
average value of 0.47-10® and lowest in the left parietal region. The right frontal and temporal
hotspots in the inverse solution correlate well with the EEG recording, showing seizure
activity mainly at these locations. The hemorrhage in the right occipital, as observed in the
MRI, is not seen in the inverse solution.
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swLORT

Figure 4.7: MRI images of patient 2 (DWI, ADC, T,) displayed together with the SWLORETA inverse solution.
The inverse solution indicates that most EEG activity is situated in the right frontal and temporal lobes. The focal
hemorrhage in the right occipital region as visible in the MRI is not observed in the inverse solution.

Patient 3

A representative 20-s segment of the 25-min EEG recording of patient 3, performed at day
five after birth, is shown in Figure 4.8. The EEG background pattern shows asymmetric
activity. On the left side, a continuous background pattern is observed with mainly delta and
beta activity. The right side has a depressed background pattern and displays a large number
of frontal sharp transients.
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Figure 4.8: Representative 20-s segment of the 25-min EEG recording of patient 3 performed at day 5 after birth.
The background activity is asymmetric, the left hemisphere has a continuous background pattern with delta and
beta activity, the background pattern of the right hemisphere is depressed and shows frontal sharp transients.

MRI data (DWI, ADC, T,), obtained on day four after birth, are shown together with the
SWLORETA inverse solution in Figure 4.9. DWI shows large diffusion abnormalities in the
right hemisphere, indicative of a right MCA occlusion. An additional infarction in the right
occipital region together with agenesis of the right posterior communicating artery is also
visible. High signal intensities at the corticospinal tract are visible, indicative of Wallerian
degeneration, i.e. degeneration of an axon that is separated from the body of the neuronal cell.
Reduced diffusion is visible in corpus callosum and anterior and posterior limb of the internal
capsule.

The inverse solution as calculated by swLORETA from the 25-min EEG recording shows
activity to be mainly situated in the left hemisphere. The maximum current density probability
in this hemisphere is 0.63-10%, while the stroke-affected hemisphere has an average
probability of 0.30-10®. This low probability correlates with the location of the infarction as
visible in the MRI data.
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Figure 4.9: MRI images of patient 3 displayed together with the swLORETA inverse solution. The inverse
solution indicates that most EEG activity is situated in the left hemisphere. MRI data shows a large MCA
infarction in the right hemisphere.
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4.5 Discussion

Patient 1

The MRI data has shown abnormalities in frontal areas and basal ganglia, indicative of
hypoxic-ischemic encephalopathy. The inverse solution calculated with sSwWLORETA shows
low signal probability in these regions correlating with MRI images. Thordstein et al. have
shown that post-asphyctic full-term neonates have suppressed low frequency EEG power
when compared with healthy neonates, while high frequency power remained the same [110].
The swLORETA method as implemented in this study calculates inverse solutions of the total
EEG spectrum, and does not discriminate changes in low and high frequency activity. Source
localization of delta band filtered EEG data (1-4 Hz) confirms reduced low frequency power
in the hypoxic-ischemic regions, in agreement with Thordstein et al (not shown).

The MRI data also shows damage to the optic radiation which is not observed in the
calculated inverse solution. This is likely due to the inability of the sSwLORETA calculation to
detect features at the small scale of the optic radiation. Additionally, damage to the occipital
WM is observed in the MRI images, but not seen after source localization. Inder et al. have
seen a decreased SEF following WM damage while the EEG amplitude remained the same
[111]. This indicates that EEG total power remains unchanged after WM damage, but a
frequency shift from high to low frequencies occurs. Since the swLORETA calculation in this
study relies on the total EEG power this might explain why WM damage is not observed in
the inverse solution.

Patient 2

The MRI of this patient indicates frontal cortical highlighting. This may cause the seizure
activity as seen in the EEG and the increased current density probability in the SWLORETA
inverse solution. The focal medio-occipital hemorrhage in the right hemisphere as seen in
DWI is not detected by swLORETA. Mirkovic et al. have shown good correlation between
hemorrhage location and reconstructed sources of epileptic spikes in neonatal EEG recordings
[112]. Segments are ultra-short (40 ms) and located at the maximum peak value of the spikes.
In the same study it has been shown that selecting segments of away from the epileptic spike
peak value result in a lower accuracy of reconstructed sources compared with hemorrhage
location. In this study reconstructed sources are averaged over long segments possibly
preventing accurate hemorrhagic lesion localization. Also, in the study from Mirkovic et al.
lesions are located near the cortex, whereas in this patient the lesion is situated in the WM.
Claassen et al. have shown that electrographic seizure activity occurs in only a small
percentage of patients with intracerebral hemorrhage, and incidence decreases with increasing
distance from the cortex [113]. Possibly, the hemorrhage in this patient may not generate
electrographic seizures and this prevents detection. Finally, Inder et al. have shown that EEG
amplitude is largely unaffected by WM lesions which may hamper detection by sSwLORETA
as implemented in this study.

Patient 3

The large stroke-induced diffusion abnormality in the right hemisphere as seen in the MRI
corresponds to a region of low current density probability in the sSwLORETA inverse solution.
The resulting regional loss of cerebral function is also evident in the EEG recording from
which the inverse solution is calculated. This is in agreement with Koelfen et al. who have
reported a correlation between the infarction location and the region of abnormalities as
observed in EEG recordings [114]. EEG abnormalities include focal slowing and sharp
waves, or localized amplitude suppression at the site of infarction. This localized amplitude
reduction is clearly evident in the EEG of patient 3 and easily seen after sSWLORETA source
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localization. Thordstein et al. have shown that low frequency EEG power is reduced when
hypoxic-ischemic damage is present [110]. As most power in the neonatal EEG resides in the
delta band (section 3.4.2), this indicates that hypoxic-ischemia reduces total EEG power, as is
evident in the stroke-affected region of this patient.

In summary, hypoxic-ischemic areas visible in MRI data correlate with regions of low current
density probability of the inverse solution as calculated by swLORETA (patient 1 and 3).
Additionally, electrographic seizure activity may be localized by swLORETA, while
corresponding focal abnormalities might not be visible in the MRI (patient 2).

Limitations

The head model used in this study is based on a standardized set of MRI data from a single
adult. This likely introduces uncertainties in source localizations due to the size difference
when compared to a neonatal head, but also due to possible differences in volume ratios of the
brain/skull/scalp compartments and conductivities. Higher source localization accuracy may
be expected when head models are based on individual neonatal MRI data. This would require
a change of the standard neonatal scanning protocol to meet the requirements necessary for
accurate head model generation (increased resolution and included scalp and skull areas in the
scan volume). Roche-Labarbe et al. have studied the influence of different neonatal head
models on the accuracy of dipole localizations reconstructed from EEG data. Influence of
skull layer thickness, conductivity and presence of a fontanel are investigated. Skull layer
thickness is shown to have a large influence on dipole magnitude, but not on orientation and
location of the dipole. The mean difference in dipole locations between normal and increased
skull thickness are 5.9 + 3.2 mm, with a 7.9% increase in dipole magnitude for the model with
increased skull thickness. Likewise, skull conductivity only influences dipole strength, but not
dipole orientation. The mean difference between dipole locations in 0.0042 and 0.33 S/m
skull conductivity head models is 11.6 + 2.6 mm, with an average decrease of 29.7% in dipole
magnitude for the 0.33 S/m model. The presence of a fontanel does not have a significant
effect on both dipole magnitude and orientation. The mean distance between dipole locations
for the normal and fontanel head model is only 2.0 + 2.1 mm, and the dipole magnitude is
2.1% higher in the fontanel head model. These results indicate that higher accuracy may be
obtained when an accurate neonatal head model is used when performing source localizations.
However, improvements are mainly anticipated in dipole magnitudes and not orientation. It is
likely that this will not influence the interpretation of SwLORETA inverse solutions, since the
hotspot locations of the probability distributions will likely remain situated at the same
position in the brain. Furthermore, a generic head model allows for bed-side monitoring at an
early stage after birth when MRI is commonly not yet available.

Another limitation is the model of the brain volume in the head model as applied in this study.
This volume includes the entire brain and no distinction is made between GM and WM. Other
studies have limited the dipole locations of the inverse solution to the GM [93, 97, 98, 100-
103, 115], based on probabilistic brain tissue maps [106, 116, 117]. Voxels are labeled GM if
three conditions are met: (i) GM probability is higher than WM probability, (ii) GM
probability is higher than cerebrospinal fluid probability and (iii) GM probability is higher
than 33%. In this study, visual assessment shows that hotspots of current density probability
distributions are mainly located in GM.

Several studies have investigated the location error of electrode placement and errors up to 10
mm are reported [118-120]. These errors arise mainly due to anatomical variability of the
inion and the difficulty in determining its location by palpation. According to Hellstrom et al.
these errors are higher for neonates than adults [121]. Due to the immaturity of the neonatal
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brain the anatomical landmarks and the underlying areas of the cerebral cortex may differ
between neonates. Scalp looseness and extra difficulty in determining inion location in
neonates can further decrease electrode placement accuracy. These errors can be important
when subsequent source localization is performed, as is the case in this study. Dipole source
localization errors due to electrode location inaccuracy have been reported to be up to 10 mm
[118, 119].

The source analysis algorithm swLORETA assumes synchronicity between neighboring
voxels of the brain volume to limit the number of inverse solutions. This is based on the
generally accepted view that extracranial EEG measurements are generated by cortical
pyramidal neurons undergoing synchronous postsynaptic potentials. The amplitude of the
measured signal is the result of a spatial summation of underling clustered and synchronized
neurons. Experimental evidence of synchronization between neighboring neurons has been
reported in literature [94-96]. The inter-electrode distance is in the order of centimeters and
this is often criticized to be a limiting factor for the resolution of the solution space, and is
used as an argument for the inappropriateness of selecting voxel sizes below 1 cm [122].
However, a limit in the resolution of measurement space does not prohibit the modeling of the
solution space at higher resolutions [123]. According to Hamaldinen et al. typical cluster sizes
of simultaneously active synapses of 40-200 mm? are necessary for generating experimentally
measured current densities of 100-250 nA/mm? [29].

4.6 Conclusion

Interest in source localization of EEG recordings has been growing rapidly in recent years.
Research has focused mainly on the improvement of source reconstruction methods and
applications in encephalopathy research in adults. This is the first study demonstrating
monitoring applications of source localization by swLORETA in full-term neonates with
perinatal hypoxic-ischemia. Low current density probabilities in the swLORETA inverse
solutions correlate with hypoxic-ischemic areas as visible on MRI. Furthermore, neonatal
seizure activity may be localized by swLORETA which is not visible in MRI data. The
calculated inverse solutions of the EEG recordings may provide easy-to-interpret localized
information of neonatal brain function, possibly enabling longitudinal monitoring and
assessment of treatment efficacy as well as providing a guide for cerebral imaging studies.
Additionally, since EEG data are available from the first day after birth, whereas MRI data are
typically available one week after birth, EEG source localization may allow early diagnosis of
possible encephalopathy in neonates.
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5 Summary

The first aim of this study has been the quantification of the spectral effects of AEDs on the
EEG in full-term neonates with PAIS (Chapter 3). The second aim of this has been the
investigation of the feasibility of monitoring applications of 3D source localization by
SWLORETA in full-term neonates with HIE (Chapter 4).

The spectral effects of AED have been quantified in full-term neonates with PAIS. Results
have been compared with analysis of aEEG following AED administration. Profound effects
of AEDs on neonatal (a)EEG have been quantified. Midazolam decreases absolute total power
within 30-60 minutes and then stabilizes. This suppression may result in aEEG background
degradation. Relative frequency powers following midazolam administration indicate a shift
towards higher frequencies (6—0). Effectiveness of midazolam seizure suppression has been
shown to be low. Lidocaine does not suppress total absolute power or aEEG background.
Relative frequency powers again show a shift towards higher frequencies following AED
administration (6—0 & a). The effects of lidocaine are more pronounced in the stroke-
affected hemisphere. Contrary to midazolam, lidocaine is highly effective in suppressing
repetitive seizures and status epilepticus.

The results from this study differ significantly from spectral studies on AEDs as performed in
adults. The results indicate that EEGs from neonates under the influence of AEDs should be
interpreted with extra care to prevent misinterpretation of the increased relative high
frequency activity.

Spatial information obtained through EEG measurements is limited to the cortex. However,
abnormalities in WM or deep nuclei may indirectly affect electrocortical activity as measured
by EEG, since they are part of relay networks connected with the cerebral cortex. Therefore,
3D source localization by swLORETA has been performed for the first time in neonates with
HIE, to investigate the feasibility of monitoring applications.

The results indicate that low current density probabilities in the sSwLORETA inverse solutions
correspond to hypoxic-ischemic areas as visible on MRI. Furthermore, neonatal seizure
activity may be localized by swLORETA, which is not visible in MRI data. These results
indicate that the current study setup may enable longitudinal bed-side monitoring of neonates
at-risk, assessment of treatment efficacy as well as providing a guide for cerebral imaging
studies. Additionally, since EEG data are available from the first day after birth, whereas MRI
data are typically available one week after birth, EEG source localization may allow early
diagnosis of possible encephalopathy in neonates.
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6 Recommendations

The study on spectral effects of AEDs in neonates with PAIS can be improved in several
aspects. The current patient group is small and contains variety in infarct sizes, infarct
locations and timing of AED administration. A larger and more homogeneous patient group
would likely results in smaller IQR ranges of the averaged parameters of the power spectra.
However, a larger patient group would allow a subdivision into smaller patient groups with
similar AED administration timings. The number of patients presenting with PAIS is limited
per hospital and thus collaboration between hospitals would be necessary to enlarge the
patient group. Direct control of AED administration timings is not possible, since AEDs are
administered at onset of clinical symptoms.

An improvement in measurement setup is also possible. Different aEEG monitors have
different frequency responses and this hampers direct comparison of data. It has been shown
that firmware upgrades of a single aEEG monitor can result in significantly altered frequency
responses due to adjusted filter settings. If frequency responses between different aEEG
monitors are matched prior to the measurements, e.g. by changing filter settings, the
calculated power spectra do not have to be corrected afterwards, which would reduce the
introduction of noise and improve the overall quality of the analysis.

As a final improvement the measurement of AED serum levels during (a)EEG recordings is
recommended. It has been shown in literature that midazolam and lidocaine serum levels can
influence EEG activity. It has also been shown in literature that lidocaine serum level is
dependent on gestational age. EEG activity following similar lidocaine loading doses may
therefore differ between patients. It is important to further investigate the dependence of EEG
activity on actual AED serum levels.

The study on the monitoring capabilities of sSwLORETA source localization can also be
further improved. The current study setup should be applied to a larger patient group and of
homogeneous encephalopathy. Multiple patient groups can be defined based on different
encephalopathy. This would allow the exploration of the monitoring capabilities across
distinct types of brain injury.

The current 3D source localizations are performed on a generic adult head model. A generic
neonatal head model has to be constructed, since differences in size, volume ratios of
brain/skull/scalp compartments and conductivities are likely to be of importance to the
accuracy of the reconstruction. The brain compartment also needs to be modeled more
realistically, i.e. containing actual hemispheres and a distinction between WM and GM. The
influence between a generic head model and an individual head model may also be explored
further. Possible monitoring applications of sSwLORETA will rely on a generic head model
when used shortly after birth. It is therefore important to know the amount of inaccuracy this
introduces when compared with the use of an individual head model.

The study setup can also be altered to investigate other aspects of the swLORETA source
localization algorithm. Using short EEG segments allows the exploration of source
reconstruction of short and lower voltage EEG transients, which are lost when multiple
current density distributions of large segments are averaged. sSwLORETA can also be
investigated in the frequency domain. Studies have indicated that WM injury introduces
frequency shifts that can possibly be detected by performing source localization in the
frequency domain.
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Finally, inter-subject deviations in electrode placement may decrease the accuracy of the
source localizations. The reported errors for electrode placement and source localizations are
based on studies performed on adults. Although the overall visualization and interpretation of
cerebral function is expected to be similar when errors in electrode placement are lowered,
this effect has to be studied based on neonatal data.
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Appendix A Classification of aEEG

Background patterns

The classification of aEEG background patterns is based on minimum and maximum
amplitudes of the signals [37, 42-44]. The five possible background patterns, ordered from
good to bad, are: continuous normal voltage (CNV), discontinuous normal voltage (DNV),
continuous low voltage (CLV), burst suppression (BS) and flat trace (FT). Examples are

shown in Figure A.1. The classification of the patterns according to their amplitude ranges is
given in Table A.1.
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Figure A.1: Example aEEG data showing the five different patterns.
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Table A.1: Classification of aEEG background patterns based on lower and upper amplitude limits.

Background Continuity Limits (V)
Lower  Upper
CNV continuous 7-10 10-25
DNV discontinuous <5 >10
BS discontinuous 0-1 >25
CLV continuous ~5
FT mainly flat <<5

Seizure activity

Seizure activity can be classified as: (i) single seizures, (ii) repetitive seizures or (iii) status
epilepticus [44]. Repetitive seizures are similar to single seizures, but they occur more
frequently than at 30-min intervals. Status epilepticus is classified as ongoing seizure activity
lasting longer than 30 minutes [43, 44]. The appearance of these three types of seizures in
both aEEG and EEG is shown in Figure A.2 and Figure A.3.
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Figure A.2: The appearance of single and repetitive seizures in both aEEG (left) and EEG (right). The dashed
line in the aEEG plots marks the position of the EEG segment containing the seizure.
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Figure A.3: The appearance of status epilepticus in both aEEG (left) and EEG (right). The dashed line in the
aEEG plots marks the position of the EEG segment that is displayed.
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Midazolam spectral power values

Table B.1: Change of spectral parameters following a loading dose of midazolam.

63

Baseline value

Normalized value at
maximum effect (%)

Ipsi Contra Ipsi Contra

Y [uVY 39(22-52) 30(26-40) 47t (28-74) 47* (28-67)

g &  [uV® 24(14-38) 21(17-30) 417 (25-76) 42* (26-69)

S 0 [uv] 7411 7 (5-7) 61 (45-93) 54* (40-86)

< o [uVvi 2 (1-4) 2 (2-3) 53* (43-66) 50* (26-60)

B [uV7 2 (1-4) 2 (1-3) 39+ (21-77) 25* (11-62)

o N [%] 67 (61-72) 66 (61-72) 947 (82-98) 92+ (86-97)
% 0 [%]  20(17-22) 20(17-23) 138+ (112-188)  131* (108-131)

© o [%] 7 (7-9) 7 (5-9) 91 (84-109) 88 (81-115)

B [%] 4 (4-6) 5 (3-8) 79 (71-85) 69 (36-92)

SEF  [Hz] 11(10-13) 12 (9-15) 90 (86-94) 85 (62-99)

Legend: Changes in spectral parameters after midazolam administration. Baseline and normalized values at
maximum effect are given for absolute total power (X), absolute and relative frequency band power (8, 6, a and
B) and SEF for ipsilateral (Ipsi) and contralateral (Contra) hemispheres. Values are expressed as median (IQR).
Statistical ~ significant changes with  baseline values are indicated with: * p<0.01 and
T p<0.05.

Table B.2: Interhemispheric significance p-values during four hours surrounding midazolam administration.

hours normalized to first hour
-1 1 2 3 -1 1 2 3
)y 0.461 0547 0.195 0.313 1.000 0.742 0.945 0.742
% S 0.461 0.641 0.195 0.461 1.000 0.641 0.945 0.844
E 0 0.641 0547 0.461 0.250 1.000 0.461 0.844 0.742
f: o 0.313 0.250 0.109 0.109 1.000 0.461 1.000 0.461
B 0.383 0.195 0.195 0.078 1.000 0.383 0.383 0.148
° 5 0.742 0.641 0.742 0.313 1.000 0.547 1.000 0.195
2 0 0.461 0.742 0.461 0.461 1.000 0.844 0.461 0.945
§ o 0.383 0.461 0.641 0.148 1.000 0.945 0.641 1.000
B 0.945 0.148 0.742 0.547 1.000 0.250 0.383 0.641

Legend: Interhemispheric significance p-values are calculated from one hour before until three hours after
midazolam administration. This is done for absolute powers, relative powers and normalized absolute/relative
powers. Statistical significant changes are defined as: * p<0.01 and T p<0.05. No significant differences are
present following midazolam administration.
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Appendix C  Lidocaine spectral power values

Table C.1: Change in spectral parameters following lidocaine administration.

Normalized value at

Baseline value maximum effect (%0)

Ipsi Contra Ipsi Contra
> [nVv4 17 (12-23) 13 (10-23) 82 (59-95) 89 (70-121)
g 5 [uv] 11814  8(6-16) 73+ (51-80) 81 (66-117)
S 0 [ 447 5 (3-6) 107 (81-127) 92 (75-148)
2 o [ 112 1(1-1) 91 (61-123) 102 (70-135)
B [uvy 1(0-1) 1(0-1) 82 (59-105) 122 (72-153)
) [%] 60 (58-66) 58 (47-68) 85* (77-94) 92* (85-97)
% 0 [%] 28(23-30) 29(23-38) 135*(125-139) 111* (103-127)
T o« [%] 7 (7-9) 8 (6-10) 120 (102-136)  119* (105-122)
“ 5 [ 45 4 (3-5) 106 (87-121)  108* (83-116)
17 (12-23)  13(10-23) 82 (59-95) 89 (70-121)
SEF [Hz] 11(8-14) 8(6-16) 731 (51-80) 81 (66-117)

Legend: Changes in spectral parameters after lidocaine administration. Baseline and normalized values at
maximum effect are given for absolute total power (), absolute and relative frequency band power (3, 6, o and
B) and SEF for ipsilateral (Ipsi) and contralateral (Contra) hemispheres. Values are expressed as median (IQR).
Statistical ~ significant changes with  baseline values are indicated with: * p<0.01 and
T p<0.05.

Table C.2: Interhemispheric significance p-values during four hours surrounding lidocaine administration.

hours normalized to first hour

-1 1 2 3 -1 1 2 3
¥ 0275 0.846 1.000 1.000 1.000 0.193 0.193 0.037°
£ 5 032 0770 0922 0922 1.000 0.105 0.105 0.010*
S 9 0492 0625 0.695 0.770 1.000 0.846 0.625 0.275
< o 0375 0695 1.000 0.770 1.000 0.432 0.375 0.105
B 0.375 0.322 0557 0.492 1.000 0.027 0.846 0.193
, O 0232 0922 0695 1000 1.000 0.064 0.049" 0.232
% 6 0232 0.846 0.922 0.695 1.000 0.002* 0.014" 0.037°
© o 0375 0695 0922 1.000 1.000 0.084 0.232 0.432
B 0.922 0695 0.193 0.846 1.000 0.846 0.232 0.557

Legend: Interhemispheric significance p-values are calculated from one hour before until three hours after
lidocaine administration for absolute powers, relative powers and normalized absolute/relative powers. Statistical
significance is defined as: * p<0.01 and T p<0.05. Normalized absolute total and delta power is significantly
different in the third hour after lidocaine administration. Normalized relative delta power is significantly changed
in the second hour, while normalized relative theta power differs significantly in all hours following lidocaine
administration.
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Appendix D Literature on EEG spectral effects of AEDs

Table D.1: Changes in spectral parameters following midazolam or lidocaine administration as reported in
literature.

Total ) 6 a B
Method power abs rel abs rel abs rel abs rel
Bihrer [54] v ™ N2 T
Hering [55] v d T T
% Aeschbach [56] Oral Ng NE 0 ™
S Billard [57] \Y, 0 0
< Feshchenko [58]  Buccal 0 N
= Scott [59] Buccal = = 0 0
Durka [60] v N N2 T
Current study v d NN N A A N
[<b]
3 Detsch [69] W 2 - . 0
5 Madhavan [70]  Cortical ™ NE NE NE
— Current study IV = = 4y = 1 = 1 = =

Legend: An overview of available studies on EEG spectral effects following administration of either midazolam
or lidocaine. All studies are performed on healthy volunteers, with exception of Madhavan et al. who focused on
patients with focal epilepsy [70]. Administration methods are listed (IV = intravenous), together with absolute
total power and absolute and relative frequency band powers. > and |, indicate reported increase and decrease,
respectively, and = indicates no change
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Appendix E  The forward problem
The EEG forward problem is defined as

® = K] Eq. E.1

with @ € RMe*1 a vector containing the electrode potentials measured at Ng extracranial
scalp electrodes. The primary current density in the brain J € RG¥v)X1 js defined as

J= (]I;]%;]g; J]IT\}V) Eqg.E.2

where J; € R¥ for [ = 1,..., Ny. At the I** voxel, JT = (J%,]7,)7) contains the unknown
dipole moments, and the superscript ‘T’ denotes the transpose.

The lead field K € RNeXG3Mv) contains information about geometry and conductivity of the
head model and has the following structure

k1,1 kl,NV
K= : : Eq. E.3

kNE,l kNE,NV

with K;; € R™>3 fori =1,..,Ng, and | = 1, ..., Ny. Note k;; = (k¥, K}, kZ,) where k7, is
the scalp electric potential at the i*" electrode, due to a unit strength X-oriented dipole at the
It" voxel, kl?fl is the scalp electric potential at the i*" electrode, due to a unit strength Y-
oriented dipole at the [*" voxel, KZ, is the scalp electric potential at the i*" electrode, due to a

unit strength Z-oriented dipole at the (" voxel.

The source reconstruction models calculate J from the inverse problem, which follows from
Eqg. E.1, and apply physiological constraints to the solution space to obtain the electrical
source distribution. For the mathematical derivations of LORETA, sLORETA and
SWLORETA, see their respective publications [16-18].
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