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ABSTRACT

Background

Amplitude-integrated encephalography (aEEG) in term-born encephalopathic infants has been
shown to be predictive of later neurodevelopmental outcomes, but little is known about the
mediating cerebral pathology. In addition, the aEEG is commonly used to monitor electrographic
seizures in the newborn, an important manifestation of cerebral pathology, but there is limited data

on it's efficacy for this purpose. It’s clinical application in the preterm infant remains to be explored.

Aim
The central aim of this thesis is to prove the hypothesis that the aEEG assists in detecting cerebral

dysfunction in the newborn.

Methods

1) In a cohort of term-born infants with encephalopathy and/or seizures digital aEEG
background measures of the lower and upper aEEG margins were related to a numeric MRI
abnormality score.

2) In at-risk term newborns, the accuracy of two-channel digital aEEG monitoring was
compared with continuous concurrent conventional EEG for seizure detection.

3) In preterm infants (gestation at birth < 30 weeks) aEEG measures of lower and upper margin
collected in the first week of life were compared in infants with substantial cerebral

abnormality to infants without.



Results

1) For all infants in the term cohort, the severity of abnormality of aEEG background was
strongly related to severity of abnormality seen on cerebral MRI.

2) Using the aEEG pattern with the raw EEG signal, 76% of electrographic seizures were
correctly identified in the term infants.

3) In the preterm cohort, the lower and upper aEEG amplitude margins increased significantly
during the first week of life. In the presence of substantial cerebral abnormality, these

margins were significantly depressed. Seizures were noted in the smaller and sicker, infants.

Conclusion
The central hypothesis of this thesis, that the aEEG assists in detecting cerebral dysfunction in the

newborn was proved.
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Abbreviations

AED - anti-epileptic drug

aEEG — amplitude integrated EEG
ASA — acute stage abnormalities

BE — base excess

Bic — bicarbonate

Bpm — beats per minute

BS — burst suppression

ccEEG - continuous conventional EEG
CFM - cerebral function monitor

CI — confidence intervals

CLV - continuous low voltage

CNV - continuous normal voltage
CP — cerebral palsy

CUS - cranial ultrasound scan

DNV - discontinuous normal voltage
ECG - electrocardiograph

EEG - electroencephalogram

EMG - electromyogram

ESA — electrographic seizure activity
FT —flat trace

GM-IVH — germinal matrix — intraventricular haemorrhage

HR — heart rate



IBI — interburst interval

IVH — intraventricular haemorrhage

LR — likelihood ratio

MRI — magnetic resonance image

NPV — negative predictive value

P5 value — percent of time the lower aEEG margin spends below 5uV
PPHN — primary pulmonary hypertension in the newborn
PPV — positive predictive value

PVL — periventricular leukomalacia

REM - rapid eye movement

RR — respiratory rate

SE - status epilepticus

TEA - term equivalent age
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CHAPTER ONE

Introduction; Aim and Hypotheses
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1.1 Introduction and Aim

The amplitude-integrated EEG (aEEG) pattern obtained within the first six hours of life from term-
born infants who have suffered hypoxia-ischaemia has been shown to be useful for predicting
neurodevelopmental outcome at two years. Hence it may be useful for early identification of infants
at risk of neurological disability and selecting infants for neuroprotective interventions. Background
abnormalities detected in term infants on the aEEG may reflect severity of encephalopathy and in
turn the extent of brain injury in this group of infants. The aim of this thesis is to prove the

hypothesis that the aEEG assists in detecting cerebral dysfunction in the newborn.

Let us consider three applications of the aEEG in the newborn. Firstly, the clinical use of the aEEG
background pattern in term infants to predict neurodevelopmental outcomes has increased over the
last 20 years, more so since it has been used in selecting infants for trials of therapeutic
hypothermia. Secondly, aEEG monitors are commonly used to monitor electrographic seizures in
at-risk infants, particularly in centres with limited availability of conventional EEG. However it's
efficacy for this purpose is not clear. Thirdly, its clinical application and use in preterm infants
remains to be defined. In attempting to prove our central hypothesis that the aEEG assists in

detecting cerebral dysfunction in the newborn, the following hypotheses will be tested:

1.2 Hypotheses
i. Inthe term-born infant with encephalopathy and/or seizures, the aEEG pattern and 2-
channel EEG measures of amplitude detects cerebral abnormality as defined by qualitative
MR abnormality scores on T1 and T2-weighted MR images.
i. Inthe preterm infant, the variability of the aEEG background pattern, the presence of

electrographic seizures and quantifiable aEEG amplitude measures reflect cerebral
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iii.  The digital bedside aEEG monitor is sensitive and accurate for electrical seizure detection

when compared to simultaneous continuous conventional EEG.
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CHAPTER TWO

Literature Review and Scope of Thesis
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2.1 Summary

In this chapter, the basic principles of EEG and aEEG will be described, with their use in term and
preterm infants. The use of aEEG for electrographic seizure detection will also be summarized.
Finally cerebral abnormality, the term used broadly in the context of this thesis, as applied to
preterm and term infants in terms of neuropathology, imaging and neurodevelopmental outcomes

will be reviewed.

2.2 Principles of Electro-encephalography (EEG)

2.2.1 Historical Background

In the 1870s Richard Caton, a physiologist in Liverpool, discovered that the animal brain has
spontaneous electrical activity (1). Hans Berger obtained EEG recordings from the scalp as well as
from the surface of the brain via scalp defects of human subjects in the 1920s (2). Initially using just
two large silver foil electrodes, over the frontal and occipital areas (3), Berger was able to
characterize a number of EEG features; (i) beta and alpha waves arising from the cortex, (ii) the
disappearance of alpha waves and appearance of beta waves on eye opening, (iii) the presence of
EEG activity in newborns, children and the elderly, (iv) the iso-electric EEG seen during cerebral
depression, (v) the EEG in epilepsy, (vi) EEG changes with intracranial haemorrhage and (vii) the

effect of narcotics on the EEG (4).

2.2.2 Basic Principles of EEG

EEG activity detected at the scalp is the result of post-synaptic potentials from cortical pyramidal
cells closest to the electrode. These cells receive input from cells in other regions of the brain with
additional excitatory and inhibitory modification from glial cells (5). Each EEG channel represents

the voltage potential difference between adjacent electrodes as recorded at the scalp. The voltage

24



fluctuation (y-axis) in relation to time (x-axis) have been depicted as EEG waveforms. Conventional

EEG commonly uses the 10-20 system of electrode placement on the scalp.

2.2.3 The Origins of EEG Waveforms

The alpha rhythm (8-13Hz) is thought to be of cortical origin with possible thalamic pacemaker cell
input (6). These waves are best seen in the adult EEG acquired at the occipital area, with eyes
closed, under conditions of physical relaxation and mental inactivity. Beta activity (>13Hz) is
encountered most prominently at the frontal and central regions of most adults. Berger recognized
that these waves occur in relation to mental activity (6). However their origins at a cellular level are
not well understood. Delta activity associated with deep sleep is thought to originate from the
thalamus as are sleep spindles. Sleep spindles are thought to be driven by repetitive burst
depolarisations from the reticular nuclei of the thalamus. Other important waveform types include

theta (3-6Hz) and delta (<3 Hz) waves.

2.3 Conventional EEG in the Newborn

2.3.1 EEG and Cerebral Maturation

The EEG pattern of the newborn infant predominantly reflects degree of cerebral maturation. An
important feature is discontinuity or trace discontinue whereby short bursts of electrical activity are
interspersed with longer periods of quiescence or low voltage activity (7). “Continuity” of EEG
activity has been measured in terms of the duration of bursts, the duration of periods between

bursts as well as the voltage amplitude of the bursts in preterm infants (8).
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2.3.2 The Interburst Interval (IBI)

The inter-burst interval is a measure of the duration of the quiescent periods between bursts.
Measurements of the interburst interval depend upon the definitions used in terms of duration and
voltage threshold as well as methods used for measurement (8). In a small group of extremely
preterm infants divided into three groups of gestation (21-22, 23-24 and 25-26 weeks), Hayakawa et
al (9) found a significant decrease in IBl and increase in burst duration with increasing PCA (Figure
2.1). Connell et al (10) describe an increase in percentage continuity with increasing gestational age
from 26 weeks until term. With increasing gestation, there is increasing “continuity” in the EEG

background (7), with conversely decreasing inter-burst intervals (11).
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2.3.3 Specific EEG Features Related to Maturation

EEG activity in the newborn consists of a combination of frequencies but high amplitude (50 to
250uV) rhythmic, low frequency (0.3 — 1.5 Hz) delta waves predominate (12). These large low
frequency, high amplitude waves often have higher frequency waves of 10-20 Hz superimposed
upon them and then have been described as delta bursts, delta brushes or delta-beta complexes.
These can be seen on the EEG of preterm infants as early as 24 weeks gestation. Similarly bursts

of high amplitude theta activity may also be seen in preterm infants before 28 weeks gestation (12).

2.3.4 Inter-Hemispheric EEG Synchrony

The discontinuous traces in infants under 28 weeks gestation demonstrate a high degree of
interhemispheric synchrony (13). In the following weeks, there is a decrease in synchronous
activity, thought to be in relation to growth and increasing complexity of the lobes. Synchronous
interhemispheric activity subsequently increases in late prematurity to term gestation. The high
degree of synchrony in extreme prematurity is not clearly understood. The increasing synchronous
EEG activity with approach to near-term gestation may be related to increasing myelination of the

white matter.

2.3.5 Sleep State Changes

The normal EEG of the full term infant comprises of an elaborate pattern of sleep state changes
(12). This has conveniently been simplified into quiet (non-REM) sleep, active (REM) sleep and
awake. In order to differentiate between the sleep states, other information including EMG, eye
movements, respiration, body movements and ECG need to be obtained. Sleep state differentiation
begins at 28 to 30 weeks gestation. By 32 to 34 weeks this is more established. By 34 to 36 weeks,

clear distinction between REM and non-REM sleep can be made.
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2.3.6 Specific EEG Abnormalities, Periventricular Leukomalacia (PVL) and Neurologic Outcome in
Preterm Infants

EEG obtained from preterm infants is characterized by the appearance of specific features at
specific gestations and locations and act as EEG developmental landmarks (8). However

persistence of these features beyond the specified period or at unusual locations may be abnormal.

Likewise, the presence of other features may be indicative of specific pathology. The presence of
positive rolandic sharp wave activity has been associated with periventricular leukomalacia (PVL)
(14) and adverse neurological outcomes in premature infants (15), with the EEG findings often
preceding the cranial US appearance of PVL (16). The presence of frontal and occipital sharp

transients may also be associated with PVL in preterm infants(17).

Using features including prolonged inter-burst interval and voltage attenuation Maruyama et al (18)
graded acute stage abnormalities (ASA) in the first week of life in a cohort of 295 infants born
between 27 and 32 weeks gestation, and related them to the presence and severity of cerebral
palsy (CP). Forty-six infants in their cohort suffered CP at 18 months. Most infants had spastic
diplegia CP related to PVL. The strongest correlation between maximum grade of ASA and severity
of cerebral palsy occurred on EEGs recorded on the second and third days of life. The same group
of workers also reported that chronic stage abnormalities in EEGs of preterm infants who have
gone on to develop cystic as well as non-cystic PVL were commonest and most severe between

days 5 and 14 and resolved within one to two months in all infants (19).
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2.3.7 EEG, Neonatal Encephalopathy and Outcome in the Term-Born Infant

It has been recognized that EEG activity is depressed in term infants who suffer encephalopathy
due to hypoxia-ischaemia. In a study of term-born infants who had suffered neonatal
encephalopathy, Sarnat and Sarnat (20) observed three stages of encephalopathy which were
related to neurological outcomes in later infancy. Stage 1 was characterized by hyperalertness,
uninhibited Moro and stretch reflexes, increased sympathetic effects and a normal outcome. This
was accompanied by a normal EEG. Infants who entered stage two were lethargic or obtunded, had
overactive stretch reflexes and increased parasympathetic activity. The EEG activity in the early
period of stage two was characterized by voltage depression in the low frequency (delta and low
theta) range with a paucity of the higher frequency (alpha and upper theta) activity. A “periodic”
pattern was present in established stage 2 consisting of high voltage polymorphic slow and sharp
wave activity lasting one to three seconds, alternating with low amplitude delta and theta activity
lasting three to six seconds. The third stage of encephalopathy was characterized by a further
depression in level of consciousness to stupor, with flaccid tone, absent stretch and Moro
responses. The EEG showed increased inter-burst interval of 6 to 12 seconds in the early part of

stage 3. With progression of stage 3, there was a regression of the EEG pattern to isopotential.

Infants who did not enter stage 3 and who had stage 2 encephalopathy for less than five days had a
“‘normal” outcome (20). Persistence of stage 2 for more than seven days or failure of the EEG to

revert to normal was associated with neurological impairment or death. They were able to show that
these observed stages of encephalopathy paralleled worsening EEG background patterns and also

related to outcome in early infancy.
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Holmes et al (21) demonstrated that conventional EEG background activity in 38 term newborn
infants who had suffered “asphyxia” was highly correlated with neurological and developmental
outcome at 2 years. They showed that infants with normal EEG and maturational delay were more
likely to have normal outcomes and infants who had low voltage, electrocerebral inactivity and burst
suppression backgrounds were highly predictive of abnormal outcomes. Similar findings have been
described by other groups (12). In a recent study, Murray et al (22) looked at the predictive value of
early EEG at 6, 12, 24 and 48 hours of life in term infants with HIE. Their data suggest that best

predictive value was at six hours of life; for many infants the EEG shows improvement by 48 hours.

In a group of term infants who showed excessive EEG discontinuity Menache et al (23) showed that
those who had IBIs greater than 30s were more likely to have adverse neurologic outcomes. In a
cohort of term infants with neonatal encephalopathy who had EEG and MR imaging, Biagioni et al
(24) were able to show that infants with normal MR imaging had normal EEG backgrounds and
normal outcomes, whereas infants with severely abnormal spectrum of MR abnormalities, had
abnormal EEG backgrounds and worse outcomes. In a more recent study, Leijser et al (25) showed
that the predictive value of early EEG in a small group of infants was enhance by the addition of

neuroimaging findings, particularly MRI.

2.4 Amplitude-Integrated EEG

2.4.1 Historical Perspectives of Amplitude-Integrated EEG

The aEEG was devised by Douglas Maynard and its clinical potential was tested by Pamela Prior in
the 1960s in adult patients requiring intensive care and undergoing cardiac by-pass at the London
Hospital (26, 27). A “cerebral function monitor” (CFM) was described that could be useful for

continuous monitoring of cerebral activity when the cerebral circulation was “vulnerable” such as
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during cardiac surgery and to monitor recovery or deterioration in patients with brain injury or coma
at a time when improved intensive care management allowed close monitoring of respiratory rate,
heart rate, oxygen saturations and blood pressure but as yet continuous cerebral function

monitoring in a practical way was not possible.

2.4.2 Monitoring Cerebral Function

In their first monograph on the use of the CFM, Prior and Maynard (28) set out some simple
requirements for any practical cerebral monitoring system. It should be simple to use, reliable, non-
invasive, have a wide applicability, inexpensive and importantly give immediate information about
cerebral function. The single channel was deemed acceptable for monitoring “diffuse” cerebral
function and the device was more concerned with signal voltage and variability rather than

frequency of cerebral electrical activity.

The aEEG was devised to complement conventional EEG, and not to replace it (27). For continuous
monitoring, conventional analog EEG was regarded as costly. With its faster recording speed at
1080 cm/hour, it produced a large output of recorded paper (300 — 600 metres during a single

cardiac operation!) and also required greater expertise for interpretation.

2.5 General Principles of aEEG
2.5.1 The Number and Position of Electrodes
The CFM trace resulted from the voltage potential difference between two parietal electrodes (P3-

P4 in the 10-20 system) (26). It was felt that recordings from this region would
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1) be least affected by artefacts from muscle (facial and jaw movements) activity, eye
movement and sweating. Also it was felt that these would least interfere with patient care and
be of greatest comfort to the adult patient,

2) provide maximum amplitude of cerebral activity from awake, sleeping, anaesthetized and
comatose patients and

3) overlie the site of greatest vulnerability to ischemia as it was a watershed region for arterial

blood supplies between anterior, middle and posterior cerebral artery territories.

2.5.2 The Frequency Filter

Frequencies less than 2 Hz were cut out in order to reject artefact such as that caused by low
frequency fluctuations due to sweating (28). The signal was then amplified and filtered so that very
high and low frequencies were attenuated. Frequencies greater than 15 Hz were rejected with a
high degree of rejection of frequencies as high as 50Hz in order to minimize interference from

electrical mains.

2.5.3 Amplitude Range and Output

The amplitude was semi-log compressed so that a high “output” was produced for signals in the
range of one to 10 pV in order to focus on depressed cerebral activity, but the system should also
be able to detect high levels of activity such as during an epileptiform seizure as well as normal
levels of activity. Hence, the output was designed to be linear for signals up to 6uV, semi-
logarithmic between 8 and 20 pV and logarithmic above 25pV. This would also avoid the need for
gain control and range switching. Since this original system, various commercial devices providing a
trace that either reproduces the aEEG in a similar fashion, if not exactly the same, are available.

Typically, the y-axis scale may vary slightly (29).
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An output band trace is obtained at a speed of 6cm/hour, however speeds varying from 2.5t0 9
cm/hour have since been used, according to personal preference. The band tracing was thought to
correspond to an increase or decrease in the “amount of cerebral activity” depending on whether
the band sloped up or down, respectively (27). Variations in width and other aspects of the tracing

were thought to relate to “character of cerebral activity”.

Figure 2.2 Schema showing how the aEEG trace is obtained from the raw EEG signal.
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2.6 aEEG and the Term Newborn

2.6.1 Introduction

The first published study using aEEG in the perinatal setting related to the feasibility of intrapartum
monitoring for fetal well-being (30). The use of aEEG in the newborn infant was first documented in
1983 (31). From these early observations, it was recognized that aEEG may usefully demonstrate
electro-cortical “background” activity particularly for infants who had suffered hypoxia-ischemia and
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also for electrical seizure activity (32). Greisen also noted that, “lack of knowledge of when and how

to intervene, rather than technical problems, puts a limit to the usefulness” of the aEEG.

Figure 2.3 Showing the placement of gel electrodes in the C3, P3, C4, P4 positions (left) (when two
channels are used) during continuous monitoring of a newborn infant. Ongoing digital aEEG
monitoring produces minimal disturbance in the neonate (right). (Photographs with permission).

2.6.2 aEEG and Hypoxic Ischemic Encephalopathy

Bjerre et al (31) carried out a study on the potential usefulness of the aEEG in the asphyxiated
newborn infant. They were able to show a good concordance in the aEEG background pattern with
conventional EEG background in 35 infants, the majority of the aEEG recordings having been

carried out in close temporal proximity to the conventional EEG.

Hellstrom-Westas et al (33) found that the aEEG background obtained from term asphyxiated
infants within the first six hours of life was predictive of neurological outcome at follow-up, when it
was classified into normal and abnormal (burst suppression (BS), continuous extremely low voltage
(CLV) and flat trace (FT)) patterns. Toet et al (34) clarified the background patterns obtained from

this group of infants into continuous normal voltage (CNV), discontinuous normal voltage (DNV),
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BS, CLV and FT. They found that the sensitivity and positive predictive value (PPV) increased from

85% and 78% respectively at three hours to 91% and 86% respectively at six hours.

Using a semi-quantitative approach, Al Nageeb et al (35) classified the background patterns by
measuring the level of the lower and upper margins, into normal (lower margin > 5mcV, upper
margin > 10mcV), moderately abnormal (lower margin < 5mcV, upper margin > 10mcV) and
severely abnormal (lower margin < 5mcV, upper margin < 10mcV). Using this system, they obtained
similar values for sensitivity, specificity, PPV and negative predictive value. They extended the
predictive value of the aEEG background to infants with encephalopathy due to causes other than
hypoxia-ischaemia and also to infants monitored outside the first 24 hours of life. The high

predictive value of aEEG in the term-born infant has been born out by a number of studies (36-38).

2.6.3 Evolution of aEEG Pattern in the First 72 Hours and Relationship to Outcome

Ter Horst et al (37) demonstrated that in term newborn infants who had continuous aEEG
monitoring in the first 72 hours of life, the more rapidly the aEEG pattern returned to normal, the
more likely the infant had a better outcome at two years of age. The positive likelihood ratio (LR) of
the abnormal patterns to be predictive of abnormal outcome at two years was greatest between 24

and 36 hours (+LR 19 [95%CI 2.8 — 128]).

In a large cohort of term infants with neonatal encephalopathy, Van Rooij et al (38) demonstrated
that some infants with severely abnormal traces had a normal outcome at two years if they showed
improvement in the aEEG background in the first 24 hours of life. These two studies (37, 38)
showed that outcome for infants depended not only the aEEG background pattern in the first six

hours of life, but also on how quickly the pattern improved during the first 72 hours of life. There has
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been much interest in the potential value of a tool that can predict outcomes in at-risk newborn

infants in the first few hours of life as neuroprotective interventions are being investigated (39).

2.7 aEEG and Electroencephalographic Seizures

Seizure activity in the newborn is also an important manifestation of cerebral abnormality or injury
(40). It is difficult to obtain accurate figures on the incidence of seizures in the newborn. There are
no data available on the true incidence of electrographic seizures in the newborn. Epidemiologic
studies estimate the incidence of clinical seizures in the newborn at between 1-3 per 1000 live
births (40-43) with a greater incidence in preterm and low birth weight infants. In an epidemiologic
study, Glass et al (42) found the incidence of seizures in infants born at 36 weeks or greater to be
0.95 per 1000 live births from 1998 to 2000 over a Californian cohort of 2.3 million children. There
was a higher risk of seizures in infants born to nulliparous women over 40 years of age, diabetic
women, infants born at a gestation of 42 weeks and above and infants born to women with

intrapartum fever or infection.

The overall electro-cortical activity is seen to increase during an electrical seizure, as observed with
rhythmic and repetitive spike and wave activity on EEG traces. This in turn may bring about a
distinct rise in the lower and upper aEEG band margins, as was observed by Prior et al (44). This
was later confirmed by other workers (45, 46). Hence the aEEG is sometimes used by clinicians to
monitor for electrographic seizure activity in at-risk newborns. However until recently there have

been limited data on its efficacy and accuracy for this purpose.

Many studies have used the aEEG tracing without the benefit of the raw EEG obtained on modern

digital systems for testing the accuracy of the aEEG monitor for seizure detection. Hellstrom-
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Westas (46) compared simultaneously recorded analog aEEG traces with multi-channel EEG tape
recordings from sick newborns. She showed that the aEEG missed short electrical seizures up to
half a minute long. Toet et al (47) demonstrated high inter-observer agreement, sensitivity,
specificity and predictive values for aEEG when it was compared to conventional EEG recordings of
30 minutes duration. Rennie et al (48) found poor inter-observer agreement and sensitivity for
seizure detection for selected aEEG traces in comparison with EEG-video. However, they used
variable aEEG speeds and inexperienced aEEG raters who had received relatively little (three to

five hours) training.

Also when just one or two channels of EEG are used, focal seizures originating at a site distant to
the electrodes may not be detected. Of 851 neonatal seizures captured on conventional EEG on
125 EEGs from infants who were 34 to 50 weeks post-conceptional age, Shellhaas et al (49)
showed that 78% appeared in the “cross-cerebral” C3-C4 channel. Using the aEEG obtained from a
single channel, neonatologists with varying expertise in aEEG use were able to correctly identify

only 12 - 38% of individual seizures from 22 — 57% of the 125 records.

In a study comparing multichannel aEEG to multichannel conventional EEG, 121 seizures in 12
infants with HIE were reviewed (50). Sixty-eight percent of the seizures occured over the centro-
temporal regions and although the overall seizure detection rate using aEEG was low, all patients
with seizures of one pattern were identified using multichannel aEEG whereas all but one patient

was identified using a single channel of aEEG across the C3-C4 cross-cerebral channel.
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2.8 aEEG in Preterm Infants

2.8.1 aEEG Pattern with Increasing Gestation

Unlike aEEG patterns in term infants, aEEG patterns in preterm infants are less well characterized.
Like conventional EEG, the aEEG pattern is in a continuous state of evolution reflecting increasing
EEG signal continuity with advancing post-conceptional age. Thornberg and Thiringer (51)
measured the lower and upper margin levels in microvolts of a minimum epoch of 10 minutes of the
broadest as well as the narrowest amplitude band in infants born at 26 to 37 weeks gestation
recorded at post-conceptional ages of 30 weeks onwards. They documented a rise in the lower as
well as the upper aEEG margin with increasing gestation of the broad as well as the narrow

sections of tracing.

Olischar et al (52) studied infants who had had no IVH, PVL or evidence of birth asphyxia from a
cohort of infants born at <30 weeks gestation. They classified the aEEGs into periods of (i)
continuous, (ii) high voltage discontinuous and (iii) low voltage discontinuous patterns. They found
an overall increase in the continuous and high voltage discontinuous patterns with increasing
gestation. For infants born at all these gestational ages, they were also able to show that there was
an increase in continuity with chronological age (53). Other groups have demonstrated a similar

increase in electro-cortical activity with increasing gestation (54).

2.8.2 aEEG Pattern Changes in Relation to Cerebral Oxygenation and Perfusion Changes in the
Preterm Infant

As well as reflecting cerebral maturation, the aEEG pattern from the preterm infant may also be
affected by changes in cerebral oxygenation and perfusion. Hellstrom-Westas et al (55)

demonstrated a depression in the aEEG pattern that occurred with a significant transient drop in
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mean arterial blood pressure in association with surfactant administration in preterm infants. In a
related study, Skov et al (56) demonstrated that, in association with the transient (~ 10 minutes)
depression in the aEEG pattern during surfactant administration, there was systemic hypoxia as
evidenced by a drop in oxygen saturations as well as a drop in systemic blood pressure. They
demonstrated a drop in cerebral oxyhaemoglobin concentration with no drop in total cerebral
haemoglobin concentration accompanying the systemic hypotension from which they deduced that
cerebral blood flow and volume were maintained and that the depression in the aEEG pattern was
related to hypoxia. They observed an improvement in cerebral oxygen in nearly all the patients in

the few minutes following the surfactant administration.

2.8.3 aEEG, Cerebral Injury and Neurodevelopmental Outcome in the Preterm Infant

With the continuously evolving EEG in the preterm infant, it has been difficult to classify the aEEG
patterns from this group into convenient categories in the way that had been carried out in term
infants with HIE. There is limited data in preterm infant relating the aEEG pattern to cerebral injury
and neurologic outcome. In a small preterm cohort study, Hellstrom-Westas et al (57) obtained
aEEGs from 31 preterm infants between 23 and 33 weeks gestation in the first week of life and
related them to later outcomes. All the infants were under one kilogram birth weight and twenty of
these (less than two-thirds) survived to two years. Of the 11 who had developed “continuous”
activity only one developed neurologic handicap at 2-years. A significantly larger proportion of
infants who developed cyclicity or variability of the trace which they described as “sleep-wake
cycling”, survived without neurologic handicap. Seventy-five percent (15/20) of infants with IVH had
seizures compared to none of the 11 who had no IVH. However they had used analog aEEG in the

absence of the raw EEG trace.
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The same group also showed that preterm survivors of IVH grade 3 or 4 had more bursts (>10mcV)
in an hour epoch/24 hour period over the first four days, as compared to infants with same grade
IVH who died (58). The temporal relationship between evolution of IVH and aEEG recordings was

not examined in this retrospective study.

2.9 Encephalopathy in Term-Born Infants

Data on the incidence of neonatal encephalopathy in the term born infant is not easily available,
with varying definitions of encephalopathy and probably substantial under-reporting. Badawi et al
(59, 60) reported a prevalence of 3.8 per 1000 live births in Western Australia and Pierrat et al (61)
reported a prevalence of 1.6 per 1000 live births in a region of northern France of newborn infants
with moderate or severe encephalopathy. At least half the cases reported in the latter study were

thought to be related to primary hypoxia-ischemia.

2.10 Cerebral Injury in Term Infants with Hypoxic-lschaemic Encephalopathy
There are several complimentary models of brain injury in the term-born infant who has suffered

hypoxia-ischaemia. Below are outlined some of these.

2.10.1 Mechanisms of Cerebral Injury

Glucose and oxygen are the principal substrates for oxidative energy metabolism in the perinatal
brain. In acute and severe hypoxia-ischaemia the supply of these substrates to the brain is
presumably interrupted leading to a depletion of high energy phosphates in the brain cells. This may
be thought of as a “primary” energy failure (62, 63). Phosphorus spectra on magnetic resonance
spectroscopy (MRS) are seen to “normalize” for a few hours after resuscitation. However over the

next 12 to 24 hours there is a gradual decline in the phosphocreatine/inorganic phosphate ratio. In
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severely affected infants, the ATP signal is also seen to decrease. The cerebral energetics are most
deranged at between 48 and 72 hours of life and these derangements are associated with abnormal
outcomes in survivors (64). This more gradual depletion of mitochondrial oxidative phosphorylation

is regarded as secondary energy failure.

2.10.2 Complimentary Models of Cerebral Injury; Neurotoxic Cascade

Coupled with the energy failure is the biochemical neurotoxic cascade thought to bring about the
clinical picture of encephalopathy (65). There is dysfunction of the synaptic connections between
neurones with an extracellular accumulation of the excitatory neurotransmitter glutamate. Increased
activation of the NMDA receptors, an excitatory amino acid receptor is important in mediating the
brain injury. Calcium accumulation within mitochondria is thought to play an important role in this
neurotoxic cascade. Mitochondrial dysfunction secondary to calcium overload may lead to rapid cell
death by way of necrosis whereas increased nitric oxide synthase, nitric oxide and oxygen free

radicals mediate neuronal injury over a longer period of time either by way of necrosis or apoptosis.

2.10.3 Two Models of Cell Death; Necrosis and Apoptosis

Necrosis refers to cell death following cell swelling, cell membrane breakdown, cell rupture and
release of intracellular contents. Hence an inflammatory response is evoked and phagocytosis
occurs. This mode of cell death may typically occur early in mature cells in the nervous system after
a brief intense hypoxic-ischaemic insult leading to secondary energy failure (40). Apoptosis is a
more recently described mode of delayed cell death which is harder to detect, characterized by
condensation and margination of chromatin, cell shrinkage and the apparent lack of inflammation
(66). Apoptosis has been described in both the mature (67) and immature (68) rat brain following

hypoxia-ischaemia and may follow a prolonged, less intense insult.
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2.10.4 Inflammation and Brain Injury

Hypoxia-ishcaemia elicits an acute inflammatory response in the newborn brain, associated with
increased expression of proinflammatory cytokines including chemokines (69, 70). Some studies
have shown a relationship between the presence of inflammatory markers in the newborn period
and later cerebral palsy in infants with neonatal encephalopathy (71, 72). Also there is evidence of
increased risk of CP in the presence of chorioamnionitis (73). However the exact relationship

between HIE, inflammation and adverse neurologic development remains to be clarified.

2.10.5 Patterns of Cerebral Injury in Experimental Models of Hypoxia-Ischaemia Related to Timing
and Severity of Insult

Experiments on primate models by Ronald Myers demonstrated that specific patterns of cerebral
injury were observed in relation to the severity and period of the asphyxial insult (74). Term monkey
fetuses had total asphyxia for up to 25 minutes by smothering the head with a saline filled sac and
clamping the umbilical cord at surgical delivery. These infants displayed cortical injury in the
paracentral areas, the thalami and brainstem structures. There appeared to be a specific pattern of
asphyxial injury and Myers attributed this to regions with a greater blood supply and metabolic rate
rendering them more vulnerable. Prolonged (up to several hours) partial asphyxia predisposed the
monkey to swelling of the hemisphere, which was not seen with total asphyxia. If the animal
survived the insult, later findings included sclerotic as well as atrophic changes of the white matter
as well as the cortex and basal ganglia. Myers also describes cerebral pathology findings in a term
monkey fetus inadvertently asphyxiated in-utero for 50 minutes which survived to 12 days age (75).
Injurious changes affected the paracentral regions of the cortex, underlying white matter and basal

ganglia.
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From experiments such as these, it has been recognized that the pattern of cerebral injury may be
related to the timing and severity of insult to the brain. It was deduced that a severe acute hypoxic-
ischemic insult would have a great impact on regions with a high metabolic requirement, such as
the deep nuclear grey matter structures infants. With subacute, chronic or repetitive insults blood
may preferentially be diverted from watershed regions to regions with high metabolic demands such
as the deep nuclear grey matter. Hence these sort of insults would primarily bring about a diffuse

white matter abnormality.

2.10.6 Cerebral Injury as Seen on MR Imaging in Term Infant with HIE and

Neurodevelopmental Outcomes

MR images of the newborn brain have been acquired since the 1980s. Barkovich et al (76)
described findings on T1 and T2 weighted MR images acquired in the first ten days of life from 20
newborns with known intrapartum or postnatal asphyxial episodes. They noted that the majority of
infants in this small study had had predominantly deep nuclear grey matter abnormality on MR

imaging and that these infants had had an acute, severe asphyxial insult.

In another study Barkovich et al (77) described a system of classifying cerebral injury, as seen on
MR images of infants who had suffered HIE , into patterns of basal ganglia and thalamus
predominant (which in its most severe form includes the peri-rolandic cortex) or watershed
predominant which in its severe form includes cortex and adjacent white matter involvement. Using
this classification system, Miller et al (78) related MRI appearances from term-born infants with
suspected HIE acquired at a median six days of age to neurodevelopmental outcome at 30 months
of age. They found that infants who had the basal ganglia-predominant pattern had worse

neuromotor as well as cognitive outcomes.
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Rutherford et al (79) reported that abnormal signal intensity in the poster limb of the internal capsule

in term infants with HIE were more likely to have abnormal neurodevelopmental outcomes.

2.11 Seizures and Cerebral Injury in the Term Infant

Seizures are a common and important manifestation of cerebral pathology in the newborn (80). The
impact of seizures on the newborn brain remains to be defined. In an immature rodent model,
seizures have been shown to exacerbate cerebral injury caused by hypoxia-ischemia (81). In the
asphyxiated human term born infant, Miller et al demonstrated that seizure severity was related to
lactate/choline ratios independent of potential confounders and hence may be independently
associated with cerebral injury (82). Preliminary data also suggests that there may be a relationship
between electrographic seizure activity in the newborn and later neurodevelopment (83). There is

limited data on the pathogenesis and impact of seizures in the preterm brain.

2.12 Incidence and Consequences of Preterm Birth

The proportion of live births of infants under 15009 has increased in the UK, USA as well as
Australia over the last three decades (40, 84-86). In the UK the percentage of live under 1500g
infants has increased from 0.84% in 1983 to 1.25% in 2002 (84). This rise in live births has been
paralleled by an increased survival making this an important group as far as health, education and

support service implications are concerned.

Not only are infants born preterm vulnerable to the cause of the premature birth, such as perinatal
infection, they are also predisposed to morbidities affecting multiple systems as well as the effect of
therapies whilst they undergo neonatal intensive care (87). Hence brain development (ex-utero) in

the premature infant differs in comparison to that in the “normal” development of the fetus in-utero
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that gives rise to the uncomplicated term-born infant. Preterm infants are known to suffer adverse
long term neurodevelopmental outcomes. Perinatal factors associated with these adverse outcomes
include chorioamnionitis , sepsis (88), necrotizing enterocolitis (NEC) (89) and bronchopulmonary

dysplasia (90).

2.13 Cerebral Pathology in the Preterm Infant

2.13.1 Germinal Matrix-Intraventricular Haemorrhage

Ultrasound has been used since the seventies to visualize cerebral pathologies in the premature
newborn (91) commonly using the anterior fontanelle as a window. The importance of detecting
germinal matrix - intraventricular haemorrhage (GM-IVH) in the newborn period in order to
prognosticate neurodevelopmental outcome in preterm infant survivors was appreciated from an

early stage (92).

GM-IVH is the commonest cerebral abnormality apparent in the preterm infant during the first
fortnight of life (40). The incidence of GM-IVH is directly related to the degree of prematurity. Over
the last two decades, its incidence is thought to have decreased and up to 25% of infants under 1.5

kg will have GM-IVH.

The neuropathology of GM-IVH in the preterm infant is elegantly described by Volpe (40) using the
site of the origin of the bleed, the sub-ependymal germinal matrix, as the starting base. This region
represents the ventricular/subventricular zone, a highly cellular area with active cell proliferation,
and as such is highly vascular with a rich arterial blood supply feeding the capillary bed. Between

10 and 20 weeks gestation, this zone is an important source of neuronal precursors and during the
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last trimester, a source of glial precursors that become oligodendroglia and astroglia. Through the

last trimester, the germinal matrix becomes much less prominent.

Bleeding from the germinal matrix, in many cases allows blood to enter the lateral ventricles and
throughout the ventricular system. The consequences of GM-IVH include destruction of the
germinal matrix, periventricular haemorrhagic infarction, posthaemorrhagic hydrocephalus and
death in the most severe cases. The destruction of the germinal matrix, being an important site of
neuronal and glial precursors, may be speculated to have substantial consequences on subsequent

brain development.

In up to 15% of cases, a large GM-IVH is accompanied by pathologic involvement of adjacent
periventricular brain parenchyma (40). This is significantly related to the degree of prematurity and
with low birth weight. Volpe (40) proposes that the GM-IVH leads to periventricular venous
congestion which in turn leads to periventricular ischaemia and then periventricular haemorrhagic
infarction as the pathogenetic mechanism rather than simply an extension of the GM-IVH into the

adjacent brain parenchyma.

2.13.2 Post-Haemorrhagic Hydrocephalus
Another serious consequence of GM-IVH is hydrocephalus and this is thought to be related to
impaired CSF absorption by organizing blood clot affecting the arachnoid granulations. The

likelihood of this occurring seems to be directly related to the size of the GM-IVH.
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2.13.3 Long-term Neurologic Sequelae after GM-IVH

In the absence of associated periventricular haemorrhagic infarction, up to 50% of surviving preterm
infants with severe GM-IVH will be left with definite neurologic sequelae (40). In the presence of
periventricular haemorrhagic infarction, between 50 and 87% of surviving infants will have major

motor deficits (40, 93).

2.13.4 Periventricular Leukomalacia (PVL) and White Matter Injury

PVL describes softening and necrosis of white matter. Cystic PVL refers to lesions clearly visualized
by cranial ultrasound as well defined echolucencies, typically appearing between the first and third
weeks of life in preterm infants. These cysts may be preceded by echodensities. Indeed
periventricular echodensities observed during the first week of life may resolve or evolve into cystic
echolucencies on follow-up scans. The incidence of cystic PVL accounts for less than 5% in
preterm infants (40, 94). Over a period of one to three months, the echolucencies “disappear” with a

relative dilatation of the lateral ventricles.

Cystic PVL represents one part of the spectrum of white matter injury in preterm infants. This is
thought to result from softening and necrosis of white matter. More commonly noted in
neuropathology studies is a more diffuse non-cystic PVL representing microscopic necrosis, loss of
oligodendroglia and astroglial scarring on histology (40). This pattern of white matter injury has
been seen in 25 — 75% of post mortem cases, however the more diffuse and subtle nature of the
abnormality means that it is not detected as reliably on imaging in-vivo. Preliminary work using
diffusion-weighted imaging and apparent diffusion coefficient (ADC) measurements in preterm
infants at term-corrected shows increased ADC values in infants with overt white matter pathology

as well as infants with diffuse excessive high signal abnormality on T2 as compared to infants with
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normal appearance of the white matter (95, 96). Volumetric studies using post MR-acquisition
processing show a reduction in volumes of various regions of the brain in preterm infants as well as

abnormal outcomes of various measures including neurodevelopment (97-100).

2.13.5 Pathogenesis and Neurodevelopmental Consequences of PVL

Multiple factors have been implicated in the pathogenesis of PVL including cerebral ischaemia,
impaired cerebrovascular autoregulation, infection and inflammation (80). These factors are thought
to affect the vulnerable myelin-forming preoligodendrocytes. As well as being susceptible to
ischemia, inflammation and infection, the preoligidendrocytes are susceptible to free radical attack

as well as excitotoxicity (101).

Important long term consequences of cystic PVL include spastic diplegia, other motor deficits,
impairment of cognition and vision as well as behavioural disturbances. The motor and visual
disturbances are thought to result from abnormalities in the descending motor fibres, optic
radiations and associated fibres. Although cystic PVL has primarily been described as a disease of
the deep white matter, MRI studies suggest that areas of cortical gray matter may be affected (102).
Accompanying derangement of the myelinated white matter is damage and loss of underlying
neurons and axons, hence infants with cystic PVL may also have related derangements in the
thalami, basal nuclei as well as the cerebral cortex (103) which may contribute to the non-motor

features such as impaired cognition.

2.13.6 Cerebral Injury on MR images in Preterm Infants and Neurodevelopmental Outcomes
In contrast to term infants who suffer acute hypoxia-ischemia where the commonest pattern of

cerebral injury, as seen on MR imaging is that to the basal ganglia and thalami (104), one of the
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most important patterns of cerebral injury in preterm infants is that to the myelinating white matter
(101). Researchers have made comparisons of MR images from preterm infants at TEA to those
carried out in term-born infants at similar gestation and related findings on MR images to
neurodevelopmental outcomes. Miller et al (105) focused predominantly on T1-weighted MRI
studies from preterm infants. They equated T1-hyperintensities on cerebral MR images in the
absence of T2-hypointensities with foci of gliotic white matter injury. They considered the presence
of low intensity lesions on T1 weighted images as areas of cavitation. In their relatively small
number of infants, they found a relationship between ventricular dilatation and intraventricular
haemorrhage on MRI scans carried out prior to discharging the infant home, with adverse
neurodevelopment at 18 months. They also observed a trend for white matter injury related to

outcome.

In a large cohort preterm MRI study, Dyet et al (74) noted diffuse excessive high signal abnormality
(DEHSI), ventricular dilatation, punctate white matter lesions, ventricular dilatation, extracerebral
space widening, basal ganglia and thalamic abnormalities, haemorrhagic parenchymal infarcts, PVL
and germinal layer haemorrhages as abnormalities. They found that the presence of DEHSI or post-
hemorrhagic ventricular dilatation on MR scans at term correlated with poorer developmental

quotients at two years of age.

From an MRI cohort, Woodward et al (94) assessing signal abnormality, white matter volume, cystic
abnormality, ventricular dilatation and the corpus callosum as fields of white matter abnormality on
T1 and T2 — weighted images acquired at TEA in preterm infants found that moderate or severe
white matter abnormalities were predictive of cognitive, motor and neurosensory impairments as

well as cerebral palsy at two years.
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2.14 Scope of Thesis

In order to test the hypothesis that the aEEG assists in detecting cerebral abnormality in the

newborn, three studies will be conducted:

1)

2)

3)

aEEG and the term infant with seizures and/or encephalopathy related to MR imaging
findings: Term infants referred to a tertiary centre with encephalopathy and/or seizures who
have digital aEEG monitoring and MR imaging will be studied. The earliest two hour seizure-
free period of aEEG recording obtained from two channels (C3-P3, C4-P4) will be analyzed
for median values of minimum, mean and maximum amplitude. The MR images will be
qualitatively scored for cerebral abnormality including abnormalities of cortex, white matter,
deep nuclear grey matter and the posterior limbs of the internal capsule and a composite MR
abnormality score (MRAS) will be obtained. The amplitudes will be related to the MRAS.
aEEG monitoring in the preterm infant in the first week of life, related to cerebral abnormality:
Infants under 30 weeks gestation will have aEEG monitoring for 72 hours commencing in the
first 72 hours of life. These infants will also have MR-imaging at term equivalent age (TEA).
As part of their routine care, they will also have serial cranial ultrasounds. The aEEG will be
related to cerebral abnormalities as defined by grade 3 or 4 IVH and/or moderate or severe
white matter injury on MRI and/or death during their stay on the neonatal unit.

The accuracy of aEEG monitoring for electrical seizure detection in the newborn: Infants
referred to tertiary centre with seizures will have continuous conventional EEG

simultaneously with bedside aEEG monitoring with shared electrodes.
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CHAPTER THREE

Amplitude-Integrated EEG Measures and Patterns in Term Infants
with Seizures and/or Encephalopathy Related to Cerebral

Abnormalities on MRI; Methods.
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3.1 Summary

This chapter presents the first part of the study. The aim is to prove the hypothesis that aEEG
patterns and quantified aEEG measures in term infants with seizures and/or encephalopathy assists
in detecting cerebral abnormality as seen on MR imaging. Term-born infants who presented with a
diagnosis of seizures and/or encephalopathy who had aEEG monitoring and MR imaging were

studied retrospectively. This chapter describes the methods.

3.2 Patient Population

Infants admitted to the tertiary neonatal intensive care units at the Royal Children’s and Royal
Women’s Hospitals, Melbourne, Australia with newborn encephalopathy and/or seizures between
November 2001 and November 2004 who had aEEG monitoring as part of their clinical care were
studied. All infants who underwent a period of at least 4 hours of continuous bedside aEEG
monitoring with the two channel EEG with aEEG bedside monitor, the BRM2 (BrainZ Instruments,

Auckland, New Zealand) and had brain MR imaging were included.

3.3 Diagnoses

Diagnoses were made on clinical grounds by the attending physician. The diagnosis of hypoxic
ischemic encephalopathy (HIE) was based upon history and examination findings, including
features of perinatal distress such as diminished fetal movements, cardiotocograph abnormalities,
fetal acidosis, meconium staining of liquor, low Apgar scores and the need for neonatal

resuscitation.

The stage of encephalopathy was graded for all infants with hypoxic-ischemic encephalopathy

using a modified Sarnat clinical classification (20) with maximum score within 72 hours of admission
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being noted. Infants with stage 1 HIE demonstrated hyperalertness, hyper-reflexia, tachycardia,
jitteriness and dilated pupils. Infants with stage 2 HIE were lethargic, had a bradycardia, hypotonia,
constricted pupils, weak suck, poor Moro response with or without seizures. Infants with stage 3
HIE demonstrated stupor, flaccidity, hypotonia, hyper-reflexia and absent suck, gag and Moro
reflexes. Infants with encephalopathy due to other diagnoses were similarly deemed to be
encephalopathic on a clinical basis and severity was graded in relation to level of consciousness. A
combination of features including abnormality of tone, poor suck, abnormal gag or Moro response,

central respiratory depression with a need for mechanical ventilation and seizures were recorded.

3.4 Bedside aEEG Monitoring

Infants underwent bedside aEEG monitoring (BrainZ Instruments, NZ). Five electrodes were placed
in the C3, P3, C4, P4 and reference positions of the 10-20 system (106). The two channels of EEG
result from a voltage potential difference between the C3 and P3 and between the C4 and P4
electrodes respectively. In practice the distance between the central and parietal electrodes was

measured for all infants at 2.5 cm.

3.5 EEG Analysis

The unprocessed EEG traces were manually reviewed for seizure activity. An optimum 2-hour
seizure-free trace with an electrode impedance of less than 20 kQ was analyzed at the earliest
feasible period of recording by a single observer (myself) blinded to MR image outcomes. The raw
EEG traces were analyzed off-line using Labview Chartanalyzer® software, which provides median
values for amplitude measures over any chosen time period. In infants with a normal background
the period analyzed incorporated an approximately equal number of sleep and wake cycles. Median

values for minimum, mean and maximum amplitudes were obtained for the left and right cerebral
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hemispheres separately. The minimum and maximum amplitudes represent the lower and upper

aEEG margins.

3.6 aEEG Pattern

The aEEG was also classified into three groups of background patterns; normal (minimum
amplitude > 4pV, maximum amplitude > 9uV), moderately abnormal (minimum amplitude < 4uV,
maximum amplitude > 9uV) and severely abnormal (minimum amplitude < 4uV, maximum
amplitude < 9uV). The limits of 4 and 9 uV were chosen instead of 5 and 10 pV used by Al Nageeb
et al (35) because the smaller distance of 2.5cm between the central and parietal electrodes
compared to the inter-electrode distance used with single “cross-head” method would lower all
amplitude measures obtained. These lower amplitudes from a shorter inter-electrode distance are
thought to result from a greater proportion of the lead currents flowing within skin tissue; decreasing
the signal sensitivity to the brain tissue and increasing the noise (107). The choice of 4 and 9 uyVv
thresholds was not based on experimental work. In choosing thresholds, the trade-off between
higher specificities at low voltage cut-offs versus higher sensitivities at higher cut-offs had to be
considered. In the Results section of this part of the study (Chapter 4), Tables 4.4 shows that a
lower margin threshold of 4 yV achieves an acceptable specificity (80%) with sacrificing a small

proportion of sensitivity (72% compared with 92% at the higher threshold of 6 pV).

3.7 MR Image Acquisition Method

Ninety-three infants underwent MR imaging. The MR protocol used a standard transmit receive
head coil (GE Healthcare) including T1 weighted images (TR/TE 1300/9.4, ETL 2+20 kHz, B/W
3.5/0.01, 3 averages, 256x224 matrix), T2 weighted images (TR/TE 3600/16, ETL 18, BW + 20.83

kHz, FOV 18 cm, slice thickness 3.0 mm, 256 x 224 matrix, 3 averages) and diffusion-weighted
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sequences (3-directions, b = 1 ms/um?, TR/TE 10000/104, BW +/- 100kHz, FOV 25 cm, slice

thickness 4.0mm,192 x 128 matrix, 2 averages).

3.8 MR Image Analysis

The MR images were analyzed qualitatively by a single rater (Dr Terrie Inder), blinded to the EEG
recording, using a scoring system in which the cortex, the white matter signal (including ventricular
size), deep nuclear gray matter and posterior limbs of the internal capsule (PLIC) were graded and
a cumulative magnetic resonance image abnormality score (MRAS) from 4-15 was obtained for

each cerebral hemisphere (Table 3.1, Figure 3.1).

Table 3.1 Qualitative scores of MR-related cerebral abnormality. A higher score indicates more
severe abnormality.

Region Score range
Deep nuclear gray matter 1-42
Posterior limb of internal capsule 1-3°
White matter 1-4°
Cortex 1-4°
@ Score1 = normal b Score 1= present
2 = mildly abnormal 2 = impaired
3 = moderately abnormal 3 = absent

4 = severely abnormal
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Figure 3.1 T2-weighted MR images of three infants with corresponding BRM2 traces underneath.
Left - an infant with MRAS 4 with a corresponding normal aEEG trace, centre — an infant with
MRAS 9 with aEEG showing a discontinuous (moderately abnormal) trace with a seizure on the raw
EEG and right an infant with MRAS 15 with a severely abnormal trace.

After assessment of the white matter, cortex and deep nuclear gray matter on MR, a score of 1 was
awarded if the tissue was normal; score of 2 for up to 2 small focal regions of abnormality; score of
3 for foci involving up to half the region within the hemisphere, and a score of 4 if more than half the
region within the hemisphere was involved. Mild ventricular dilatation would be awarded a score of
2, moderate dilatation a score of 3 and severe dilatation a score of 4 for the white matter domain. If
myelination of the PLIC was present and normal, a score of 1 was awarded, if myelination was

present but impaired, a score of 2 was awarded and if absent a score of 3 was awarded.
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An MRAS of 8 or above demonstrated the presence of cerebral abnormalities of a severe nature in
one region or moderate nature in more than one region. This cut-off was used to define the groups
of infants with normal-mild versus moderate-severe cerebral abnormality. One out of every ten MR

images was re-scored and the intra-observer variability was 5%.

3.9 Statistical Analysis of Results
Data analysis was carried out using SPSS version 11.5, SPSS Inc. Chicago, lllinois statistics

software package. Linear regression was used to relate the amplitude outcomes to the MRAS.
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CHAPTER FOUR

Amplitude-Integrated EEG Measures and Patterns in Term Infants
with Seizures and/or Encephalopathy Related to Cerebral

Abnormalities on MRI; Results
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4.1 Summary
In this chapter, the results of the retrospective study of the relationship between quantifiable aEEG
measures and patterns from term-born infants who presented with seizures and/or encephalopathy

and severity of cerebral abnormality as scored on MRI are presented.

4.2 Patient Population

Between November 2001 and November 2004, 235 term-born infants were cared for with a
diagnosis of HIE and/or seizures between the two neonatal units. Ninety-five of these infants (40%)
had bedside aEEG monitoring. Of these 95 infants, 93 had MR imaging and two died before MR
imaging was undertaken. Seven infants had continuous or frequent seizures (more than three
seizures an hour) throughout the entire recording period elevating the aEEG background. These
infants were excluded as the EEG voltage in these cases reflects seizure activity rather than
encephalopathy. Thus, eighty-six infants had EEG amplitude measures related to qualitative MR
image analysis. There was a small difference in the infants selected for monitoring in relation to use
of anticonvulsants (monitored 66%, not monitored 70%) and mortality (monitored 19%, not

monitored 15%).

Clinical characteristics of the infants are detailed in Table 4.1. Seventy-four percent of the infants
were out-born, and there were more male infants. Two-thirds of the infants were treated with
anticonvulsants for clinical and/or electroencephalographic seizures. The infants received
phenytoin, phenobarbitone, diazepam, clonazepam or midazolam. Nineteen percent of the infants
died prior to discharge. HIE was the commonest diagnosis; the clinical characteristics of these
infants are shown in Table 4.2. The median age at aEEG monitoring for all infants was 2.2 days

(range 0-14 days).
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Only 13 of the infants had aEEG monitoring carried out in the first 12 hours of life. MR imaging was
carried out at a median time of 4 days after the bedside aEEG monitoring (range — 2 days prior to

monitoring to 55 days after monitoring, n=93).
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Table 4.1 Characteristics of the 86 infants studied

Male: Female

50:36

Inborn:outborn

22:64

Gestational age at birth, median (range)

39 (36-42) weeks

Birth weight, median (range)

3312 (2215-5440) grams

Diagnoses

40 HIE,
10 infection
- 8 bacterial meningitis
9 cerebral vascular diagnoses
- 5 haemorrhage including IVH, SAH
- 2 arterial infarcts
- 2 venous thrombosis
- 1 arterio-venous malformation
8 seizures of undetermined cause
5 respiratory diagnoses
- 2 hyaline membrane disease
- 1 meconium aspiration
- 1 pulmonary haemorrhage
- 1 non-specific
5 maternal drug use
- 3 SSRluse
- 2 narcotic use
4 metabolic diagnoses
- 2 hypoglycaemia
- 2 non-ketotic hyperglycinaemia
3 syndromal
- 1 Opitz syndrome
- 1 incontinentia pigmenti
- 1 multiple congenital abnormalities
2 encephalopathy of undetermined cause

Infants with clinical seizures 59 (69%)

Infants given anticonvulsants 57 (66%)

Infants requiring mechanical ventilation 55 (64%)

Period of EEG analysed n=77, 120 mins;
n=9 60-120 mins

Infants with frequent seizures on BRM 4

Age at bedside EEG monitoring, median
(range)

2.2 (0-14) days

Age at MRI, median (range)

6.3 (0-62) days

Number of infants who died prior to
discharge

16 (19%)

Age at death, median (range)

8 (0-28) days
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Table 4.2 Characteristics of 40 infants diagnosed with HIE

Male: Female 23:17 n=40
Gestational Age at birth, median (range) 39 (36-42) weeks
Birth weight, median (range) 3395 (2215-4730) g

Classification of Sarnat stage of HIE

Stage 1 6 (15%)

Stage 2 18 (45%)
Stage 3 16 (40%)
Infants with 5 minute Apgars <5 25 (62%)
Number of infants with first pH<7.1 10 (25%)

Number of infants with first base deficit <-12 22 (55%)

Number of infants with clinical seizures 29 (72%)

Number of infants given anticonvulsants 28 (70%)

Number of infants requiring mechanical 34 (85%)
ventilation

Age at bedside EEG monitoring, median 22 hours (0-5 days)
(range)

Age at MRI, median (range) 5.2 (0-13) days
Number of infants who died 9 (22%)

4.3 Encephalopathic infants
4.3.1 Quantitative Amplitude in Relation to Severity of MRI Abnormality: On linear regression there

was a significant negative relationship between all aEEG amplitudes (lower margin, upper margin
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and mean) in both hemispheres and MR scores (Table 4.3). For every unit increase in MRAS there
was a mean drop of 0.41 pv in minimum amplitude (95% CI -0.29 to -0.53 pv), P<0.001, 35% of
variance explained, for the left cerebral hemisphere (Figure 4.1) and 0.36 pv (95% CI -0.23 to -0.49
pv) for the right cerebral hemisphere. A subgroup analysis of the patients who died showed that all
infants except one had minimum amplitudes under 5 pV (minimum amplitudes (uV); median
(range); left 1.8 (0.8-7.1); right 2.0 (0.8-7.5), n=16). The exception was an infant who had Opitz

syndrome who died of causes not related to encephalopathy.

Figure 4.1. Scatter plot of MRAS against minimum amplitude for left hemisphere for all patients with
a linear regression line.
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Table 4.3 Analysis of bedside EEG amplitude (uV) results with respect to MRAS

Linear regression of amplitudes for all patients with MRAS

Right
Minimum Amplitude

Mean Amplitude

Maximum Amplitude

Left

Minimum Amplitude
Mean Amplitude

Maximum Amplitude

Linear regression of amplitudes for HIE patients (n=40) with MRAS

Right
Minimum Amplitude

Mean Amplitude

Maximum Amplitude

Left

Minimum Amplitude
Mean Amplitude

Maximum Amplitude

Beta*

-0.36

-0.42

-0.47

-0.41

-0.52

-0.55

-0.40

-0.50

-0.64

-0.41

-0.59

-0.71

95% ClI
-0.49, -0.23
-0.60, -0.23

-0.80, -0.13

-0.29, -0.53
-0.67, -0.36

-0.82, -0.29

-0.53, -0.26
-0.69, -0.31

-1.00, -0.29

-0.56, -0.26
-0.78,-0.40

-1.03, -0.39

* change in amplitude for one unit increase in MRAS

64

% variance
explained
27
20

9

35
34

17

49
42

25

44
49

34

p-value
<0.001
<0.001

0.007

<0.001
<0.001

<0.001
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Figure 4.2. aEEG background pattern related to MRAS (left)
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4.3.2 Qualitative Background Pattern in Relation to MRI Abnormality: On analysis of variance,
infants with moderately abnormal (MA) and severely abnormal (SA) background patterns had
significantly greater MRAS than infants with a normal background EEG pattern (normal v. MA v. SA;
n (50 v. 17 v. 19); mean (95% Cl); 6.7 (6.0-7.4) v. 9.2 (7.7 — 10.7) v. 10.9 (9.3 — 12.5); p<0.001)

(Figure 4.2).
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Figure 4.3 Age at aEEG monitoring related to minimum amplitude (pV — left) and MRAS (left)
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4.3.3 Relationship of Timing of aEEG and MRI: For all infants, there was a broad scatter of
minimum amplitudes in relation to the age at which bedside monitoring was carried out (Figure 4.3).
This may be due to the fact that the cohort of infants consisted of babies with various diagnoses
including sepsis, metabolic abnormalities and seizures of unknown cause and not just HIE. In many
cases of HIE, the aEEG background pattern shows recovery if the infant survives. However in case
of a progressive insult, such as non-ketotic hyperglycinaemia the trace may be expected to show
continued deterioration reflecting progression in the infant’s condition. Similarly there was no

relationship between MRAS and timing of aEEG monitoring (Figure 4.3) or the time interval
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between aEEG monitoring and MR image acquisition. At all ages, there was a marked scatter of

MRAS values.

4.4 Pattern of MRI Abnormality

Fifteen infants had a pattern of predominantly severe deep nuclear gray matter (DNGM) injury
(DNGM score 3 or 4 with WMAS 1 or 2) and 18 had a pattern of predominantly severe WMI (WMAS
3 or 4 with DNGM 1 or 2). On analysis of variance, increasing severity of DNGM injury resulted in
decreasing minimum amplitudes (score 1v2v3v4; (n)32v 19v 25v 10; mean (SD) pV; 5.5 (2.0)
v4.7(2.2)v4.0(2.1)v 2.3 (1.5); p<0.001 — left hemisphere). For infants with isolated severe DNGM
injury there was a negative relationship between minimum amplitude and MRAS. For every unit
increase in MRAS, there was a mean decrease of 0.72uV in minimum amplitude (95% Cl -1.2 to -
0.2 yV), p=0.009, 39% variance explained. These measures do not represent absolute voltages.
They represent the change in measure of voltage (y-axis) predicted by unit change in MRI
abnormality score (x-axis) in this statistical model of linear regression helping to assess the
relationship between the aEEG voltage and MRI abnormality. The absolute lower margin voltages

vary from almost zero to 10 pV (see Figure 4.1).

Five of the eighty-six infants (6%) had markedly asymmetric brain injury (a difference in MRAS = 3

between the two hemispheres), which was reflected in the recording channel.

4.5 Infants with HIE
A sub-group analysis was carried out for the 40 infants who were diagnosed to have HIE (Table
4.3). A similar but stronger relationship was observed between all the amplitude measures and

MRAS. For every unit increase in MRAS there was a mean drop of 0.41 pv in minimum amplitude
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(95% CI -0.26 to -0.56 uv), P<0.001, 44% of variance explained for the left cerebral hemisphere and
0.40 pv (95% CI -0.26 to -0.53 pv) for the right cerebral hemisphere, P<0.001, 49% of variance
explained (Table 4.3). Infants with stage 2 or 3 HIE (modified Sarnat classification (20)) were more
likely to have a lower minimum amplitude than those with stage 1 (Figure 4.4). For all the infants
that died who had an analyzable trace, the median value for the minimum amplitude was 1.8uv
(range 0.8 — 6.3pv, n=18). Similarly, infants with more severe encephalopathy were more likely to
have more higher MRAS (Figure 4.5).

Figure 4.4 Minimum amplitudes (left) related to Sarnat stage for infants with HIE. Circle indicates
outlier and asterisk indicates extreme value.
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Figure 4.5 Severity of encephalopathy (Sarnat stage) related to severity of abnormality on brain
MRI (MRAS - left hemisphere) for infants with HIE
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4.6 Infants with Diagnoses other than HIE

On carrying out a subgroup analysis for the 46 infants with encephalopathy due to causes other
than HIE a direct relationship persisted between minimum amplitude and MRAS. For every unit
increase in MRAS there was a drop in minimum amplitude by 0.31pv (left hemisphere), (95% CI —
0.5 to -0.1 yV) P=0.005, with 17% variance explained. For this group of infants the median age at
EEG monitoring was 3 days (range 0-14 days) and the median age at MRI was 10 days (range 1-63

days).
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4.7 Infants Monitored after the First 24 Hours of Life

Fifty-eight of the 86 infants were monitored after the first 24 hours of life. The median age of
monitoring was 2.9 days (range 1 — 14 days). Sub-group analysis for this group of infants showed a
direct relationship between MRAS and minimum amplitude. For every unit increase in MRAS there
was a drop in minimum amplitude by 0.35pv (left hemisphere), (95% CI —0.51 to -0.20 yV) P<0.001,

with 27% variance explained.

4.8 Infants with Seizures

The seven infants whose traces could not be analyzed due to frequent seizures had a median
MRAS close to the severely abnormal end of the spectrum; six had scores ranging from 12 to 15 for
each hemisphere and only one infant had a normal MRAS (4 for each hemisphere). The infant with
the normal MRAS had a relatively short period of monitoring with no 60-minute seizure-free period.

Between seizures the aEEG background was discontinuous (moderately abnormal) for this infant.

4.9 Effect of Anticonvulsants

On adding the use of anticonvulsants as a predictor in the linear regression model, no significant
effect was observed (regression coefficient —0.05, 95% CI —0.92 to 0.81, p=0.90 for the right
cerebral hemisphere; regression coefficient 0.04, 95% CI —0.80 to 0.88, p=0.93 for the left cerebral
hemisphere). This statistical finding does not imply that anticonvulsants would not have an impact
on EEG measures in individual babies. Indeed for seven patients, amplitude measures immediately
prior to and half an hour following anticonvulsant administration were obtained. Three infants had
received 5 mg/kg maintenance doses of phenobarbitone, one had received 10 mg/kg
phenobarbitone, two had received loading doses of 20 mg/kg phenobarbitone and one had received

15 mg/kg phenytoin. The amplitude measures from the two hemispheres were analyzed together.
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A related-samples t-test showed that the amplitude measures decreased significantly in the
minimum amplitude (mean difference -0.86 uV, 95% CI -1.31, -0.42 pV, p=0.001), and mean
amplitude (mean difference -1.06 yV, 95% CI -1.77, -0.36 pV, p=0.007), but not the maximum

amplitude (mean difference -1.12 yV, 95% CI -2.77, 0.52 pV, p=0.16).

But the use of anticonvulsants did not have a statistically significant effect on the relationship
between the MRI abnormality score and the EEG measure in our regression model. This can be the
case if a competing factor, the MR abnormality score in this case, has a great impact rendering
other factors less significant. Hence we did not adjust for an anticonvulsant effect. Furthermore,
when the analysis was confined to infants who had received anticonvulsants (n=63) the relationship
between minimum amplitude and MRAS persisted. For every unit increase in MRAS there was a
mean drop of 0.36 pv in minimum amplitude (95% CI -0.21 to -0.51 pv), P<0.001, 30% of variance
explained for the left cerebral hemisphere and 0.31 pv (95% CI -0.13 to -0.48 pv) for the right

cerebral hemisphere, P=0.001, 19% of variance explained.

For 36 of the 63 infants who had received anticonvulsants (57%) accurate records of the time
interval between the last anticonvulsant dose and EEG monitoring were available. This ranged from
40 minutes to 135 hours. On linear regression between the minimum amplitude (left) and the time
interval between the last dose of anticonvulsant and EEG monitoring, there was a marked scatter of
values with no significant relationship between the time of the last anticonvulsant dose and the

minimum amplitude (regression coefficient =0.02, 95% CI —-0.01 to 0.05, p=0.18).
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4.10 Diagnostic Accuracy of EEG for More Severe Cerebral Abnormality in Infants with HIE
For the 40 infants with HIE, using an MRAS cut-off at eight or higher as abnormal, a minimum EEG
amplitude of 4 pV or less provided good specificity (e.g., sensitivity 72%, specificity 80%, positive
predictive value (PPV) 86%, negative predictive value (NPV) 63% - left hemisphere; sensitivity 75%,
specificity 66%, PPV 78%, NPV 63% - right hemisphere), whereas a minimum amplitude of 6 yV or
less showed a higher sensitivity (e.g., sensitivity 92%, specificity 33%, PPV 70%, NPV 71% - left
hemisphere; sensitivity 100%, specificity 13%, PPV 65%, NPV 100% - right hemisphere) (Table
4.4). The value of 4 yV was chosen on the basis of an ROC plot. There were no substantial
differences in diagnostic accuracy between hemispheres (data for right hemisphere not shown).
Table 4.4a and b. Diagnostic accuracy of differing minimal amplitude cut-offs in left
hemisphere for more severe cerebral abnormality (MRAS 28) for infants with HIE.

4.4a Minimum amplitude <4 pV vs. >4uV

MRAS

=8 <8
£Q <4pv |18 3
- R |
EZ
S 8>4pv |7 12
sg§7F

sensitivity = 72%, specificity = 80%, PPV=86%, NPV=63%

4.4b Minimum amplitude <6 pV vs. >6pV

MRAS

>8 <8
gé’sb‘pv 23 10
§§'>6pv 2 5

sensitivity = 92%, specificity = 33%, PPV=70%, NPV=71%
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4.11 Diagnostic Accuracy of EEG for More Severe Cerebral Abnormality in Infants Monitored
after the First Twenty-Four Hours of Life

Using a similar process for the 58 infants who were monitored after the first 24 hours of life, similar
results were obtained (minimum EEG amplitude of 4 uV; sensitivity 50%, specificity 72%, PPV 62%,
NPV 64% - left hemisphere; sensitivity 42%, specificity 69%, PPV 52%, NPV 59% - right
hemisphere; minimum EEG amplitude of 6 pV; sensitivity 85%, specificity 41%, PPV 54%, NPV

76% - left hemisphere; sensitivity 81%, specificity 44%, PPV 54%, NPV 74% - right hemisphere).
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CHAPTER FIVE

The Accuracy of Bedside aEEG Monitors for Seizure Detection;

Methods
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5.1 Summary

In the term cohort of infants, seizures were noted to be a common manifestation of cerebral
pathology. aEEG is commonly used to monitor electroencephalographic seizure activity in at-risk
patients in the NICU. Given that seizure activity is an important and common manifestation of
cerebral pathology, it would be important to test the accuracy of aEEG for electroencephalographic
seizure detection as another aspect of the hypothesis that the aEEG assists in detecting cerebral

abnormality in the newborn. The methods for this part of the study are described in this chapter.

5.2 Patient Population

Infants with clinical seizures referred to a tertiary centre, the Royal Children’s Hospital, Melbourne,
Australia were prospectively recruited between April 2004 and October 2005. Infant recruitment and
the duration of recording relied on the availability of continuous conventional EEG (ccEEG). The
study had received prior approval from the institutional research and ethics committee and informed

consent was obtained from the parents of each patient.

5.3 Bedside aEEG Monitoring and Continuous Conventional EEG

Infants had ccEEG monitoring concurrent with bedside EEG monitoring using the BRM2 (BrainZ
Instrument, New Zealand). EEG-video monitoring was not available for this study. Infants had
ccEEG, with 11 standard gold disc electrodes applied using the 10-20 international system at the
following locations — Fp2; Fp1; T4; T3; C4; Cz; C3; P4; P3; O2; O1; 1 ground; 1 reference electrode
and an ECG electrode. The C3, P3, C4 and P4 electrodes were shared by both conventional EEG
(Siesta, Compumedics, Melbourne, Australia) and by the digital BRM2 aEEG monitor with split
leads. BRM2 and ccEEG traces were simultaneously recorded. The input signal gain was not

altered when electrodes were shared between the two systems.
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5.4 Off-line Analysis

5.4.1 Criteria for Seizures

The diagnostic criteria for electrical seizure activity on ccEEG were rhythmic, repetitive stereotypic
waveforms with an evolution of morphology, amplitude or electric field (108, 109), lasting at least 10
seconds. Status epilepticus (SE) was defined as recurrent seizure activity lasting at least 50% of the

time for a minimum duration of one hour (108).

5.4.2 cCEEG
The ccEEG recordings were reviewed independently off-line by two neurologists with expertise in

EEG (Dr Mark Mackay and Dr A Simon Harvey).

5.4.3 aEEG plus 2-Channel EEG

Two neonatal raters (Ms Shelly Lavery and myself) who had three years experience each but no
specific training, independently reviewed the 2-channel aEEG in combination with the raw traces
(aEEG plus 2-channel EEG) off-line for electrical seizures, in a blinded fashion. Where there was
disagreement between the two raters, a consensus was reached so that a meaningful comparison

could be made between the two-channel bedside aEEG tool and multi-channel conventional EEG.

5.4.4 aEEG

Two aEEG users (Dr Amit Mathur and Dr John Zempel), who also had three years experience each
but no specific training, independently reviewed the cross-cerebral (P3-P4) aEEG traces and the 2-
channel (C3-P3, C4-P4) aEEG traces, with a three month interval between reviews. They were

blinded to patient information and the raw EEG trace. They were asked to point out areas of
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“definite” electrical seizure activity on the aEEG trace as would be constituted by a distinct rise in

the lower and upper margins of the aEEG trace above “baseline”.

5.5 Data Analysis
In order to be able to report specificity and negative predictive values a model was used with the
assumption that the number of ictal periods was equal to the number of inter-ictal periods (i.e. the

period immediately adjacent to an electrical seizure).

|ctal Inter-ictal

— I I

The ictal periods consist of true positives plus false negatives. The inter-ictal periods consist of false

positives plus true negatives.
Number of ictal episodes = Number of adjacent inter-ictal episodes
True positives + False negatives = False positives + True negatives

Hence knowing values for true positives, false positives and false negatives it was possible to

calculate values for “true negatives” for each patient. This allowed 2x2 tables to be created.
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Seizure-free epochs were not used to model “true negatives” as the prolonged periods of recording
provided very high kappa scores for all modalities of monitoring hence limiting the discrimination

between tests.

The kappa statistic was obtained for each pair of independent reviewers for each modality of
bedside monitoring assessed. Sensitivity, specificity, positive predictive value and negative
predictive values were calculated for all modalities with respect to ccEEG. Analysis was carried out

using SPSS version 15 (SPSS Inc., Chicago, lllinois).
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CHAPTER SIX

The Accuracy of Bedside aEEG Monitors for Seizure Detection;

Results
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6.1 Summary
In this chapter, the results of the accuracy of the three digital aEEG modalities (1-channel aEEG, 2-

channel aEEG and aEEG with raw EEG) compared with continuous conventional EEG are reported.

6.2 Patient Population

Between April 2004 and October 2005, 21 term infants referred with clinical seizures were enrolled.
During this time period, a total of 53 infants were admitted to the NICU with a diagnosis of seizures.
Three families refused consent and the remaining infants could not be enrolled in the study due to
restricted availability of ccEEG, which was available only during office hours. Preterm infants were
included in the study if they were term-corrected post-conceptional age. Table 6.1 shows the

characteristics of the infants entered into the study.

The commonest diagnoses were hypoxic-ischemic encephalopathy and intracranial haemorrhage.
The majority of the infants (19/21) had been treated with anticonvulsants prior to study entry with up
to 5 different anticonvulsants being used. Phenobarbitone and phenytoin were the most commonly
used anticonvulsants. Nineteen infants (90%) required mechanical endotracheal ventilation in

relation to the severity of seizures with a need for airway protection.
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Table 6.1 Patient Characteristics

Number of infants studied n=21
Gender (male: female) 13:8
Gestation at monitoring(weeks); median (range) 40 (37, 43)

Birth weight (grams); median (range)

3300 (1300, 4320)

Median Apgar score at 1 ; 5 minutes

7(0,9);9(1,9)

Diagnoses

Hypoxia-ischemia 6
Vascular 2 IVH
1 subdural haemorrhage
1 extradural haemorrhage
Seizures (unknown cause) 4
Sepsis 3 (include 1 meningitis)
Cardio-respiratory 3
Inborn error of metabolism 1

Infants treated with anticonvulsants

19721 (90%)

Number of anticonvulsants; median (range)

2 (0, 5)

Infants needing inotropic support

3121 (14%)

Infants requiring mechanical ventilation

19/21 (90%)

Age at monitoring (days); median (range)

43(0.9, 71)

Period of monitoring (hours); median (range)

18.6 (4.3, 42.1)

Known outcomes to date, assessed in the clinical
setting by attending clinician with multidisciplinary
team support i.e. not assessed in a standardized

way following a research protocol

7 infants deceased
3 infants cerebral palsy
— 2 infants hemiplegia
- 1 infant quadraparesis
1 infant with isolated cognitive delay
- MDI < 2SD
2 infants — developmental delay at age 2
1 infant — no abnormalities at 2 years
7 infants — await 2 year outcome
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6.3 ccEEG Seizures

Infants were monitored for a median period of 18.6 hours with 351 hours of data obtained. Seven
infants had electrical seizures captured on ccEEG (Table 6.2), one of whom (patient E, Table 6.2)
had SE. A total of 41 non-status seizures were detected. The inter-observer agreement kappa for

the ccEEG review was 0.84 (p<0.001) consistent with a high level of agreement.

6.4 aEEG plus 2-Channel EEG

Seizures were correctly identified in 6/7 patients using the aEEG in combination with the raw trace
on two channels of the bedside monitor (Table 6.2). SE in patient E was also correctly identified.
The duration of seizures identified ranged from 12 to 300 seconds (median 89 seconds). A short
single seizure (11 seconds duration) in patient G was not detected using the aEEG plus 2-channel
EEG. The seizures were recorded from within 5-24 hours after commencing monitoring. Using the
aEEG plus 2-channel EEG 31/41 (76%) non-status seizures were identified (sensitivity 76%,
specificity 78%, positive predictive value (PPV) 78%, negative predictive value (NPV) 78%) (Table
6.3). The inter-observer agreement Cohen’s kappa was 0.67, p<0.001 consistent with a substantial
level of agreement. As can be seen in Table 6.2, the morphology of the detected seizures was
variable. The detected seizures were often of low amplitude with a focus predominantly at a site
distant to the electrodes, such as temporal or occipital regions on conventional EEG. The focus

spread to nearby regions with time making detection by the aEEG monitor possible.
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Table 6.2 Characteristics of detected and missed electrical seizures

Patient | Diagnosis ccEEG aEEG Detected Missed Comment about Seizures
Seizures Background E Duration (s) . Duration (s)
O (]
2 8
[a} =
A IVH 8 Discontinuous 7 55-120 1 18 Low amplitude, sharp waves
B Seizures (UC) | 12 Normal SWC 11 45-300 1 290 Right hemispheric PLEDs consisting of low
amplitude sharps
C Seizures (UC) | 2 Normal SWC 2 34, 85 0 |- Bilateral seizures
D Extradural 10 Normal SWC 3 89-128 7 | 27-753 Detected — left temporal, fast spiking
haemorrhage Missed — left occipital, slow sharp waves
E Inborn error 3 then SE Normal SWC- 3 43-49 0 |- Predominantly right sided seizures
metabolism DC-BS SE
F Seizures (UC) | 5 Discontinuous 5 12-18 0 |- 3 x T3 rhythmic sharps
2 x occipital low voltage sharps
G HIE stage 2 1 Discontinuous 0 - 1 12 Left temporal low amplitude rhythmic sharp

waves

Key: UC — unknown cause, PLED — periodic lateralizing epileptiform discharges
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Table 6.3 The sensitivity, specificity and predictive value of bedside monitoring with respect to
ccEEG

Sensitivity | Specificity | PPV NPV Kappa P
aEEG Agreed 76% 78% 78% 78% 0.67 <0.001
plus raw seizures
signal
1 channel | Rater A 56% 85% 79% 85% 0.29 0.03
aEEG

Rater B 41% 66% 55% 66%
2 channel | Rater A 27% 98% 92% 98% 0.31 0.01
aEEG

Rater B 44% 83% 72% 83%

6.5 Seizures not Detected using aEEG plus 2-channel EEG

The duration of seizures missed using the aEEG plus 2-channel EEG ranged from 11

to 753 seconds (median 170 seconds). The majority of the undetected seizures (7/10)
were from patient D. Six of these seizures consisted of unilateral occipital slow sharp

wave activity (Figure 6.1).

6.6 False Positives

There were nine false positives (FP) over 351 hours of recording (1 FP/39 hours).
These were obtained from four patients. Seven episodes were obtained from two

patients who had had no electrical seizures on ccEEG. These were thought to be

related to the electrodes, patting or muscle artefact (Figure 6.2). In the absence of

EEG-video, the cause of the artefact could not be confirmed.
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6.7 Clinical Course of Infants in Relation to Monitoring and Anticonvulsant
Administration

Table 6.4 shows the clinical course of the infants who had ccEEG seizures (patients A
to G) and the “error” patients. Six of the seven patients who had seizures on ccEEG
(patients A to F) had clinical correlates with the electrical seizures although they
occurred in only 20-50% of individual ccEEG confirmed seizures. All clinical seizures
had true positives noted on aEEG plus 2-channel EEG. In addition 23/38 non-status
seizures on ccEEG and 16/31 non-status seizures on aEEG plus 2-channel EEG did

not have a clinical correlate noted.

The most common clinical correlate was apnea and desaturation which was noted in
all six infants. Other signs included clonic jerking, posturing, increase in heart rate and
abnormal respiratory pattern. The seventh patient (patient G) who had had a single
short seizure did not have a clinical correlate, and was also missed by all modes of

bedside monitoring.

Of the nine infants in Table 6.4, eight had received anticonvulsants prior to
commencing monitoring. In seven infants ccEEG seizures occurred within 1-12 hours
of a dose of anticonvulsant. In two infants, seizures were noted within one hour of
giving anticonvulsants and in one infant (patient E) who was thought to have an
undiagnosed inborn error of metabolism, an increase in electrical seizures frequency

(with clinical correlates) was noted to coincide with the administration of phenytoin.
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Figure 6.1 ccEEG (left) and bedside monitor (right) images of slow sharp wave
seizure predominantly in the left occipital area (arrow) not clearly detected by the
bedside monitor (Patient D).

Figure 6.2 Examples of false positives on the bedside monitor (left images) as seen
on ccEEG (arrows - right images) related to electrode artefact.
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Table 6.4 Clinical course of infants in relation to EEG monitoring

Patient | Diagnosis ccEEG Clinical Signs of Clinical | AEDs prior to Time of EEG Seizure after Clinical Course Number Infant Outcome
Seizures | seizure Seizures monitoring AED of AEDs
correlates

A IVH 8 4 A&D, jerking, PB 80mg/kg Within 1 hour of loading PB. Encephalopathic, intubated 3 Died at 29 days

increases in HR. | PHY 40mg/kg | Further loading dose during monitoring. AED age.
CLZ 0.5mg/kg | improved control. reduced frequency of
electrical seizures.

B Seizures (UC) | 12 4 A&D, focal limb PB 20mg/kg 5 hours — infant given loading | Infant intubated for apneas. 2 Mild
jerking, PHY with improvement in developmental
contralateral to electrical seizure activity. delay at 2 years
EEG seizure.

C Seizures (UC) | 2 1 A&D, clonic limb PB 40mg/kg 12 hours after maintenance Not intubated, sucking oral 3 Normal neurology
jerking, PB feeds during hospital course. at 19 months
mouthing, eye
flickering.

D Extradural 10 2 A&D PB 20mg/kg Within 1 hour of maintenance | Infant extubated immediately 1 No neurologic

haemorrhage PB prior to monitoring. Neurology abnormalities
normalised and sucking soon noted at 1 year.
after.

E Inborn error 3 then Multiple A&D, clonic limb | PB 40mg/kg Increased frequency to SE Infant with very difficult 3 Developmental

metabolism SE jerking. PHY 20mg/kg | after commencing PHY load. seizure control — intubated delay at 2 years
Required further PB load for during course of monitoring.
better control.

F Seizures (UC) | 5 1 A&D, posturing, PB 6mg/kg Within 4 hours of Infant’s seizure control 4 Died at 4 months
abnormal PHY 20mg/kg | maintenance PHY. worsened after monitoring age.
respiration ceased, requiring intubation
pattern, and ventilation.
increases in HR.

G HIE stage 2 1 No No PB 40mg/kg 6 hours Infant had been pretreated 3 Diplegic cerebral

PHY 15mg/kg with AEDs, monitored on third palsy at 2 years.
CLZ 0.5mg/kg day of life.
H HIE stage 3 No 1 apnea A&D requiring PB 40mg/kg - Infant did not require 1 Normal
correlated bag and mask intubation and ventilation for
with false oxygen A&Ds.
positive
Bronchiolitis No No No None - Intubated and ventilated for 1 Alive

cardio-respiratory support.

Key UC- unknown cause, A&D — apnea and desaturation, AED — antiepileptic drug, HR — hear rate, SE — status epilepticus, PB -

phenobarbitone, PHY — phenytoin, CLZ - clonazepam
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6.8 “Error” Patients

Seven of 21 infants had either false positives or seizures not detected on aEEG
plus 2-channel EEG. Three out of the four infants who had seizures missed had
some “true positive” electrical seizures detected using aEEG plus 2-channel EEG
(7/8, 11/12 and 3/10 seizures) (Table 6.2). The fourth infant (patient G) had an
isolated, short (12 second) seizure that was not detected using aEEG plus 2-
channel EEG. For all four patients, clinical management was not changed as a

result of conventional EEG findings.

Four of these seven “error” patients had false positive seizure episodes on aEEG
plus 2-channel EEG. Two infants (patients D and F) had single false positives but
also had true positives (five and ten electrical seizures on ccEEG). Patients H
and | had five and two false positives respectively, neither of whom had had any
true positives. One such episode in patient H coincided with an apnea for which
the patient received bag and mask ventilation. In the absence of EEG-video, it
cannot be ascertained whether the electrode artefact was related to the apnea or

to the resuscitation process.

6.9 Patients with no ccEEG Seizure Activity

Of the 14 patients who did not have seizures on ccEEG, two infants were noted
to have apneas, desaturations and abnormal limb movements. Both infants had
already received loading doses of anticonvulsant treatment. Another two infants

were noted to have apneas and desaturations only.

88



6.10 The Duration of Seizures on the Bedside Monitor Compared with the

Duration on ccEEG

The duration of electrical seizure activity observed on the bedside monitor using

the aEEG with 2-channel EEG strongly correlated with the duration of the

seizures observed on the conventional EEG (Pearson’s correlation coefficient =

0.95, p<0.001) (Figure 6.3).

Figure 6.3 Duration of seizures on the raw trace of the bedside EEG monitor as
compared to the duration on cEEG
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6.11 aEEG Tracing Alone

On single channel aEEG, 23/41 (56%) seizures were identified in 4/7 infants
with electrical seizures on ccEEG by one or both raters. Between the two raters
14 false positive seizures were identified. On two channel aEEG alone, 18/41
(44%) seizures were correctly identified in 5/7 infants by one or both raters.
Between the two raters, 10 false positives were obtained. The inter-observer
agreement kappa for aEEG tracing alone was 0.29-0.31 (p<0.05) consistent with

a fair degree of agreement.

6.12 Seizures not Detected using Single or Two-Channel aEEG

Thirteen seizures were missed by both raters using both single and two-channel
aEEG alone. These included the same six seizures from patient D as were
missed using aEEG plus 2-channel EEG i.e. unilateral occipital slow sharp waves
which were moderately long (range 27 — 753 seconds, median 184 seconds). All
five seizures missed in another patient (patient F, Table 2) were short (range 10-
18 seconds, median 17 seconds). These were all diagnosed with the aEEG in
combination with the raw trace. On post-hoc review, it was noted that there was
no distinct rise in the lower and upper aEEG band margins for 8/13 of the missed
seizures. It was also observed that six of these had a discontinuous background

and seven had a normal but “spiky” background.
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6.13 Infant Outcomes

To date, 2-year outcome information is available for 12/21 infants (Table 1). The
follow-up was not carried out as part of a standardized research protocol, due to
lack of resources, but as part of clinical follow-up by attending neonatologist at
the Royal Children’s Hospital in Melbourne or by local paediatricians for infants
who had been discharged to the care of the local services. Where possible |
attended follow-up but otherwise, the clinician notes were reviewed for these
infants. Outcome was assess with informal neurologic examination in most cases

with Bayley assessment available for only one patient.

Seven of the 21 infants (33%) have died and three infants have cerebral palsy.
Of the seven infants who died, three infants had HIE, two had cardio-respiratory
problems, one had intraventricular haemorrhage and one had seizures of
undetermined cause. Only two of these infants had electrical seizures detected

on ccEEG.
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CHAPTER SEVEN

aEEG Background, the Presence of Electrographic
Seizures and Quantifiable aEEG Measures in Preterm
Infants in the First Week of Life Assists in Detecting

Cerebral Abnormality; Methods.
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7.1 Summary

In the previous chapters, testing of the hypothesis that the aEEG in term infants
assists in detecting cerebral abnormality was described. In this part of the study,
the hypothesis that the aEEG in preterm infants also assists in detecting cerebral
abnormality using not only the aEEG background trace and quantifiable aEEG
measures (upper, lower and mean aEEG margins) but also the presence of
electrographic seizure activity is tested. The methods are described in this

chapter.

7.2 Study Population

Between April 2007 and June 2008, infants under 30 weeks gestation referred to
the St Louis Children’s Hospital Neonatal Intensive Care Unit (NICU) were
recruited within the first week of life to a prospective cohort study with informed
consent from the families. Prior approval to carry out this study had been

obtained from the Institutional Research Board.

7.3 aEEG Monitoring

Infants were monitored continuously with 2-channel (C3-P3, C4-P4) aEEG with
EEG in the first week of life with the BRM2 (BrainZ Instruments, New Zealand).
Subsequently infants had a shorter period of follow-up monitoring at intervals at
30 weeks, 34 weeks and term PCA. Gel electrodes were used for this purpose.
Monitoring was limited by the infants’ clinical condition and availability of

monitors. Follow-up monitoring was limited by death of the infant, transfer of
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infant to another hospital, availability of equipment and occasionally by technical

difficulties.

7.4 aEEG Analysis

aEEG analysis was carried out off-line using Analyze (BrainZ Instruments, NZ).
The earliest four-hour epoch with acceptable impedance (<15 kQ at each
electrode) was chosen for aEEG analysis every 24 hours for recordings in the
first week of life. This epoch was chosen to include any changing sleep states as
well as periods of handling the infant. Periods of acute changes in the aEEG
related to specific events such as pulmonary haemorrhage, giving surfactant,
profound desaturation or bradycardia, electrographic seizure activity or overt

artefact of aEEG were excluded from analysis.

7.5 aEEG Monitor Function and Manual aEEG Data Analysis

For each 4-second epoch the minimum, mean and maximum values of the aEEG
are calculated by in-built software while the aEEG is being recorded by the
BrainZ monitor (See Appendix). The median over a minute epoch are stored and
displayed by the commercial software as the minimum and maximum integrated

amplitudes every minute and represent the lower and upper aEEG margins.

For this study, the median values of the minimum, maximum and mean

integrated amplitudes (lower and upper aEEG margins) were calculated for the 4

hour epoch. In addition, the percentage of time the lower aEEG margin was
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below 5pV was also calculated manually. This was carried out to avoid losing
information when averages or median values are calculated over long epochs. A
threshold of 5uV was used as studies in term-born encephalopathic infants
showed that the lower (as well as upper margins) below this level this cut-off was
predictive for abnormal neurodevelopmental outcome (35). This process was
carried out for 4-hour epochs every twenty-four hours, and also for recordings

carried out during subsequent weeks.

aEEG amplitudes obtained were those for the “cross-cerebral” P3-P4 channel.
The cross-cerebral channel was chosen as we had previously noticed that with
loss of oedema and natural change in shape of infant head in the first few days of
life, the electrodes had a tendency to migrate closer together and lower the C-P

channel amplitudes due to reduced inter-electrode distance.

7.6 The Use of Sedation in the Cohort

Intubated infants on the NICU at the St Louis Children’s Hospital were not
routinely sedated. However infants deemed to require sedation for agitation or to
assist with smooth ventilation were given boluses of morphine, fentanyl or
midazolam as per local clinical guidelines. Sedation was rarely used within the
first three days of life and where it was used aEEG traces were not analyzed

within six hours of the infant receiving it.
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7.7 Visual Analysis of aEEG Pattern

The earliest aEEG pattern recorded for each patient was assessed for variability
of the lower aEEG margin. The earliest age at recording when regular aEEG
pattern variabililty with what has been termed as sleep-wake cycling (narrowing
and broadening of the aEEG band thought to represent sleep state changes) as

observed was also assessed.

7.8 Visual Analysis of EEG with aEEG for Electrographic Seizure Activity
The 2-channel EEG traces with aEEG recordings were visually inspected for
electrographic seizures using the aEEG with the raw EEG by myself and
confirmed by a neurologist with expertise in neurophysiology (Dr John Zempel).
Seizures were defined as a minimum 10 second period of rhythmic, repetitive
activity. Seizure morphology was described in terms of the frequency of the
rhythmic activity, as well as nature of the waveforms based on commonly used
clinical descriptions (spikes, sharp waves, spike and wave, polyspike and wave,

sharp and wave) (110).

7.9 Physiological “Vital Signs” Download

In cases where the infants’ “vital signs” physiologic monitor was compatible with
the aEEG monitor, the physiological parameters were downloaded to the aEEG
monitor in real time, in order to be able to synchronize the EEG measures with

physiological signs at any given time point. These included heart rate (HR),

respiratory rate (RR), oxygen saturations and blood pressure. This was done via
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an RS232 port on the physiologic monitor and facilitated by software from BrainZ

Instruments, NZ.

7.10 Correlation of aEEG with Physiologic Parameters in Infants with
Seizures

For each infant with seizures on the aEEG monitor for whom physiologic data
was downloaded, an attempt was made to identify the relationship between the
change in EEG activity with HR and RR. aEEG segments for the first five
seizures from each infant were digitally filtered (Chebyshev) and down sampled
(from 8 to 0.4 Hz) using Matlab 7 (Natick, MA) to the base frequency of the
respiratory rate and heart rate data. Onset of change (if any) in the respiratory
rate and heart rate, time and magnitude of peak change, and return to baseline
of the physiologic data were determined. This was carried out with the assistance

of Dr John Zempel.

7.11 Neuroimaging

7.11.1 Cranial Ultrasound

Infants had routine cranial ultrasounds as per local clinical practice at the St
Louis Children’s Hospital, first on day 1-3, then at 1 week, 2 weeks and 4 weeks
or more frequently as clinically indicated. IVH was defined according to the

Papille classification (111).
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7.11.2 MR Imaging
Surviving infants underwent MR imaging at term corrected with conventional T1

and T2 imaging sequences.

7.12 Classification of Cerebral Abnormality-Related Outcomes

Infants were grossly classified as having abnormal outcomes if they had suffered
a grade 3/4 IVH and/or had moderate or severe white matter abnormalities on
MRI as previously defined by Woodward et al (94) and/or they died for any
reason. The remaining infants who had no IVH or had grade 1 or 2 IVH with
complete resolution and or normal or mildly abnormal brain MRI were classified

in the “normal” category.

7.13 Data Analysis

SPSS (version 15, Chicago, IL) and SAS were used to carry out statistical
analyses. Proportions were compared using Fisher’s Exact test and Pearson’s
Chi-squared statistic when the denominator was less than 50. Means were
compared using the Student t-test for independent samples. If Levene’s test
yielded a p<0.05 then un-equal variance in the samples was assumed. In order
to compare samples where the data was not normally distributed, such as Apgar

score, the Mann Whitney U statistic or Wilcoxon’s Rank Sums tests were used.

In order to assess the trend of aEEG measures throughout the neonatal period

i.e. the “follow-up” recordings, only the first recording in the first week of life in
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combination with all recordings in subsequent weeks was used. In order to
assess trends in multiple measurements taken from each patient at varying time
points, mixed models were used with the help of Ms Jingnan Mao, statistician at
Washington University. Mixed models were also used to compare trends of
repeated measurements between two groups. A logistic regression model was

used to calculate odds ratios with a covariate.
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CHAPTER EIGHT

aEEG in Preterm Assists in Detecting Cerebral
Abnormality; aEEG Background and Quantifiable aEEG

Measures Results

100



8.1 Summary

Cerebral abnormality-related outcomes are defined in the context of this small
cohort of preterm infants. Preterm infants with “normal” or “mildly abnormal”
outcomes are first identified. Using this group of infants, normal aEEG maturation
patterns during the first and subsequent weeks of life are defined. A comparison
is made with the maturation of aEEG measures and patterns of infants with
abnormal outcomes. The evolution or regression of the aEEG pattern in the

context of grade 3/4 IVH is also explored.

8.2 Study Population

Fifty-seven of 121 (47%) eligible infants who came through the NICU during this
time period were recruited. Infant recruitment was limited by parental refusal and
availability of monitoring equipment. The characteristics of the infants recruited
were similar to those of the 64 not recruited. The infants not recruited were of
26.9 (SD 1.4) weeks mean gestation; eight (11%) had grade 3/4 IVH and nine

(14%) died.

Of the 57 infants recruited, the families of four withdrew consent, one infant died
prior to the recording being commenced and the recording for one infant was not
available for analysis. Recordings for 51 infants < 30 weeks gestation at birth
were analyzed. Their characteristics are shown in Table 8.1. aEEG recording
was commenced at a median age of 24 (range 3-117; up to day 5 of life) hours

for a median period of 74 (range 12-140) hours.
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Table 8.1 Characteristics of Infants who underwent aEEG Monitoring in the First
Week of Life

Male 22/51 (43%)
Gestation (weeks); Median (range) 26.7 (23, 29)
Age recording commenced (hours); Median (range) | 24 (3, 117)
Duration of recording (hours); Median (range) 74 (12, 140)
Number of epochs analyzed; Median (range) 3(1,7)
Duration of epochs analyzed; Median (range) 4 (0.5,4.5)
Infants with IVH grade % 8/51 (16%)
Infants who died 7151 (14%)
Infants with abnormal outcomes 17/51 (33%)
Infants with electrographic seizures 11/51 (22%)

8.3 The Use of Sedation in the Cohort

There was no significant difference in the proportion of infants given boluses of
sedation in the cerebral abnormality group compared to no abnormality (56% v.
41%; x* =0.04, p=0.84) (Table 8.3). Similarly when the number of boluses of
sedation given in the first week of life were compared between abnormal group
(median 2, range 0-4) and the normal group (median 1, range 0-3), there was no
statistically significant difference (x? linear trend = 2.51, p=0.11) although the

abnormal group had received more boluses of sedation.
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8.4 Cerebral Abnormality-Related Outcomes

Seventeen of the 51 infants (33%) had abnormal outcomes. The characteristics
of these infants are shown in Table 8.2. Eight of these infants had grade 3 or 4
IVH and seven of them died. Nine of these infants displayed electrographic
seizure activity. Comparison of characteristics of infants with abnormal and
normal outcomes was made in Table 8.3. Infants with abnormal outcomes were
more likely to be of lower gestation and lower birth weight. They were also more

likely to have had lower Apgars and seizures.
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Table 8.2 Characteristics of the 17 Infants with abnormal outcomes

Patient | Gestation | Apgar | Apgar | Cord pHor | aEEG IVH Seizures | Notes and Outcome
1 min 5 min first pH variability | grade
L,R
A 23 5 7 7.29 No 2.2 Yes Died from overwhelming NEC at 24
’ ’ days age.
B 27 7 8 7.41 Yes 02 No Severe IUGR, severe bilateral
’ ’ ventricular dilatation, developmental
delay.
C 26 0 6 7.30 Yes 2.4 No Large parietal porencephalic cyst from
’ ’ intraparenchymal bleed. Evolving
hemiplegia.
D 26 2 3 7.30 Yes 3.3 No VP shunt. Developmental delay.
E 27 0 1 6.90 Yes nil No Placental abruption, severe
’ encephalopathy. Died.
F 24 1 1 7.21 No 4.1 No No antenatal steroids, infant born at
’ ! home. Died.
G 28 0 0 6.86 No 4.1 Yes No prenatal care, eclampsia. Occipital
) ’ bleed. Multiple areas of cerebral infarct.
Died.
H 28 8 9 7.29 No nil Yes Multiple high signal T1 abnormalities
) throughout parenchyma. Home.
| 28 3 8 7.39 Yes nil No Multiple high signal T1 abnormalities
’ throughout parenchyma. Home.
J 26 8 9 7.33 No 11 Yes NEC on day 5 of life. Severe BPD and
’ ’ sepsis. Died.
K 28 4 7 7.32 Yes nil No Unilateral occipital porencephalic
’ dilatation. Home.
L 28 2 8 7.30 Yes nil No Unilateral occipital porencephalic
’ dilatation. Home.
M 24 3 5 7.40 No 1.1 Yes Moderate ventricular dilatation, multiple
’ ’ high signal T1 abnormalities, unilateral
cerebellar injury. Discharged home.
N 24 1 4 7.28 Yes 4.3 Yes VP shunt, severe white matter volume
’ ’ loss. Discharged home.
@) 25 3 6 7.29 Yes 34 Yes White matter volume loss. No VP shunt.
P 25 3 6 7.29 No 34 Yes Acute compromise with IVH. Died.
Q 25 1 1 7.36 No 3,3 Yes Died from overwhelming NEC at 30

weeks PCA.
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Table 8.3 Infants with abnormal cerebral outcomes compared to those without

Abnormal Normal

outcome outcome Statistic p-value
Male 9/17 (53%) | 13/34 (38%) | x2=1.0 p=0.38
Gestation (weeks); mean (SD) 26.0 (1.0) 26.9 (1.5) 0.9 (0, 1.8)* p=0.04
Birth weight (grams); mean (SD) | 941 (222) 782 (156) 159 (50, 267)* | p=0.005
Apgar 5 minutes; median (range) | 5.5 (0,9) 7 (1,9) Z=-2.1 p=0.04
Seizures 9/17 (53%) | 2/34 (6%) X° =14.8 p<0.001
Poor variability on initial aEEG 7/16 (44%) | 5/34 (15%) | x*=5.0 p=0.03
Use of sedation during first week | 7/17 (41%) | 19/34 (56%) | x* =0.04 p=0.84

* mean difference (95% confidence interval)

8.5 Trends of aEEG Measures in Infants with Normal Outcomes

For the first recording during the first week of life for the 34 infants with normal
outcomes, the lower aEEG margin showed a significant positive correlation with
gestational age at birth, and the upper margin showed a trend towards a positive
correlation (Table 8.4, Figure 8.1). Hence conversely, the percent of the epoch
that the lower margin spent below 5uV (P5 value) showed significant negative

correlation.

Repeated measures for the 4 hour epochs at 24 hour intervals in the first week of
life (117 observations in 34 infants, maximum of 5 observations per patient)

showed a significant increase in the lower, mean and upper aEEG margin during
the first week of life, and conversely a significant decrease in the P5 value (Table

8.4, Figure 8.2). Also using the first measure in the first week and serial
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measures in subsequent weeks, showed similar significant trends (131

observations in 34 infants, maximum of 6 observations per patient).

Table 8.4 Trends in aEEG measures for infants with normal outcomes in the first
week of life as well as through the neonatal period.

First recording
related to gestational

age in weeks (n=34)

Trend for multiple
recordings in first week of
life (n=34, 117 records)

Trend for multiple

recordings through neonatal
period (n=34, 138 records)

Amplitude Corrglgtion p-value Estimate of o-value Estimate of o-value
coefficient effect effect

Minimum 0.36 0.03 0.013 <0.001 0.33 <0.001

Mean 0.40 0.02 0.024 <0.001 0.21 <0.001

Maximum 0.34 0.05 0.051 <0.001 -0.06 0.64

Lower margin | g 34 003 |-0.262 <0.001 -5.50 <0.001

<5 mp

Figure 8.1 The first aEEG measure for infants with normal outcomes correlated
to gestational age.

Mirimum Amplitude (meV}

Gestation [weeks]

Maximum Amplituds (msV)

Gestatien [wewks)

% of lswer margin below Sev

Gestation [waeks]

Figure 8.2 Repeated aEEG measures related to age in hours in first week of life
for infants with normal outcomes

Mirdsum Amplitude (mev)

Age thours]

Ampiitude {mev)

Maximum

% of lower margin balew Spv

106




8.6 Trends of aEEG Measures in Infants with Normal Outcomes Compared
to Those in Infants with Abnormal Outcomes

The aEEG margins during the first week of life in infants with abnormal outcomes
were significantly lower than in infants with normal outcomes, and the P5 value
(percent of time the lower margin spends below 5uV) was significantly higher
(175 observations among the 51 infants) (Table 8.5). This significance persisted
despite adjusting for gestational age at birth. Similarly, for infants with abnormal
outcomes, the aEEG margins of the first recording in the first week put together
with the aEEG recordings of subsequent weeks were significant lower than those
of infants with normal outcomes. This trend also persisted despite adjusting for

gestational age (183 observations among the 51 infants).

8.7 aEEG Pattern Variability

Twelve of 51 infants (24%) showed a lack of variability of the aEEG lower margin
on their earliest recording (Table 8.3). For one infant, the lower aEEG margin
was difficult to assess due to seizure-like activity causing frequent rises in the
lower aEEG margin. Infants with lack of variability were more likely to be more
premature compared to infants who showed variability (mean (SD); 25(1.3) v.
27(1.2); mean difference (95%Cl); 2.2 (1.4, 3.0); p<0.001). Significantly more
infants who died as well as all infants with abnormal outcomes displayed a lack

of variability compared with infants with normal outcomes (Table 8.3).
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Table 8.5 A comparison of trends in repeated aEEG measures between infants
with abnormal (n=17) and normal (n=34) outcomes

First week of life

Unadjusted Adjusted for GA at birth
Amplitude Estimate of _value Estimate of _value

effect P effect P
Minimum 1.16 <0.001 0.38 <0.001
Mean 258 <0.001 0.69 <0.001
Maximum 596 <0.001 1.34 <0.001
Lowermargin | 4 55, <0.001 -6.85 <0.001

<5 uVv

Through neonatal period

Unadjusted Adjusted for GA at birth
Amplitude Ef?teig:ate of p-value Ef?teig:ate of p-value
Minimum 0.50 0.02 0.45 0.04
Mean 1.10 0.008 0.93 0.02
Maximum 2.89 0.006 2.41 0.02
Lowermargin | 44 47 0.004 9.22 0.01

<5 uVv
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8.8 Regression in aEEG Variability

A sustained regression in the variability in the lower aEEG margin, from a prior
period of tracing showing variability, was observed in a further seven infants in
the cohort, all of whom were in the abnormal outcome group. In 6/7 of these, this
occurred during the first week of life. Four infants (infants C,D,0 and P) suffered
postnatal grade 3/4 IVH, one (patient E) had suffered acute hypoxia-ischemia
due to placental abruption and one (infant J) underwent clinical deterioration
related to NEC, requiring escalation of respiratory support. Infant Q, who was
born at 25 weeks gestation, developed NEC at 30 weeks gestation and showed

loss of variability of the aEEG at this time (Figure 8.3).

Sedation may theoretically bring about depression in the EEG. In this cohort, use
of sedation was relatively low. (See section 8.3 above). Also in cases where
sedation was used, we ensured that the aEEG was not analyzed for a period of

six hours after a bolus.

Figure 8.3 aEEG traces from patient Q recorded at 25, 29 and 30 weeks left to
right. Some variability appears at 29 weeks (centre) but is lost at 30 weeks when
the infant develops NEC.
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8.9 aEEG Pattern Maturation

For 27/34 infants with normal outcomes and 11/17 with abnormal outcomes,
sequential intermittent recordings were available until the aEEG pattern showed
regular variability with changes that can be described as sleep-state changes
was seen on visual analysis (Figure 8.4a and b). The earliest age of regular
variability of the aEEG pattern for infants with normal outcomes was earlier
compared to infants with abnormal outcomes at a median PCA at 33 4/7 (range
29 6/7 to 41 1/7) weeks compared to 34 4/7 (range 32 4/7 to 42 1/7), which

trended towards statistical significance (Wilcoxon Rank Sums, Z=0.08, p=0.08).

Figure 8.4a aEEG patterns from infant M born at 24 weeks gestation, carried
out at 24, 27 and 41 weeks from left to right. At 24 weeks there is a lack of
variability of lower margin. At 27 weeks there is greater variability of the trace and
at term a mature pattern is observed.
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Figure 8.4b aEEG pattern of a 27 week gestation infant delivered by emergency
Caesarian section for maternal eclamptic seizure born with Apgars of 2 and 6 at
1 and 5 minutes. She was ventilated for two hours and required CPAP for 6 days.
She had no IVH and had a normal MRI. Her first aEEG at 35 hours of age
showed regular variability (left) and her aEEG at 29 weeks, 6 days shows
variability and changes in keeping with sleep-state changes.

8.10 aEEG Pattern in Infants with Post-Natal Grade 3 or 4 IVH

Of the eight infants with IVH grades 3 or 4, six had acquired them in the postnatal
period. All six had had a CUS which was normal or showed a sub-ependymal
bleed prior to subsequent scans demonstrating grade 3 or 4 IVH (Table 8.6).
Four of these six showed an acute change in the aEEG pattern, with loss of
variability in the lower margin of the aEEG in three and reduction of variability in
one on visual inspection (Figure 8.5). All four infants had other signs of clinical
deterioration included metabolic acidosis (3/4), presence of seizures (2/4), need
for escalation in respiratory support (4/4), need for inotropic support (3/4), need
for a blood transfusion (2/4) and a large PDA on echocardiogram (2/4).

In the other two infants, there was no obvious change in the aEEG pattern, one
of whom had multiple seizures with frequent rises in the lower aEEG margin

making the aEEG background difficult to assess.
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Figure 8.5 aEEG traces from patients C, D, O and P showing deterioration
(arrow) in aEEG background trace with severe IVH.
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Table 8.6 Characteristics of infants who suffered postnatal grade 3 or 4 IVH

Patient IVH Change in seizures Metabolic | BE/bic | Respiratory | Inotropic | Blood Other | Note
Grade | aEEG pattern Acidosis Support Support | Transfusion
(L, R) Escalation
D 3,3 Loss of No Yes bic 14 | Required re- | Yes Yes large Apneas at time of change in
variability intubation PDA aEEG. Clinical deterioration
followed 24 hours later.
C 2,4 decreased No No - CPAP to No No - Apneas commenced with
variability SiPAP change in aEEG.
@) 3,3 significant Yes Yes bic14, | Requiredre- | Yes No large -
deterioration BE -23 | intubation PDA
P 3.4 significant Yes Yes bic -25 | Required re- | Yes Yes -
deterioration intubation
N 4.3 No Yes Yes BE -13 | No No Yes - Multiple seizures — aEEG
background difficult to
classify
Q 3,3 No Yes No - CPAP to No No large -
SiPAP PDA

Key: bic — bicarbonate, BE — base excess
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CHAPTER NINE

aEEG in Preterm Infants Assists in Detecting Cerebral

Abnormality; Seizure Activity Results
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9.1 Summary

In the previous chapter, results for quantifiable and qualitative aEEG measures
during the first week and follow-up aEEG recordings were presented for the <30
week cohort of preterm infants. The infants were divided into those with abnormal
and normal cerebral abnormality-related outcomes. To test the hypothesis that
the aEEG assists in detecting cerebral abnormality in the preterm population, the
measures were compared between these two groups. Finally aEEG patterns
were described for infants with postnatal grade 3 or 4 IVH in the context of their

clinical condition, to further confirm the hypothesis.

In this chapter, infants in this cohort displaying electrographic seizure activity on
aEEG monitoring in the first week of life are described. In order to further prove
the hypothesis that the aEEG assists in detecting cerebral abnormality in the
preterm infant, the potential use for aEEG monitors to detect electrographic
seizures in preterm infants will be explored. In this cohort (a) the proportion of
infants who had electrographic seizure activity will be identified, (b) the seizure
burden, morphology and relationship with HR and RR will be characterized and
(c) the relationship between the seizures and cerebral pathology such as IVH will

be investigated.

9.2 Electrographic Seizure Activity

Eleven of the 51 (22%) preterm infants displayed seizures. Figure 9.1 shows

examples of seizures in two infants in the cohort. Table 9.1 compares the
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characteristics of infants who had seizures with the remaining cohort. Seizures
were first noted at a median age of 26 (range 6-72) hours of life (Table 9.2). All
infants displayed onset of seizures at or before 72 hours of age. The duration of
seizure activity ranged from less than 15 minutes to 4 hours and status
epilepticus. In infants with poor variability or deterioration in the aEEG
background pattern (infants D,E,G and J) the seizures were concentrated in the
early part of the aEEG trace. In the other infants, seizures were found

intermittently throughout the whole recording.

Only two of the 11 infants with seizures (Table 9.2, infants E and G) displayed
clinical seizure activity. These infants had an EEG-video study which confirmed
seizure activity and the infants were treated with anticonvulsant medications (See
Figure 9.2). This brought about attenuation of seizures on aEEG monitoring.
Treatment for seizures was carried out at the discretion of the attending clinician,
and not on the basis of findings from the study. Ten of the 11 infants had
seizures of low frequency (< 1 Hz) and one infant (Infant J) displayed a rapid

spiking rhythm of ~ 5Hz.
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Figure 9.1 Electrographic seizures seen in the aEEG recordings for patients B
(panel A) and D (panel B). In both patients, at the rise in the lower margin of the
aEEG (arrows) there is polyspike activity between 0.5 - 1 Hz on the raw EEG
traces.
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Figure 9.2 Low frequency seizure activity captured on conventional EEG (left),
predominantly at the central channels for patient E. The aEEG monitoring (right)
shows a severely depressed background with frequent seizures on the aEEG
(below) as well as the raw EEG (above).The gap in the aEEG recording
represents application of conventional EEG.

9.3 Seizures, aEEG and Autonomic Changes

Physiologic parameters were downloaded for 18/51 (35%) infants. Four of these
infants displayed seizure activity on the 2-channel EEG with aEEG recordings.
Three of these four (infants E, | and J) displayed seizures with distinct rises in the
lower aEEG border with accompanying autonomic changes (rise in heart rate) on

visual inspection. Two of these four (infants E and 1) displayed frequent seizures
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(> 1 episode/hour) with accompanying aEEG and autonomic changes (Figure
9.3), whereas the third infant (infant J) displayed one such episode but also had

more seizures without accompanying autonomic changes.

Infant E had suffered perinatal hypoxia-ischemia. His aEEG background showed
depressed lower and upper margins with burst-suppression and a lack of
variability. Multiple seizures were clearly seen with distinct rises in the lower and
upper aEEG margins and low frequency sharp wave activity on the raw EEG
traces. This subsequently evolved into status epilepticus (>50% seizure
activity/hour). This infant had clinical seizures and a simultaneous conventional
EEG-video study, ordered on a clinical basis, revealed frequent seizure activity
(Figure 9.2). He displayed multiple rises in heart rate (15 £ 4%) and drops in
respiratory rate (69 £ 4%) coinciding with the onset of seizure activity as was

clearly demonstrated off-line (Figure 9.3).

Infant | born at 24 weeks gestation, had multiple episodes of low frequency
seizures which preceded the CUS finding of grade 3/4 IVH. This infant did not
demonstrate clinical seizures but did have rises in heart rate concurrent with the
seizures (Figure 9.3). Infant J had multiple seizures, but on only one occasion
was there a coincidental rise in the lower aEEG margin and heart rate which rose

from 127 to 220 bpm.
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Table 9.1 Characteristics of preterm infants with seizures compared to those

without

Seizures No seizures Statistic p-value
Male 7/11 (64%) | 15/40 (38%) x2=2.4 p=0.11
Gestation (weeks); mean (SD) 25.5 (1.5) 26.9 (1.4) 1.4 (0.4, 2.4) | p=0.006
Birth weight (grams); mean (SD) 755 (130) 925 (220) 170 (62, 277)* | p=0.003
Apgar 5 minutes; median (range) 7 (0,9) 6 (1,9) 7=-1.32 p=0.20
No IVH 311 (27%) | 31/40 (77%) x> =9.8 p=0.002
IVH grade3/4 5/11 (45%) 3/40 (7%) X’ =9.4 p=0.008
Abnormal Outcome 9/11 (82%) 8/40 (20%) x2 =14.8 p<0.001
Died 5/11 (45%) 2/40 (5%) x* =11.9 p=0.003

* Mean difference (95% confidence intervals), SD standard deviation
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Table 9.2 Characteristics of seizures in the preterm infants

Age

Age (hours) Age Sei (hours) hAge
. Gestation of (hours) at | Seizures elzure Seizure Clinical Grade of (hours)
Patient . : frequency aEEG . at
(weeks) | commencing first hours/day morphology | correlate IVH (L,R) | previous
- . (Hertz) background abnormal
monitoring seizure variabilit normal cuS
y CUS
A 27 7 12 0.5 0.5 slow waves No nil
present
B 26 12 24 1 0.5 Spike No nil
present
} spike and .
C 28 22 36 0.5 0.5-1 wave No absent nil
polyspike
23 7 10 1 0.5-1 and wave No absent 2,2 28 98
4 then
28 11 12 status 0.5 Sharp yes absent 1,4 12 84
polyspike
E 25 28 36 <0.25 <0.5 and wave No absent 3,3 25 72
G 25 27 30 1 05-1 Sharp yes 3,3 20 45
present
H 24 6 6 2 05-1 Sharp No absent 1,1 26 73
polyspike
I 24 30 30 3 0.5-1 and wave No absent 4,3 7 5 days
J 25 29 30 0.5 5 Spike No 3,4 19 42
absent
K 26 71 72 <0.25 1 Spike No present 1,1 94 1 week
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Table 9.3 Clinical characteristics of infants with seizures

Respiratory

support Other clinical
Gestation | Apars 1,5 during details
Patient | (weeks) minutes First pH | First pCO2 | Surfactant | monitoring Details Discharge
Chorioamnionitis
A 27 8,9 7.34 48 No CPAP Normal/mild WMA home
B 26 2,7 7.54 20 Yes CPAP Normalimild WMA home
Multiple .h.igh signal T1
C 28 8,9 7.38 44 Yes CPAP e
o .
D 23 5,7 7.41 32 Yes IPPV e e 2 | died
Ecl ia, A 0,0,2.
E 28 0,0 6.86 48 Yes IPPV Multiple cerebral infarcis. | died
ot .
F 25 1,1 7.36 32 Yes IPPV NEC ot 30 waeks POA._ | dlied
G 25 3,6 7.29 45 Yes IPPV No VP shunt home
Choriomanionitis, | e e e ot
H 24 3,5 7.20 55 Yes IPPV inotropes parenchyma home
! 24 1,4 7.19 64 Yes IPPV o prete evst VP home
J 25 3,6 7.29 45 Yes IPPV overwheiming IV died
CPAP + InOtrOpeS NEC on day 5 of life.
K 26 8,9 7.33 41 Yes IPPV Severe BPD and sepsis. died

Key: IPPV- intermittent positive pressure ventilation, CPAP — continuous positive airway pressure
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9.4 Analysis of aEEG, Seizures and Autonomic Changes
Analyzing the first five episodes obtained for infants E and | yielded the following

results. Data are reported as mean + standard deviation.

Infant E had a rise in aEEG amplitude with a substantial maximum decrease in
respiratory rate (69% + 4%) and rise in heart rate (15t 4%) (Figure 9.3). The onset of
the change in heart (-4.5 £ 23 sec) and respiratory (-15.0 + 23 sec) rates were not
significantly different than the onset of the seizures on EEG. There was a delayed
and sustained change in heart rate; the time of peak heart rate lagged the aEEG
onset by 81 + 11 seconds and the return of the heart rate to the pre-aEEG onset
baseline after the end of the aEEG change was slower and lagged by 248 + 98

seconds.

Infant | had a similar pattern of changes in heart rate, but no clear change in
respiratory rate (Figure 9.3). Peak heart rate rose 20% + 4%, but with a preceding
decrease in heart rate in 4/5 ESA by 40% * 24%, with a sustained increase in heart
rate that outlasted the initial aEEG amplitude rise by 187 + 37 seconds. The initial

heart rate change preceded the change in the aEEG amplitude by 8.0 + 4 seconds.

Infant J demonstrated a rise in heart rate from a baseline of 127 to 220 bpm during

the seizures, for only one episode of multiple episodes of electrographic seizures.
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Figure 9.3. Left panels represent infant E and right panels represent infant |. Lower
parts of panels A and B represent the left and right hemisphere aEEG. The arrows on
the aEEG correspond to the raw EEG signals above. The raw EEG signal. Panel A
shows low frequency sharp wave seizure from both hemispheres. Panel B shows low
frequency sharp wave seizure from the left hemisphere (upper trace). Panels C and D
show the aEEG trace (upper segment) with corresponding changes in heart (centre
segment) and respiratory (lower segment)rate. Panel C shows a rise in heart rate
(HR) and a decrease in respiratory rate (RR) corresponding to seizures on the aEEG.
Panel D shows changes in heart rate corresponding to seizures on aEEG. Panels E
and F represent the relationship between aEEG (green) with HR (red) and RR (blue)
for the first five consecutive seizures for infants E (panel E) and infant | (panel F).
Panel F shows that patient | has drops prior to the rise in HR with no clear relationship
between aEEG and RR.
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9.5 Findings in Infants with Seizures and Autonomic Changes

Table 9.3 shows the clinical characteristics of the preterm infants who had seizures.
Infant E had suffered perinatal hypoxia-ischemia. His aEEG background showed
depressed lower and upper margins with burst-suppression and a lack of variability.
Multiple seizures were clearly seen with distinct rises in the lower and upper aEEG
margins and low frequency sharp wave activity on the raw EEG traces. Multiple rises
in heart rate and drops in respiratory rate coinciding with the seizures were captured.
This subsequently evolved into status epilepticus (>50% seizure activity/hour). This
infant had clinical seizures and a simultaneous conventional EEG-video study

revealed frequent seizure activity (Figure 9.2).

Infant | born at 24 weeks gestation, had multiple low frequency seizures which
preceded the CUS finding of grade 3/4 IVH. This infant did not demonstrate clinical

seizures.

9.6 Outcomes in Preterm Infants with Seizures

Infants with seizures had an odds ratio of 18 (95% CI 3-100) for developing an
abnormal outcome. On controlling for gestational age, the odds ratio was 14 (95% CI
2-86) per week of gestational age. Nine of 11 (82%) infants with seizures had
abnormal outcomes, compared to only 8/40 (20%) in the no seizure group (Fisher’s

Exact Test, x* =14.8, p<0.001).
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9.7 Seizures and Grade 3/4 IVH

Five of eight infants who had grade 3/4 IVH had seizures (Table 9.1). Infant E had
suffered perinatal hypoxia-ischemia and the IVH was noted on the first CUS within 24
hours of birth (Table 9.2). In the remaining four infants seizures were noted prior to
high grade IVH detected on CUS, with the infants already having had a normal CUS

(See Table 9.2).

9.8 Seizures and Death of Preterm Infants

Five of the 11 infants (45%) with seizures died compared to 2/40 (5%) of those without
seizures (Fisher's Exact Test, x? =11.9, p=0.003) (Table 9.2). Of the five infants who
died, one had catastrophic IVH (infant J), one had suffered severe hypoxia-ischemia
(infant E) and two died of fulminant NEC in the ensuing weeks (infants D and F). One
infant (infant K) had suffered NEC in the first week of life requiring insertion of an

abdominal drain, but died of end-stage respiratory failure and sepsis later.
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CHAPTER TEN

Discussion: aEEG in Term Infants with Seizures and/or

Encephalopathy Assists in Detecting Cerebral Abnormality
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10.1 Summary

We have proved the hypothesis that the aEEG in term infants with seizures and/or
encephalopathy assists in detecting cerebral abnormality as represented by
abnormalities scored on cerebral MRI. The findings of this study are discussed in this

chapter.

10.2 Key Findings from this Study

The median values of the minimum, maximum and mean amplitude which are
measures of the lower, upper and mean margins of the aEEG pattern were inversely
related to the severity of abnormality on MRI for term infants with encephalopathy
and/or seizures. This relationship was upheld when subgroups of infants including
those who had a diagnosis of HIE, infants with diagnoses other than HIE, infants
monitored outside the first 24 hours of life and infants treated with anticonvulsants

were studied.

10.3 What is Already Known and what our Study Adds

Previous studies have described the predictive value of the severity of abnormality of
the aEEG pattern in the first six hours of life from term infants with hypoxia-ischemia
(33, 34) related to longer term outcomes. This predictive value has been extended to
infants with diagnoses other than HIE as well those who were monitored outside the
first 6 hours of life (35). The key and very important finding from our study is that the
aEEG background patterns and measures in these patients are directly related to the

extent of cerebral abnormality as seen on MRI.
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Studies using conventional EEG have been able to demonstrate a relationship
between severity of encephalopathy and EEG background abnormality in term-born
infants with HIE (20). Our data demonstrates that these findings also hold true for the
aEEG background, in that the aEEG background is directly related to severity of
encephalopathy whether pattern classification or quantified aEEG margin measures
are used. Our study also shows that two channels (central-parietal) can be used in a
similar manner to the previously described single cross-cerebral (parietal-parietal) (34,

35) for this purpose.

We also demonstrated that the relationship between the aEEG measures and MR
abnormality scores also holds in a subgroup of infants who had already received
anticonvulsants. In a small group of patients we were able to demonstrate the

depressing effect of administering anticonvulsants on aEEG amplitudes.

10.4 Strengths and Weaknesses of this Study

This was a retrospective study and as such, these studies are subject to error. The
infants that fulfilled the study criteria were representative of all admissions to the unit.
aEEG monitoring and neuro-imaging were carried out at the discretion of the attending
clinician and hence representative of the local clinical setting. The clinicians were not
blinded to the results and MRI and aEEG findings may have contributed to clinical

decision making.

128



MRI is a tool in a continuous process of evolution. It’s place in the neurological
evaluation of the newborn remains to be defined. And as such there are no universally
accepted acquisition protocols or methods of qualitatively assessing abnormality of
the newborn brain. Within the MR scoring system that we devised and used, there are
qualitative components that are open to subjectivity. We have tried to address
intraobserver variability by rescoring every 10" scan. Longer term
neurodevelopmental outcomes, to confirm the MRI outcomes, were not available for
this cohort. This was due to limited resources as well as the infants coming from a
vast geographical catchment area. To date this is the largest cohort of term infants

reported who have received aEEG monitoring and MR imaging.

10.5 Clinical Applications for this Work

This part of the study further reinforces the use of digital aEEG monitoring as an aid to
clinical neurological assessment. In cases where the clinical examination shows
features of encephalopathy, the aEEG may provide confirmatory bedside evidence
and provides evidence that the severity of abnormality of aEEG trace is related to
extent of cerebral pathology. The aEEG is also useful in infants who are difficult to
assess, such as those who are sedated or muscle relaxed. Some of these infants may
have multiple pathologies e.g. infants with meconium aspiration syndrome or PPHN
may have suffered hypoxia-ischemia. Our study shows that the severity of the
abnormality of the aEEG tracing is related to the extent of cerebral abnormalities as
seen on MRI. Our hypothesis, that the aEEG assists in detecting cerebral abnormality

is proved.
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aEEG monitoring provides objective bedside clinical evidence of abnormalities of
“electrocerebral well-being”. Hence it has been used for recruiting infants with HIE to
study therapeutic hypothermia (39) and may be valuable in selecting patients in the
future as new methods of neuronal rescue and protection are being tested. Care must
be taken with interpreting the aEEG with respect to artefacts (112) and drift of aEEG

baseline (113).

10.6 Future Directions for this Work

To further assess the robustness of our findings, a study that relates aEEG
background measures to MRI findings as well as later neurodevelopmental outcomes
would be important. This would assist in validating the use of MR scoring as a
“biomarker” for cerebral injury as well as longer term neurodevelopment in the term-

born encephalopathic infant.

The aEEG excludes a relatively large band of frequencies. Very low and high
frequencies may yield additional information. The relationship between novel EEG
techniques such as those using low frequency bands or power spectra and patterns of

cerebral injury requires study.

Now that therapeutic hypothermia is a standard of care in many centres, the

modification of the aEEG background as well as pattern of cerebral abnormality as
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seen on MRI needs further study. In the presence of hypothermia, the predictive value

of the aEEG background as well as MRI may be altered.

Concurrent studies using bedside modalities such as near-infrared spectroscopy or

optical tomography with the aEEG in infants with HIE may yield pathophysiological

information regarding the effects of cerebral perfusion and oxygenation on producing

aEEG background abnormalities and adverse neurodevelopmental outcome.

In essence the potential for further studies is enormous.
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CHAPTER ELEVEN

Discussion; The Accuracy of Bedside aEEG Monitors for

Seizure Detection
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11.1 Summary

In chapter 6 we have shown that using the aEEG with two channels of raw EEG
signals, 76% of electrographic seizures were detected when compared to continuous
multichannel EEG. Hence the aEEG when used with the raw EEG signal reflects an
important manifestation of cerebral injury i.e. seizures. The findings are discussed in

this chapter.

11.2 Key Findings from this Study

From this study, 2-channel bedside monitoring using the aEEG and raw signal
identified electrical seizures off-line in six of seven infants with seizures on ccEEG .
Seventy-six percent of all non-status seizures were identified. The same six patients
had clinical seizures that correlated with electrical seizures, as observed at the
bedside, although clinical correlates were noted in only 37% of all non-status electrical
seizures. The single infant that was missed had a short isolated seizure, the clinical
significance of which may be questionable. The duration of seizures detected using
the aEEG plus 2-channel EEG strongly correlated with the duration of electrical

seizures on the ccEEG.

Ten seizure episodes were not detected with aEEG plus 2-channel EEG. Seven were
in one patient who had focal occipital slow sharp wave seizure activity. The missed
seizures were not brief, with a longer median duration greater than the detected

electrical seizures.
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11.3 Factors Contributing to Electrographic Seizure Detection; Duration, Focus
and Morphology.

Electrical seizures in newborn infants tend to be predominantly focal or multifocal (80).
Limited channel bedside aEEG monitoring may miss focal seizures remote from the
centro-parietal region, as demonstrated in our study, with focal occipital seizures.
Limited channels also limit visualization of spatial evolution compared to multiple
channels. Our findings suggest that as well as the duration and focus of the seizures,
other important factors that may contribute to seizure detection by limited-channel
bedside aEEG monitoring include the amplitude, frequency and morphology of the

seizure waves.

11.4 “False Positives”

False positives are important as there would be concerns about unnecessary
treatment of infants and the potential harm this can do in the clinical environment.
Over 351 hours, nine false positives were obtained using the aEEG with 2-channel
EEG combination. These false positives were thought to be related to cup electrode
artefact but the exact nature could not be defined without direct observation or EEG-
video. Of the seven “error” patients, four patients had true seizures on ccEEG. Of the
remaining three, one had a short isolated electrical seizure not detected using aEEG
with 2-channel EEG and the other two infants had seven false positive seizure
episodes between them. These three patients had been on anticonvulsant treatment
prior to monitoring and no changes were made in clinical decision making on the basis

of monitoring findings.
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11.5 Seizure Detection and aEEG Background

Using aEEG alone, there was no substantial difference between one or two channels
for seizure detection although using aEEG alone was clearly less accurate than using
the aEEG plus 2-channel EEG combination. Using aEEG alone, all five seizures in
one infant were missed. On post-hoc review of the aEEG trace, there was no distinct
discernible rise in the lower and upper aEEG margin and these seizures were all less
than 20 seconds duration and were predominantly from infants with normal or

discontinuous aEEG backgrounds.

The time compression in aEEG assists in monitoring background and its evolution
following onset of encephalopathy (34, 37). However for seizure detection on aEEG
alone, time compression necessitates a longer duration of seizure. Hence the ability to
identify seizures using aEEG alone relies not only on experience and expertise of the
users (48) but appears to be related to the duration of the seizures (46) and the aEEG

background.

11.6 Seizure Detection after Treatment with Anticonvulsants

The present study comprised of critically ill infants with a heterogenous group of
diagnoses who had already been treated with substantial doses and multiple
anticonvulsants. This may account for why only one third of this high risk group had
electrical seizures. Anticonvulsants may bring about a quantifiable reduction in EEG

amplitude, as has been shown in the first part of this thesis, and hence suppress
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aEEG background (114). This may potentially affect electrical seizure detection in this

group when compared to infants with no previous anticonvulsant treatment.

11.7 Review of Studies on the use of aEEG for Seizure Detection in the Newborn
Previous studies have made direct comparisons between analog, not digital, aEEG
and conventional EEG for seizure detection in the newborn (46-48) (Table 11.1).
Hellstrom-Westas showed that seizures of short duration (< half a minute) may be
missed by aEEG (46). Toet et al (47) demonstrated high inter-observer agreement,
sensitivity, specificity and predictive values for aEEG when compared to conventional
EEG recordings of 30 minutes duration. Rennie et al (48) found poor inter-observer
agreement and sensitivity for seizure detection for selected aEEG traces in
comparison with EEG-video. However, they used variable aEEG speeds and
inexperienced aEEG raters who had received three to five hours of training. Shellhaas
et al (49) found a very low sensitivity (12 — 38% of 851 individual seizures but 22 —

57% of 125 records) for seizure detection among experienced raters.
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Table 11.1 Review of studies that compared the use of bedside monitoring with conventional EEG for seizure detection in newborn

infants

Authors

Hours monitored

Total (range)

Infants with

electrical seizures

Sensitivity

Comment

Hellstrom-Westas (46) | 47.7 6/10 15/48 (31%) | Seizures 5-30 s not detected.
(0.55-11.2) seizures
Toet et al (47) - 10/33 8/10 (80%) | Comparison made with 30 minute conventional EEG
infants recording.
Rennie et al (48) - 19 38-55% Selected traces. Three speeds of aEEG recording.
Infants Inexperienced raters received 3-5 hours of training.
Present study 351 (4-42) 7121 31/41 (67%) | aEEG with 2-channel EEG better than aEEG alone.

seizures

1 false positive / 39 hours recording.
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11.8 Conclusions

In this part of the study, we have shown that the digital aEEG monitor using the
aEEG pattern with the raw EEG signal detects 76% of electrographic seizure
activity. Efficacious detection of electrographic seizure activity, which is an
important manifestation of cerebral pathology, contributes to our hypothesis that

the aEEG assists in detecting cerebral abnormality in the newborn.

11.9 Clinical Applications for this Work

The significance and management of electrical seizures in the newborn remains
controversial. However preliminary work suggests that repeated seizures may
exacerbate ischemic injury or lead to direct injury from the seizures per se (80-
82). Given that a substantial proportion of seizures in the newborn are sub-
clinical (115, 116) accurate methods for detecting electrical seizures and simple

methods for quantifying seizure burden is important and as yet not available.

Continuous multiple-channel EEG-video is the gold standard for detection of
electrographic seizure activity; it allows better distinction between seizure activity
and artefact and allows detection of focal seizures that may be missed by limited
channels. However continuous video-EEG monitoring is not available in most
centres. Continuous surveillance for electrographic seizures is labour and
resource intensive and requires trained personnel, particularly to give on-line 24

hour feedback for seizure management.
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Our study shows that bedside aEEG monitoring using the aEEG in combination
with the unprocessed EEG signal, reviewed off-line by skilled operators provides
acceptable sensitivity, specificity, positive and negative predictive values as
compared with simultaneous continuous conventional EEG. Our preliminary data
confirms that the use of limited-channel bedside aEEG monitor may be effective
in screening at-risk term infants for electrical seizure activity. Electrical seizures
detected on the bedside monitor should be confirmed with conventional EEG or

EEG-video, where available.

11.10 Future Directions

A larger study with bedside EEG monitoring used “on-line” by less experienced
neonatal clinicians around-the-clock is required to assess the feasibility of
monitoring for electrical seizures in the neonatal intensive care unit. Real-time
seizure detection with limited-channel bedside monitors may provide a more
practical alternative to EEG-video and multi-channel EEG monitoring particularly
when reliable, computerized seizure detection algorithms (117) have been

developed and validated for use in newborns.

Further work needs to be carried out to relate seizure morphology and
quantifiable seizure burden to cerebral pathology as well as long term outcomes.
Once it is shown that seizure burden in the newborn has a direct impact on
neurodevelopmental outcomes, independent of underlying pathology, then we
can start optimizing treatment of seizures in the newborn. There is emerging

evidence that the rapidly developing newborn brain may not respond to
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anticonvulsants in the same way as an older child’s or adult’s brain. In the
perinatal period, gamma amino butyric acid (GABA) activation is associated with
chloride efflux and excitation, rather than influx and inhibition as occurs after
GABA activation of the major GABA-A receptor in the mature neuron (40). Many
anticonvulsants are thought to act by facilitating GABA activation. Clearly much
research is required to develop anticonvulsants targeted at the developmental

stage of the newborn brain.
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CHAPTER TWELVE

Discussion; aEEG Measures in Relation to Cerebral

Abnormality Outcomes in Preterm Infants
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12.1 Summary

In chapter 8, we showed that preterm infants with abnormal cerebral abnormality-
related outcomes had significantly depressed quantifiable aEEG measures and
less lower margin aEEG variability on visual assessment compared to preterm
infants with normal outcomes. Hence we have proved our hypothesis that the
aEEG assists in detecting cerebral abnormality in preterm infants. These findings

are discussed in this chapter.

12.2 Important Findings from this Study

Our study demonstrates that during the first week of life, aEEG amplitude
measures representing the lower and upper margins and their mean increase
significantly in preterm infants < 30 weeks gestation, in infants with normal
outcomes. Conversely the period of time the lower margin spends below 5uV
decreases. This trend continues through the neonatal period. These aEEG
measures are significantly lower in preterm infants with abnormal outcomes
when compared to preterm infants with normal outcomes and conversely the
infants with abnormal outcomes have significantly greater P5 values. These

findings persist even after controlling for gestational age at birth.

On visual analysis of the aEEG background pattern, infants who had poor
variability of the lower aEEG margin were more like to be immature and also
more likely to have an abnormal outcome. On intermittent recordings throughout
the neonatal period, an aEEG pattern with regular variability and findings

consistent with sleep state changes was seen as early as 29 weeks PCA (See
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Figure 8.4b). Infants with abnormal outcomes showed a trend towards delay in

this appearance (34 v. 33 weeks PCA).

Seven of the 51 infants showed a regression in the aEEG background pattern. All
seven had abnormal outcomes. The regression in the aEEG background was
related to severe IVH in four, NEC in two and general deterioration after perinatal

hypoxia-ischemia in one.

12.3 How These Findings Relate to Other Studies

Our work complements other studies which have shown progressive changes in
various EEG measures in preterm infants during the first week of life, in the
absence of substantial cerebral abnormality. Victor et al (118) demonstrated an
increase in the relative power of delta on spectral analysis as well as a decrease
in the inter-burst interval in the first four days of life in preterm infants under 30
weeks gestation recorded for a period of 75 minutes each day. In a group of 63
infants under 32 weeks gestation, West et al (119) showed increasing continuity
at 25 and 50pV thresholds as well as median amplitude in the first week of life
over 60 minute epochs. We chose a relatively longer epoch of 4 hours to analyze
so that multiple sleep state changes as well as general movements would be

incorporated.

The progression in measures we have observed during the first week of life may
represent rapid adaptation of the brain to ex-utero life as well as cerebral

maturation. EEG studies also show maturational changes in the EEG
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background in preterm infants with increasing PCA, such as increasing burst
frequency and decreasing interburst interval (9). Our study demonstrates a rise in

aEEG amplitudes with increasing gestation as well as PCA.

Few studies have made comparisons of aEEG measures between preterm
infants with cerebral abnormality to those without. Hellstrom-Westas et al (57)
demonstrated, in a small cohort of sick preterm infants, that more continuous
aEEG background activity was predictive of more favourable outcomes. In six of
their 21 monitored infants the aEEG showed “electrocerebral inactivity”. Five of
these infants died and one infant survived with severe neurologic handicap. In a
separate study Hellstrom-Westas et al (58) demonstrated that among infants with
severe grades of IVH, those with lower burst frequencies had poorer outcomes.
Conversely we have shown that infants with abnormal outcomes had lower
aEEG measures and had greater periods with the lower aEEG margin below 5uV

in the first week of life as well as through the neonatal period.

12.4 Difficulties Encountered During this Study

The aim of this study had been to commence aEEG monitoring in preterm infants
as soon after birth as possible. Delays were encountered in obtaining post-natal
consent often due to time needed for decision making as well as fitness for
consent. Once consent was obtained, application of EEG took a lower priority to
necessary clinical procedures. Monitoring for infants who were sick and did not

tolerate handling was postponed. Obtaining adequate electrode impedance
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provided challenges, particularly with changes to skin maturity for follow-up

recordings and at other times related to rogue batches of electrodes.

12.5 Strengths and Weaknesses of this Study

This was a clinical observational pilot study. Because the numbers were small,
information from CUS, MRI and survival outcome data was used in combination
as part of the outcome. With these small numbers we were not able to relate
more subtle abnormalities to aEEG patterns. Longer term neurodevelopmental
outcome data was not available for this study and the study was not powered to
detect differences in neurodevelopmental outcomes in surviving infants. However
one of the strengths of the study was that the infants recruited were

representative of the general NICU admissions.

12.6 Relevance of Study Findings to Clinical Practice and Future Directions
for this Work

Our study shows that there is scope to extrapolate aEEG findings from the term
encephalopathic infant studies to the preterm infant, however the situation is
much more complicated due to the different stages of cerebral maturity, the
variable clinical course of the preterm infant and the often longer and more

variable time course of events.

Our work shows that preterm infants with poor variability of the lower margin of
the aEEG are more likely to have worse outcomes. Preterm infants who had

suffered documented acute perinatal hypoxic-ischemic events showed markedly
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poor variability of the aEEG trace. Also sustained regression of the aEEG
pattern, at any stage, is an ominous sign and in our cohort was associated with
the infant suffering severe IVH or NEC. The aEEG may be a useful monitoring
tool in preterm infants in order to study interventions or therapies for IVH and
NEC or to study neuroprotective interventions. Larger cohorts are required in
order to study the relationship between aEEG measures in the neonatal period

and neurodevelopmental outcomes.

aEEG studies with near-infrared spectroscopy (NIRS) and heart rate, respiratory
rate, oxygen saturation and blood pressure data with neurodevelopmental
outcomes may provide information about cerebral oxygenation and perfusion
changes that bring about the EEG changes. They may provide further
information about cerebral autoregulation and relationship to later outcomes. All

this information may assist inform the clinical care of our infants.
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CHAPTER THIRTEEN

Discussion for Electrographic Seizure Activity Related

to Cerebral Abnormality Outcomes in Preterm Infants
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13.1 Summary

In chapter 9, we showed that digital aEEG monitoring in preterm infants,
particularly those with abnormal outcomes, may detect electrographic seizure
activity within the first 72 hours of life. In this chapter, the prevalence of electrical
seizures in the preterm cohort, the relationship with autonomic changes and

outcomes are discussed.

13.2 Key Findings from the Study

Twenty-two percent of infants under 30 weeks gestation in this cohort displayed
seizures on digital 2-channel aEEG with raw EEG monitoring in the first week of
life. Infants who had seizures were more likely to be immature and were at
greater risk for poor outcomes than those who did not, even after adjusting for
gestational age. Hence, seizures were more commonly seen in the small very
sick preterm infants in the first 48 hours of life who had cerebral abnormality
including high grade IVH. Although not studied in this thesis, it is important to be

aware that seizures may occur later with any acute illness.

13.3 Electrographic Seizures in Preterm Infants

Electrographic seizure activity on conventional EEG has been recognized in the
preterm infant in association with intraventricular haemorrhage (120) and
adverse neurologic sequela (121). Epidemiological data suggest that seizures
are more common in infants of low birth weight (40, 41). Scher et al (122)
described 92 newborns with electrographic seizures, recorded over a four year

period at a single centre. Two-thirds were preterm and almost one half of these
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displayed electrographic seizures in the first 48 hours of life. Most of the preterm
infants had cerebral lesions, with half having IVH with either ventricular dilatation
or intraparenchymal extension (grade 3 or 4). In a cohort of 275 preterm and
term infants, Connell et al (123) found electrographic seizures in 55, mostly in

association with serious cerebral pathology.

13.4 What is Already Known About Seizures in Preterm Infants and the
aEEG

Using analog aEEG without the raw EEG trace, Hellstrom-Westas et al described
activity thought to represent electrographic seizure activity in three quarters of a
group of preterm infants under one kilogram at birth, who had IVH (57). A more
recent study, also using aEEG alone, described increasing likelihood of
suspected seizures on the aEEG with worsening grade of IVH in preterm infants
during the first two weeks of life (124). However this data must be interpreted
with caution as we have shown that using the aEEG trace alone is not reliable for
seizure detection. In the present cohort, using digital aEEG with raw EEG, five of
the eight infants with grade 3/4 IVH were noted to have seizures. In four of the
five, seizures were noted prior to an abnormal CUS, the infants previously having
had a normal CUS. Thus seizures may represent a marker of an evolving

cerebral insult and/or cerebral irritability from the intraventricular haemorrhage.

13.5 Seizures and Autonomic Changes
The amygdala, insular cortex and the hippocampus are thought to be important

structures for the autonomic regulation of heart rate and rhythm (125). Hence
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ictal tachycardia commonly accompanies temporal lobe epileptic seizures, and in
a substantial proportion of epileptic patients precedes the electrographic seizure
detected at the scalp (126). Importantly, experimental studies demonstrate that
autonomic changes accompanying seizures may be an adaptation response to
increased metabolic demands during seizures (127). Boylan et al (128)
demonstrated an increase in cerebral blood flow in a small group of infants

undergoing seizures.

However data on autonomic activity associated with seizures in newborns are
more limited. An EEG study of seizures in 14 severely asphyxiated neonates
found a change in heart rate accompanied only 12% of individual seizures but
occurred in 8/14 (57%) infants (129). In their NICU based EEG study Scher et al
(122) reported that a larger proportion of preterm infants had autonomic changes
accompanying seizure activity compared to term infants [7/19 (37%) versus 1/16
(6%)]. Our data in a more limited number of infants (n=4) remain consistent with
these observations. The temporal relationship of autonomic changes to the onset
of seizures is unclear, other than a delayed and sustained rise in heart rate,
especially given the difficulty of determining seizure onset precisely with the

limited number of EEG channels.

13.6 Seizure Morphology in Preterm Infants
Although the wave forms of seizures detected in our cohort span the varieties of
waveforms observed in electrographic seizure activity, all but one infant

displayed low frequency rhythmicity. A more complete characterization of
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morphology would require multiple channels of EEG in a larger cohort. A study of
characteristics of EEG ictal activity in newborn infants reports that rhythmic delta
activity was the most common form of seizure morphology reported in preterm

infants (130).

13.7 Weaknesses and Strengths of this Study

aEEG monitors are commonly used in the NICU as a monitoring tool for
electrographic seizures in the full term newborn. In the early part of this thesis,
we have shown that using digital aEEG with the raw EEG, 76% of electrographic
seizures may be detected in term infants, when used off-line by experienced
raters. One or two channels cannot detect all the electrographic seizure activity
detected using multiple channels as short and focal seizures will be missed (46)
thus the seizures detected in the present study is likely to be an under-

representation of total seizure activity.

Our study has additional limitations. This is a relatively small cohort study which
is not powered to study the impact of seizures on longer term outcomes in
survivors. In this study, monitoring was only commenced after informed consent
was obtained after the birth of the infant. The median age at commencing aEEG
recording was just prior to median age at first detecting seizure activity, hence
seizure activity prior to commencing monitoring may have been missed. The
attending physicians were not “blinded” to the monitoring and the possibility that
management of infants was affected cannot be discounted. It is also possible that

clinical seizure activity was not detected as video monitoring was not used as
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part of the study. Many infants in the cohort did not have physiologic data
available. Also, the assessment of seizures and its relationship to autonomic

changes was carried out off-line.

However, the infants studied were representative of admissions to the NICU and
had similar characteristics to infants not recruited. The relatively high incidence
(16%) of severe IVH in this group of infants may reflect that the recruitment
centre is a tertiary referral centre serving a large geographic catchment and

population.

13.8 Conclusion

Our data show that in a representative group of very preterm infant
electrographic seizure activity is not uncommon and is associated with adverse
outcomes. The presence of seizures may be a marker for evolution of severe
IVH. The association with autonomic changes in three infants in our study as well
as clinical seizure activity in two infants supports that this is true electrographic
seizure activity. Further studies with larger cohorts of preterm infants are required
to gain a better understanding of the significance of seizures in the preterm

infant. .

13.9 Further Work in this Area
Larger cohort studies are required to gain a better understanding of the
significance of seizures in the preterm infant. Our study shows that

electrographic seizures as detected by continuous aEEG with 2-channel EEG
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signal monitoring often precedes detection of cerebral pathology using other
modalities such as CUS. The use of continuous aEEG monitoring may in future
be used to alert clinicians of impending pathology; the seizures may represent
evolving neuronal/cerebral injury. Hence such monitoring may assist selection of
patients for neuronal rescue therapies when such treatments become available in

the future, before injury becomes established.

Our study suggests that spontaneously recurring sustained changes in heart
and/or respiratory rate in preterm infants may be an indication that an aEEG or
EEG study should be performed to detect seizures. Physiologic parameters
aligned with digital aEEG monitoring, as carried out in this study, may provide a
simple aid for seizure detection. The relationship between seizure morphology as
well as burden and cerebral pathology as well as neurodevelopment in preterm

infants requires further study.

As with term infants with seizures, studies using NIRS, aEEG, MR imaging and

autonomic changes may provide a better understanding of changes in cerebral

perfusion, evolution of cerebral injury and neurodevelopment.
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CHAPTER FORTEEN

Overall Conclusion and Implications of the Findings

from this Thesis
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14.1 Conclusion

It can be argued that the central hypothesis of this thesis, that the aEEG assists
in detecting cerebral dysfunction in the newborn was proved. In term-born infants
referred with seizures and/or encephalopathy, depressed aEEG measures and
severity of abnormality of aEEG trace were found to be directly related to severity
of abnormality on MRI as measured by MR abnormality scores. Preterm infants
under 30 weeks gestation, infants who had substantial cerebral abnormality as
defined by high grade IVH on CUS and/or moderate or severe white matter injury
on MRI at term and/or death for any reason had depressed aEEG measures
compared to the rest of the cohort, in the first week of life and on follow up
monitoring through the neonatal period. Infants who had initial poor variability of
the aEEG background pattern or who reverted to a poor variability pattern also
had worse outcomes. Seizures, an important sign of cerebral abnormality in the
newborn, were detected in the first 72 hours in preterm infants, and were noted
to often precede severe IVH and were also associated with worse outcomes. In
three patients, seizures were accompanied by autonomic changes, providing
evidence for true electrographic seizure activity in small, sick preterm infants.
When compared to conventional EEG, digital bedside aEEG monitoring in term
infants was found to have a sensitivity of 76% for electrographic seizure

detection.

14.2 Cerebral Abnormality
Clearly there are a number of caveats and provisos that need to be considered

before the hypothesis is accepted as proven. Cerebral abnormalities, in the
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context of this thesis, broadly covered abnormalities seen on imaging as well as
abnormal neurologic function as represented by electrographic seizure activity.
For pragmatic reasons, in the case of preterm infants, the subjects were included
in the abnormal outcome group if they died for any reason even if it was due to
NEC at a later time, even though death may not have been directly related to

cerebral abnormality as such.

14.3 Assessing Neurology and Monitoring Cerebral Function

There are various methods of assessing the neurologic function of the newborn
infant. The time tested clinical examination remains one of the most sensitive
means of assessing the neurologic state of the newborn infant at the bedside
(131). However in the sick preterm infant who does not tolerate handling or is
under the effect of sedation, it’s value is limited. Likewise many term infants who
have HIE, often have coexisting morbidities such as meconium aspiration
syndrome and persistent pulmonary hypertension and may be muscle relaxed. In

these infants clinical examination is of limited use.

14.4 Imaging and the Newborn Brain

Cranial ultrasound remains the primary bedside imaging modality. Despite
providing images of limited resolution, it remains an excellent bedside resource
particularly for imaging germinal matrix - intraventricular haemorrhage in preterm
infants. In experienced hands it provides much more information including
abnormalities in the posterior fossa as well as cerebral white and deep nuclear

grey matter abnormality.
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Other modalities of imaging including CT and MRI entail taking the infant to the
scanner. CT imaging is readily available in many centres but entails high dose x-
radiation and provides low resolution images but with rapid sequences. It is
commonly used clinically to image traumatic brain injury, particularly extra-axial
bleeds or in the cases where MRI is not available. MR provides high resolution
images but image acquisition time is longer, and obtaining motion and artefact-

free images remains a constant challenge.

14.5 Clinical Investigations of the Preterm Brain

In-vivo brain images provide a “snap shot” at a given moment in time. Cranial
ultrasounds are typically carried out at regular periods in the preterm infants
according to local protocols or in response to clinical need when it arises. High
grade IVH remains an important early pathology in the preterm infant with a
substantial mortality as well as acute and chronic morbidity. The incipient
haemorrhage into the cranium may be associated with haemodynamic
compromise with hypotension and the need for inotropic support, acidosis and
anaemia. In this scenario, repeated cranial ultrasounds show evolving IVH. MR
cerebral imaging is increasingly used in the preterm infant but its place in the

clinical setting remains to be defined.

Serial conventional EEG studies in preterm infants have been used in clinical
practice particularly in centres in France and Japan (132, 133). They have been

useful in studying normal brain maturation during a phase of rapid growth and
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change. They have been shown to be useful in the early diagnosis of
presymptomatic or subclinical but serious cerebral pathology as in the case of
positive rolandic sharp waves and periventricular leukomalacia and adverse
neurodevelopment (17). White matter injury represents an important constellation
of cerebral abnormality in this group. In this context they have been found to be a

useful adjunct to cranial ultrasound.

Infants born prematurely are at a substantial risk of adverse neurodevelopmental
outcomes including cerebral palsy (134, 135). Infants undergo various therapies
and are also subject to various morbidities while they receive neonatal intensive
care (87). Despite all the advances, as yet there are no simple or effective
methods for monitoring cerebral function or well-being continuously in the

preterm infant population who require intensive care.

14.6 Clinical Investigation of the Term-Born Infant Brain

In the term-born infant, the situation is somewhat different. Unlike preterm
infants, the majority of term-born infants do not require intensive care. They
come to our attention when there are signs of fetal “distress” or compromise in
the antenatal or perinatal period or a baby is born requiring resuscitation or is
noted to have abnormal feeding or behaviour in the neonatal period. The context
and time course of hypoxia-ischaemia affecting multiple systems is usually
different to the morbidities affecting the preterm infant requiring intensive care.
The full term infant is at a more advanced stage of neurologic development and

cerebral maturation than the preterm infant. In this group, basal ganglia and
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thalami injury represents a particularly important pattern of cerebral abnormality,
particularly after severe acute hypoxic-ischaemic insults such as those seen after

placental abruption and uterine rupture (104).

In term-born infants, cranial ultrasound is of more limited value. MR imaging is
used much more commonly in tertiary centres. Conventional multichannel EEG is
commonly used and the EEG background provides a strong correlation with the
severity of encephalopathy and neurodevelopmental outcome, particularly when
used early (22, 25). In most centres, a relatively short period of recording is
obtained, providing a “snap shot”. Continuous multichannel video-EEG is used in
some centres, particularly to monitor for electrographic seizure activity. This

modality is extremely resource intensive and is not available to most centres.

14.7 Amplitude-Integrated EEG

The aEEG was created and used in the early 1960s at the London Hospital out of
a need to monitor cerebral function practically and simply in adults undergoing
anaesthesia for cardiac by-pass and intensive care at a time when advances in
intensive care management allowed for easier monitoring of cardiovascular and

respiratory function. As such it was created as a monitoring tool.

The aEEG is essentially a summary trace created from one or two channels of

raw EEG. A typical aEEG trace will display an hour of recording over 6cm. Very

high and very low frequencies will be excluded. As such much
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electrophysiological information will be lost. So from the time of its inception, the

limitations of such a technology have been all too apparent.

14.8 aEEG Background in the Term Newborn Infant and Findings from this
Thesis

However despite these limitations, the application of this technology as early as
the first three hours of life applied to the newborn with HIE has been convincingly
shown to be predictive of neurodevelopmental outcome (34) and as such the
value of such a tool with an early predictive value to assist selecting patients for

neuroprotective strategies is apparent (39, 136).

The relationship between the CFM patterns in the newborn with HIE and the
associated later neurodevelopmental outcomes have been well described (34-
38), however the mediating cerebral abnormality, as seen on neuroimaging, has
not been well described until recently. In our retrospective study relating the
aEEG margins to the MR images we were able to show a relationship between
the severity of encephalopathy and aEEG depression. We also showed a strong
relationship between the severity of lower aEEG margin depression and the

severity of abnormality of cerebral MRI.

In the current available literature there are no studies as large as ours directly
relating the aEEG background to degree of cerebral abnormalities on MRI. In a
study of infants selected for therapeutic hypothermia, Sarkar et al (113)

correlated aEEG findings in the first six hours of life with short term outcomes of
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early death related to HIE or MRI findings consistent with HIE for 46 infants. They
found a low sensitivity and a low predictive value when using the aEEG
background classification proposed by al Nageeb et al (35). They had not used a
quantified MR abnormality score. Also they had not accounted for CFM baseline

drift, which may introduce error when using the al Nageeb scoring method.

14.9 aEEG Background and Term Infants; Future Work in this Area

Bedside equipment that is simple to apply and allows continuous monitoring for
prolonged periods of time providing trends in cerebral function is potentially very
valuable and powerful. The use of the aEEG to date has focused in the setting of
global hypoxia-ischaemia. It is intriguing to know whether using more than one
aEEG channel providing a separate trace from each hemisphere may allow
detection of unilateral cerebral or focal abnormalities. There is some preliminary
work, carried out by our team (137), as well as a more recent study by van Rooij
et al (138) in this area. This latter study suggested that although there was no
significant difference between the single cross-hemisphere channel compared to
two channels, in a few cases, two channel aEEG did provide additional
information with respect to focal abnormalities in terms of seizures and difference
in aEEG background. It would be of great interest to know what type of focal
injuries may be detected with more than one channel and what is the optimum

position of electrode placement.

Similarly more work needs to be carried out to assess whether EEG measures

are particularly more helpful in predicting specific patterns of cerebral injury as
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seen on MRI. The white matter-predominant water-shed distribution
abnormalities seen in term infants thought to have had sub-acute insults,
presumably due to preferential redistribution of blood to regions of higher
metabolic requirement (74, 75) may be expected to demonstrate less severe
EEG abnormality than the case of severe acute hypoxic — ischemic insults that

produce the cortical and deep nuclear grey matter abnormalities.

A substantial proportion of infants in many institutions are now treated with
therapeutic hypothermia. The effect of hypothermia on modification of the EEG
and altering the predictive value of the aEEG during the cooling process requires
study. Observational studies show that the cooling process itself produces some
depression in the EEG (139). This would suggest that the predictive value of the
CFM during cooling may be reduced. This area is currently under study (140,

141) but more information is required.

Modifying the aEEG to include low (<2 Hz) and high frequencies that are
excluded by the CFM, as provided by the so-called full band EEG (142) requires

further study as this may yield more useful information.

14.10 The Accuracy of the aEEG Monitor for Seizure Detection

The efficacy and accuracy of aEEG monitoring for electrographic seizure
detection and its place in monitoring the newborn infant is being increasingly
studied. Our study confirms the finding of others that using the aEEG trace alone

for seizure detection is not effective (48, 49). We showed that when using the
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aEEG trace with the raw EEG on the modern digital aEEG monitors, three

quarters of seizures were detected off-line by experienced raters.

14.11 aEEG Monitors and Seizure Detection; Future Work

Despite much experience in treating newborn infants with seizures, we still have
a very limited understanding of the importance of seizures and the need for
effective treatment in the newborn. Using MRS, Miller et al (82) demonstrated
that seizures were independently associated with increased lactate/choline ratios
in newborns with HIE. McBride et al (83) showed that later neurodevelopment
was related to seizure burden. Studies are required that can sensitively identify
newborns who have electrographic seizures, accurately calculate the burden of
seizures and relate them to later neurodevelopmental outcomes. Once this
question of the importance of seizures has been addressed, we can then get on
with the task of defining the groups of infants and underlying pathologies where
seizure treatment is required and then finding the best means of treating

seizures.

Despite the small number of patients in this part of the study, we were able to
demonstrate the variety of underlying brain pathology in infants referred with
seizures. Similarly there was variation in the demographic of distribution and
morphology of electrographic seizure. In term infants, much work needs to be

carried out to relate seizure morphology to underlying brain pathology.
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When using limited channels, optimal electrode placement is important so that
the best pick up rate is obtained. Studies show that electrode placement in the
central and temporal areas may produce higher yields (50, 143). More work
needs to be done to define the optimum number of electrodes and channels so
that the simplicity of the system is maintained but the sensitivity for seizure

detection is optimized.

Finally there is much excitement on the use of automated seizure detection
algorithms. Such an algorithm is available for use with the type of digital aEEG
monitor used in this study (117). The off-line use of this algorithm has been
tested in the setting of a prospective aEEG monitoring study in term-born infants
admitted to a NICU with encephalopathy and/or seizures (144). The algorithm
was able to detect 615/1116 (55%) seizures in the 25 of 40 patients who had true
seizure activity. The positive predictive value was 73% with a false positive rate
of one per 11 hours. Shorter seizures were more likely to be missed with a
detection rate of 19% (72/371) for seizures less than half a minute long, but
increasing to 87% (343/395) for seizures lasting one to 10 minutes. Using the
same automated system, van Rooij et al (145) studied 214 seizures in 15
patients. The algorithm detected 140/214 (65%) of the seizures, with a false

positive rate of one per 13.5 hours of recording.

14.12 aEEG and the Preterm Infant
Research on the use of aEEG in the preterm infant has been going on at least as

long as research in using the aEEG in the term infant. However the aEEG has
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not, as yet, found a clinical niche with use in the preterm infant in the way that it
has in the term infant. This is partly due to the fact that the EEG signal in this
group is firstly subject to continuous maturation with increasing gestation. Also
although the preterm infant may suffer perinatal hypoxia-ischaemia in the same
fashion as the full term infant, the predominant patterns of cerebral abnormality
that a preterm infant suffers are different and may also be affected by therapies
and morbidities that he or she undergoes postnatally while receiving intensive

care (87).

In our study of the aEEG in the preterm infant, we showed that infants who had
abnormal outcomes were more likely to have more depressed EEG measures.
There are more and more studies using the aEEG as well as limited channel
EEG in the preterm infant (146-148) and data that may be applicable to the

clinical work place should soon be available.

We were able to demonstrate increasing continuity, as demonstrated by the
increase in lower margin, and variability of the aEEG pattern with increasing
gestation at birth and also with increasing post-conceptional age in infants with
normal outcomes. Two groups (147, 148) have recently published similar
findings. Soubasi et al (147) also show that preterm infants of younger gestation
show more rapid maturation of the aEEG pattern. This is in keeping with our
findings that some preterm infants demonstrate a very high degree of aEEG

variability as early as 29 weeks gestation post-conception.
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In this group of infants we were able to show that those infants with abnormal
outcomes were more likely to have more depressed aEEG measures compared
to those with normal outcomes. Similar findings have recently been reported by
Bowen et al (149). We observed a distinct change in the aEEG pattern in relation

to severe IVH.

14.13 aEEG Monitoring and the Preterm Infant; Future Work

Much work needs to be done on monitoring systems for preterm infants before
they will find a place in the clinical environment. At present cerebral abnormalities
and related factors, such as high grade IVH or NEC, that impact on the
neurodevelopmental outcomes in preterm infants are still being defined. Once
these are better defined and measures to prevent or treat these abnormalities
are available then the next step will be to devise monitoring systems that will

assist in detecting these cerebral abnormalities early.

Clinical factors associated with a regression in the aEEG pattern that can be
demonstrated to be associated with adverse neurodevelopmental outcomes later
need investigation. The effect of drugs, particularly sedation needs to be taken

into account.

14.14 Electrographic Seizures on aEEG Monitoring in Preterm Infants
Surprisingly, a relatively high proportion of infants in our study had electrographic
seizure activity. Epidemiologic studies show that seizures are commoner in

preterm (43) and low birth weight infants (41) and are often associated with high
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grade IVH as well as cerebral infarction (122). Connell et al (123) in a mixed
cohort of 275 preterm and term infants showed electrographic seizure activity in
20%, mostly in association with cerebral pathology which was detected using

four channel EEG.

Only two of the eleven infants in our cohort who had electrographic seizure
activity were noted to have clinical seizure activity. Seizures in the newborn are
not as well organized as those seen in older children or adults. Hence seizures in
the newborn tend to be frequently subtle and clinical seizures in preterm infants
are even harder to detect. We may speculate that this is related to differing

stages of brain maturation and myelination.

The electrographic seizures in this group consisted of low frequency rhythmic
discharges in most of the infants and in two infants we were able to demonstrate
associated autonomic changes concurrent with the seizure activity. The seizures
were detected in the first 72 hours of life and given that the median age at which
monitoring was commenced was 24 hours of age, our findings probably

underestimate the prevalence.

14.15 Future Work in Electrographic Seizures in Preterm Infants

Although epidemiologic data are available for clinical seizures in preterm infants,
there is very little data on the prevalence of electrographic seizures in this group
or their aetiologies. It is intriguing to speculate as to what electrographic seizure

activity in preterm infants signifies. Are seizures in preterm infants mostly a sign
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that there is underlying pathology or can they, in some way, contribute to the
pathology? The morphology of electrographic seizures in the preterm infant and
how it relates to underlying brain pathology remains to be studied as well as how
associated autonomic changes may assist in seizure detection in this group. The
seizure burden in this group and it’s relationship to later neurologic outcome is

not known.

14.16 The Present Thesis, its Limitations and My Contribution and
Involvement in the Work

The central aim of this thesis was to test the hypothesis that the aEEG assists in
detecting cerebral abnormality in the newborn. The work was commenced with a
retrospective review of term-born infants who had presented with seizures and/or
encephalopathy to a tertiary referral centre in Victoria, Australia. Retrospective
studies are prone to various errors. These studies use data that may already be
available with, in the case of the aEEG, the technology having been used in a
clinical setting. The greatest source of error is that the aEEG would not have
been applied on the basis of any research protocol, but would rely on personal
clinician preference. Clinical decisions may also have been made on the basis of
the findings of the aEEG. Hence the research findings cannot be completely
detached from the clinical work. However as long as the limitations of such

studies are born in mind, these studies do yield important information.

| was involved in collecting together the aEEG files for all the patients from the

two hospitals and with Shelley Lavery we went through the raw EEG trace to
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select out areas of seizure activity, so that the background pattern would not be
artificially elevated. | was involved in the aEEG analysis. With the assistance of
Professor Lex Doyle, | carried out the statistical analysis for this study and | was

also involved in the overall analysis and presentation of the findings.

The next phase of the study was to prospectively define the accuracy of the
digital aEEG when compared to conventional multichannel EEG using shared
electrodes. This study was limited by the relatively small number of patients and
the lack of availability of EEG equipment round the clock. Video-EEG was not
available for this study. With Dr Terrie Inder, | was involved in the design of this
prospective study arm involving close liaison with the neurology and
electrophysiology department as they provided the conventional EEG. | sought
informed consent and enrolled the patients into the study. This involved constant
vigilance on a virtually daily basis with Shelly Lavery to find suitable patients.
Obtaining consent at this time was difficult with many parents in a state of shock.
Shelly and | both applied the aEEG monitor while Sue Watson applied
conventional EEG. | was responsible for coordinating all the raters review of the

EEG data. | carried out the statistical analysis of the data.

The aEEG study of preterm infants was carried out at the St Louis Children’s
Hospital. | was again involved in designing the study. With the help of Karen
Lucas and Jennifer Walker, | was responsible for searching out the antenatal
wards and meeting prospective parents before preterm infants were delivered to

give them information about the study. After the infant was born, | would obtain
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informed consent which often involved a number of visits to families. | was
responsible for the initial application of the aEEG monitor but was later helped by
Karen Lucas, Tony Barton and Sue Siccard. Although we had planned to apply
the monitor as soon after birth as possible, delays were experienced in obtaining
informed consent as the parents needed time to make up their mind whether to
join the study or not. Once consent was obtained, the monitor was applied only
after all the essential aspects of the infant management such as intubation and
line insertion were complete. Hence we were not able to commence recordings

as early as we would have liked.

| was involved in collecting and storing the data. | assisted Karen Lucas with
coordinating the follow-up monitoring. | directed the data analysis and was
helped in this by Jocelyn Wagman. Jingnan Mao assisted with the statistical

analysis.

14.17 The Implications of the Findings from this Thesis

Our findings from the thesis suggest that aEEG monitoring is a useful bedside
tool in the newborn infant, particularly when used by experienced users or those
with some expertise. In term-born infants, it may assist in the neurological
assessment for extent of brain injury in infants with encephalopathy and/or
seizures. In the absence of conventional EEG, the raw EEG signal with the
aEEG trace may be useful for monitoring electrographic seizure activity in term
infants, particularly once effective computer assisted automated algorithms have

been devised.
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Regression of the aEEG trace in the preterm infant may provide an alert for the
physician that the infant is undergoing a significant acute event affecting the
“electro-cerebral wellbeing”, such as severe IVH or NEC. Although the lack of
variability in the early aEEG trace is more common in the more preterm infant,
this is also more likely to be associated with adverse outcome. Seizures noted on
aEEG monitoring in preterm infants may alert physicians of the possibility of
evolving IVH or cerebral irritability from already established pathology. aEEG
monitoring may in the future assist in alerting the physician of evolving severe
IVH or evolving morbidities, such as NEC, which may impact on all the systems
including the brain. As such aEEG monitoring may in the future be of use for

recruiting preterm infants for trials and therapies for neuroprotective strategies.
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APPENDIX 1 Function of the BrainZ BRM2 and BRM3 Monitors
Three channels of EEG data are collected from the five electrodes, with usual
placement of electrodes, typically one channel from each hemisphere (C3-P3,
C4-P4) and one cross-cerebral (C3,P3 — C4,P4) channel. The data is collected at
a sample rate of 512 Hz and is decimated to 256 Hz sample rate for the raw
EEG. The signal is processed in a manner similar to that of the CFM to produce
an aEEG trace. The raw EEG data streams are band-limited, rectified and a peak
detector is applied to emulate the frequency characteristics of the CFM. The

resulting signals are decimated to 8 Hz for display and storage.

For each four second epoch, the minimum, mean and maximum values of the
aEEG are calculated. The medians of each of these is then calculated over one
minute and are stored and displayed by the BRM2 monitor. These values provide

a measure of the lower and upper margins.
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APPENDIX 2 Populations Studied in the Thesis

The term infants studied were recruited in Melbourne, Australia. The majority of
the population here is of white Caucasian background of European descent.
Large ethnic minority groups are represented from the south east Asia and the

Middle East. The majority of the participating families were urban dwelling.

To study the accuracy of the aEEG monitor for seizure detection, infants were
prospectively recruited from the Royal Children’s Hospital tertiary referral centre.
This was exclusively a referral centre with no in-born infants reflecting how sick
the infants referred were. Infants were referred not only from throughout the state
of Victoria but also other states including Tasmania, New South Wales and South

Australia.

To study the relationship between aEEG measures and MR imaging findings in
the term population, infants were recruited from the Royal Children’s as well as
the Royal Women’s Hospital in Melbourne. The latter is a tertiary centre neonatal

service which predominantly supports its own in-born population.

The aEEG studies in the preterm infants were carried out in the neonatal unit at
the St Louis Children’s Hospital, Missouri, USA. This tertiary centre supports a
very large in-born population as well as infants transported in from throughout the
state of Missouri as well as adjacent states. The majority population is of white
Caucasian European descent with a substantial minority of up to 40% being of

African American descent.
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